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Abstract

The impurity transport in the edge plasma of a divertor tokamak is simulated by means of B2-SOLPSS5.0 2D multi-
fluid code where diamagnetic and E x B drifts for all species are taken into account. It is demonstrated that these drifts to
large extent determine the poloidal distribution of impurities near the separatrix and hence penetration of impurities to
the core region. The influence of the drifts on the low ionized impurity distribution in the divertor region is more modest.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

As well-known impurity transport in the divertor
region of a tokamak and impurity penetration to the
core is one of the key issues in the edge plasma physics
[1]. According to the simple 1D analysis the three forces
determine the parallel (poloidal) flux of impurities in the
divertor: friction with the background ions, pressure
gradient and thermal force. The leakage or retention of
impurities is governed by the balance between these
forces (see [1] and references therein). Many authors
discussed also 1D model of penetration of impurities in
the region inside the separatrix. Here the radial velocity
of impurities is determined by the neoclassical effect [2]
and by anomalous diffusion and convection. In reality
the impurity distribution in the edge plasma is essentially
two-dimensional and 2D code should be used to analyze
the problem. Series of simulations for ASDEX-Upgrade
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tokamak were performed with the B2 transport code [3]
where the fluid equations were solved with perpendicular
transport coeflicients replaced by their anomalous val-
ues. It was demonstrated that the impurity distribution
in the divertor region is consistent with the experiments.
However, effects connected with E x B and diamagnetic
drifts, which in principle may change the impurity flow
pattern, were not included in this version of the code.
In the present paper the impurity transport in the edge
plasma is simulated by means of B2-SOLPSS5.0 2D multi-
fluid code [4], where the most complete system of trans-
port equations including diamagnetic and E x B drifts is
solved for all species. It is shown that these drifts to large
extent determine the poloidal distribution of impurities
near the separatrix and hence their penetration to the core
region. The influence of the drifts on the low ionized im-
purity distribution in the divertor region is more modest.

2. Simulation results

The simulations were performed for the typical
L-regimes of the ASDEX-Upgrade (AUG): I =1 MA,
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B =2 T, the density in the reference point located at
a—r =1 cm (a is the radial co-ordinate of the separa-
trix) at the equatorial midplane n, = 2 x 10°-2.7 x 10"
m~3, the ion (deuterium) temperature 7; = 40-100 eV.
As an impurity the carbon was chosen. The anomalous
values of diffusion and heat conductivity coefficients
were chosen equal for the all sorts of particles: D = 0.5
m?/s; y.; = 0.7 m?/s. The impurity source was deter-
mined by the chemical sputtering at the material surfaces
with the sputtering yield y = 1-3%. Several calculations
were made with the drifts switched on and off for the
investigation of their role in impurity redistribution.
The computational domain and the coordinates are
shown in Fig. 1, x is the poloidal coordinate directed
from the inner to the outer plate in the scrape-off layer
(SOL) and from the inner to the outer plate in the pri-
vate flux region (PFR). The VB drift of ions is directed
towards the X-point. The typical profile of the radial
electric field in the presence of impurities is almost the
same as was calculated in the absence of impurities in
[4], Fig. 2. The radial electric field is compared with the

1.5 LI

neoclassical prediction and one can see that the field
calculated in the code is close to the neoclassical one on
the closed flux surfaces. It is also consistent with the
measurements on DIII-D and other tokamaks [4]. On
the open field lines the potential is determined by the
parallel momentum balance equation for electrons, and
the radial electric field is positive. The profile of radia-
tion losses with all the drifts switched on is rather typical
and does not deviate significantly from that obtained in
the runs without drifts. The examples of density profiles
for different ionization states are shown in Fig. 3. One
can see that the pattern of the impurity distribution is
much more complicated than in the simple 1D model.
First of all for the regimes chosen noticeable part of the
carbon neutrals penetrates up to the X-point, Fig. 3(a).
Below the X-point carbon ionizes up to C'*—C3*, Fig.
3(b), diffuses in the radial direction across the flux sur-
faces and flows back to the divertor plates due to the
friction with the background ions. In the absence of
drifts the main processes, which determine the impurity
density distribution, are the friction with deuterium ions
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Fig. 1. Computation domain and coordinate system.
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and perpendicular diffusion, while the thermal force and
parallel diffusion of impurities with respect to the
background ions are less significant. However, in the
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Fig. 2. Radial electric field at the equatorial midplane. By da-
shed line shown is the neoclassical electric field calculated in
accordance with [4]. The discharge parameters are: P = 1 MW,
|y o = 2.3 x 10 m~3, without NBL
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region of the steep temperature gradient near the outer
divertor plate the contribution of thermal force is re-
sponsible for the poloidal inhomogeneity in C3*.
Switching off the drifts did not change significantly the
distribution of low ionization states, Fig. 4, on average
the difference is of the order of 10%. The poloidal dis-
tribution, Fig. 4, is presented for the representative flux
surface in the SOL located 5 mm outside the separatrix
in the equatorial midplane. The x-axis is directed
clockwise. Note the break in the x-axis above the X-
point, where the C>* density is low. The impact of the
E x B drifts on the C'* and C2* is even weaker than on
C3* distribution.

