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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 is still inherent in the use of W as a diver-
tor material in ITER. The penetration of W into the central plasma depends on many mecha-
nisms: 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 in the edge transport barrier (ETB) of H-mode plasmas.

Direct measurements of the impurity transport coefficients in this region were performed in
ASDEX Upgrade by analysing the density profile evolution of helium, carbon, neon and argon
measured with charge exchange recombination spectroscopy [1]. 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 and [, Tped Tsep Toxis | Wn Nped Nsep
caused an increase in the | [em] | [keV] | [keV] | [keV] | [em] | [10°m73] | [mpe4]
peaking with increasing | 3,69 | 3456 | 0.3 22 3,6,9 | 6.5,8,9.5 ~0.2-0.8

impurity charge. There-
fore, it can be assumed Table 1: Parameter ranges for a DT-plasma at I,=15 MA and Br=5.3T.
that W transport in the ETB will be appropriately described by neoclassical theory. In this
paper, the neoclassical transport of W is studied for a large range of pedestal profiles of electron
density and temperature at various values for plasma current and toroidal field. This is a more
methodical approach complementing a previous study for one specific background profile [2].

Parametric Scan of Pedestal Parameters
The parametrisation of the electron density 7, (x) in the edge pedestal region uses the pedestal
density 7.4, the separatrix density n,., and the characteristic density pedestal width w;, via:
_ Mped tNsep  Mped —Nsep  tanh(2x/w, — 1)

ne) ="+ tanh(1) )
Here, the co-ordinate x is the distance to the separatrix as measured at the low-field side on a
horizontal chord through the magnetic axis. For the temperature T'(x), the parametrisation is
identical for x < wr. Just one temperature 7=7,=T7; is used. For the neoclassical transport, only
T; is of importance, while T, enters indirectly via the charge distribution of tungsten. The mean
temperature in ITER is close to 7; at the plasma edge because of the large ratio of the expected
energy confinement time to the typical timescale for equipartition. Since 7; is usually above
T, close to the separatrix, a Ty, of roughly 1.5x7, s, was used. T'(x) continues as a linearly

increasing function further inward.
T>wT (X) = Tped + (Taxis - Tped) a—

Here, T,,s 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 = w7, we used a smooth transition of the two
temperature functions within wz /5 around x=wr using:

X —

for wr < x (2)

T(x) = (1~ £(x) Tary (x) + () Torpy (x) with f(x) = 1+ta“h[102(x/WT )|
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For each combination of the toroidal field By and plasma current I, three values of the pedestal
width and height for the density and temperature were studied, so that that 81 combinations of
pedestal characteristics were considered per (Br, I,). The values considered for a DT-plasma
with /,=15MA and B7=5.3 T are shown in Tab.1. For each parameter combination, the neoclas-
sical transport parameters were calculated for ten values of ng,,. This procedure was repeated
for 5.3T and 7.5, 10 and 12.5 MA and again for 7.5 MA at half field of 2.65 T representing
plasmas with lower heating power in the non-nuclear phase. Here, the values for .4, T)eq and
Toxis were scaled linearly with 7, and for the separatrix temperature, the scaling was.
Br )4/7(15MA)2/7(5 +10(1,/15MA)? 2@
5.3T I, 15

The main ion species 1s a 50/50 mix of D and T. The calculations were performed with the
NEOART code and include impurity-impurity collisions. The necessary flux surface averages of
the magnetic field and the trapped particle fraction were calculated from equilibria of ITER plas-
mas as provided by g-eqdisk files. The chosen impurity composition included He(2%), Be(2%),
Ar(0.1%) and W(5x 10~°) with radially constant concentration profiles. The charge distribution
is approximated by the corona distribution

leading to a Z.pr~1.6. Fig.l ShOWS the n 1070 D [102m%e]
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 pro-
files shown in Fig.1 are for the central val-
ues of the parameter space, i.e. the bold val-
ues in Tab.1 and the appropriately scaled val-
ues for the 7.5MA case. For ngp, the val-
ues are 3.1x10"” m~3 and 2.1x10" m~3 re- 0 x [om] 0 70 ¢ cm] 0 10 x[om] O
spectively. The collisionality of W is in the
Pfirsch-Schliiter (PS) regime as indicated in

Tsep(lp>BT) - Tsep(l5MA75-3T)(

100 .32

______

—_
-
w

viD [10%m™]

NS~

o OO

Fig.1: Pedestal profiles and collisional transport co-
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the upper right box, where v*e¥/? is far .pgiones of W for 15MA (black) and 7.5 MA (red
above the PS-limit of 1. Thus, the collisional

transport of W is dominated by the classical
and Pfirsch-Schliiter contribution, while the
banana-plateau transport is small. The diffusion coefficient rises with collisionality and is on
average 1.7 and 4.2x 1072 m?s™! for the two cases. The drift velocity v is outward (positive)
at the edge, inward around x=5 cm and again outward further in as can be seen from the plot
of v/D in the lower middle box. In temporal equilibrium, v/D equals the normalised density
gradient of tungsten and the integral of v/D across the radial range of the ETB delivers the ratio
of the tungsten densities at the edges of the radial interval
nw (Frop) Tiop vdr

W )~ D] ©
For the v/D profiles of Fig.1, we obtain fy=0.32 at 15 MA and 0.38 at 7.5 MA. The drift veloc-
ity 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. All normalised ion density gradients are approximately
equal to the normalised electron density gradient due to the choice of a constant impurity con-
centration and due to the mild influence of the argon charge state distribution on the quasi-

dashed) at 5.3 T. Density and temperature parame-
ters are as given by the bold values in Tab.1
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neutrality condition which determines the density of the main ions. When using f,. and fr for
the ratios of electron density and ion temperature respectively, we can approximately write for
the local value of v/D and the tungsten density ratio which results after integration.

v(r Z 1 dn 1dT V4

% ~ %(n—ed—: - 75) In(fw) ~ %(ln(fne) — HeprIn(f7)) (6)
The lower right box of Fig.1 shows the ratio of normalised temperature and electron density
gradient L, /Ly 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 very high
collisionalities, the temperature screening of the PS-contribution is reduced. An indication of
this is seen at the edge for the 7.5 MA case, where the critical value for zero drift velocity rises
to about 3 due to a reduction of H in eq.(6). When increasing the separatrix density compared
to the values of Fig.1, the normalised density gradient decreases and the drift direction will be
predominantly outward in the ETB region. Here, a slight decrease of f,, causes a strong de-
crease of fiy due to the high charge Zy of tungsten. The scaling exponent is given by (Zw ) /(Z;)
a properly weighted mean of the tungsten charge in the ETB divided by a weighted mean of
the charge of light impurities and main ions. For the above cases, Zy increases from 19(18) at
the edge to 51(42) at the inner boundary and changes of f,, are amplified by an exponent of
14.6(12.0) leading to enormously hollow or peaked equilibrium W profiles in the ETB. This
equilibrium peaking of W is just an extrapolation from the neoclassical transport for the given
impurity profiles and various non-linear effects would have to be considered using a radial trans-
port calculation for impurities and energy to make a more precise evaluation of its magnitude
for ITER.

Scaling of the pedestal parameters leading to flat W-profiles
For each parameter set, the separatrix density was varied in fine steps and the according
tungsten density ratio fiy was evaluated using eq.(5) 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 n,., value leading to a flat
W-profile (fiy=1) was determined. The second eq.(6) yields, that fy equals unity when the term
in the bracket is zero, i.e. Hory = In(fn.)/In(fr). Thus, H. s was calculated for all parameter
sets from the corresponding electron density and temperature ratios. H, sy varies between 0.33
and 0.6. A H,¢r function, 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 depends on the ratio of
density to temperature pedestal width.
) BTnsep
H,ff = Hu+AHy+AH , Hp, =041 , AHy« = —4.07 x 107(

e S
3.726 x I, Ty )

Hf —HS Hf +HS In(wy,/wr)
AH;, = = 5 xg 4+ — 5 S_x2 xs:—ln(fi)
HI = —589%x107% H, =4.92x10"'(In(fr) —1)—9.51 x 10~ 2In(fr)* (7)

The AHy+-term was introduced due to the reduced temperature screening at high collisionalities
which only appears at the plasma edge (see Fig.1). However, it causes only a small change
between -0.03 at low to 0.03 at high v*. Here, Brngep/(I,Tsep) Was used as a proxy for the v*
variation that only depends on profile parameters (Z%V increases about linearly with 7' such
that the usual 1/ Tz—scaling is replaced by 1/7). The units in eq.(7) are [I,]=MA, [Br]=T,
[nse,,]=1019m—3 and [7.,]=keV. The shape correction AHy is zero for w,=wr, it reduces to
H;=-0.06 at w,=3wr and increases for lower density widths up to H; =0.06-0.14 for w,=wr /3.
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H-

. 1s lowest for low values of fr. AH; is caused by the increase of Zy with temperature. For

wp<wr, the inward pinch term in eq.(6) appears at a radius where Zyy is still relatively low and
thus has a lower weight in the integral of eq.(5) than the outward directed 7;-gradient term which
enters with higher values of Zy in the integral. The relative deviation of the fitted f,, 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 H,,, the deviations are up to
38%. Finally, the fit function can be used to cal-
culate 74, (fw=1) for any parameter set. To this
end, fr is computed via eq.(2) and eq.(3) from
the temperature parameters and then the corre-
sponding H,yr, which is first evaluated without
the AH,«-correction, delivers f,. and via eq.(1)
a starting value for ng,. In the next iterations,
the AHy+-correction is included taking ng,, from
the previous iteration, which quickly converges to
the final value for ny,(fiw=1). Fig.2 shows colour
maps of these separatrix densities for ISMA/5.3T
and for 7.5MA/2.65T as a function of T,.; and
npeq for all settings of the width-parameters w,
and wyr. In the colour scales, the black lines with
uncertainty interval indicate the minimum values
for ngp (3-4x107m=3 for 15MA/5.3T and 1.5-
2x107m™3 for 7.5MA/2.65T) which have to be
achieved to control the power exhaust in ITER
[3, 4]. The prevailing part of the scanned parame-
ter space requires lower ng,;, values to get into the
regime of outward drift dominated W-transport as
can be seen from the areas below the black lines in
the individual colour maps. Only for a wide den-
sity and narrow temperature pedestal profile, about
half of the parameter combinations lead to a situa-
tion with a dominant neoclassical inward pinch.
Independent of whether the W profiles in the
ETB would be hollow or peaked in equilibrium,
the timescale for the evolution towards equilib-
rium is long due to the small neoclassical trans-
port coefficients (see Fig.1). Therefore, an ELM
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Fig.2: Separatrix densities leading to equal
tungsten densities at the edge and the pedestal
top. For higher ny,, values, neoclassical trans-
port provokes hollow W-profiles and vice
versa. The black lines give an estimate of the
minimum ng., values being required to con-
trol the power exhaust (uncertainty interval is
shown in the colour scale). Thus, all parame-
ter combinations leading to a colour below this
minimum value have an outward drift domi-
nated W-transport in the ETB and vice versa.

frequency above 10 Hz would be sufficient to flatten the expected hollow W profiles. Such con-
trolled ELM frequencies should be easily achieved with the ITER schemes for ELM control. To
verify this, radial transport calculations were done and will be soon reported elsewhere.
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