The E x B drift of impurities in combination with the
perpendicular anomalous diffusion should in principle
result in change of their poloidal distribution. One
would expect the reduction of their density and more
gradual poloidal profile in the presence of drifts in the
inner divertor leg and build up of the impurity density
and steeper poloidal profile in the outer leg [S5]. In the
PFR more gradual poloidal profile in the outer divertor
leg and steeper one in the inner divertor leg may be
expected. However, this effect is not strong. The pre-
dicted influence of the E x B drifts may be noticed only
very close to the separatrix. The explanation of this re-
sult consists in the role of the parallel flux of the back-
ground ions, which is different in the presence of the
E x B drifts.

To understand the role of various fluxes the direc-
tions of the E x B drifts, poloidal and parallel fluxes are
presented in the schematic Fig. 5 for normal direction of
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Fig. 3. (a) Distribution of the neutral carbon for the discharge parameters P =1 MW, nc| | .. =23 x 10 m>3, Zg = 14.

(b) Distribution of C3*, the same parameters.
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Fig. 4. Poloidal distributions of C** in the SOL with and
without drifts. The position of X-point is shown. The x-coor-
dinate is broken, the top coordinate is 2.26 m, the equatorial
midplane is located at 3.10 m.

the magnetic field. The drift pattern in Fig. 5(a) corre-
sponds to the calculated radial electric field, Fig. 2, and
the maximum of the potential near the separatrix, for
further details see [4]. As known from the simulations
[4,6-8], the parallel fluxes of the background ions are
significantly different in the presence of E x B drifts.
Indeed, as was demonstrated in these publications, the

parallel velocity, roughly speaking, changes in such a
way that the total poloidal velocity (poloidal projection
of the parallel velocity plus poloidal E x B drift) remains
almost the same as without drifts, see Fig. 5(b). The
reason is that the poloidal fluxes of the background ions,
which close the radial fluxes from the core, should re-
main the same. The change in the parallel flux when the
drifts are switched on is illustrated by Fig. 6 for the
representative flux surface in the SOL located 5 mm
outside the separatrix in the equatorial midplane. One
can see the shift of stagnation point for the parallel ve-
locity towards the outer midplane in the presence of
drifts. The poloidal modulation of the parallel velocity is
caused by the Pfirsch—Schlueter flux, which closes the
diamagnetic drift of ions. The parallel flux of ions from
the outer to the inner plate has been observed on JET [9]
and JT-60 [10] with the stagnation point shifted from the
top towards the outer midplane. Moreover, special ex-
periments were performed on TdeV [11], where the ra-
dial electric field in the SOL was changed due to the
target biasing, and the simultaneous change of the par-
allel velocity has been reported. The effect of the poloi-
dal E x B drift compensation by the poloidal projection
of the parallel flow was reported also in [12].

Hence, on one side, part of the impurity poloidal
velocity changes due to the same E x B drift as that of
the background ions but on the other side, impurity
parallel velocity also changes due to the drag of the
background ions in the opposite direction. As a result
the total poloidal velocity of impurities remains almost
the same. This fact explains the modest changes in the
low ionized impurity distributions when the E x B drifts
are switched on. Of course this is a simplified picture,
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Fig. 5. Scheme of the fluxes of the background ions: (a) E x B drifts, (b) parallel, poloidal and diffusive fluxes (the latter are signif-

icantly larger through the outer part of the flux surface).
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Fig. 6. Parallel velocity in the SOL with and without drifts.

since the impurity parallel velocity in the SOL deviates
from that of the background ions. The exception is the
open field lines very close to the separatrix. Here the
poloidal E x B drifts do not end at the plates but are
closed by the radial E x B drifts, so they are almost di-
vergence free. Hence the parallel fluxes of the back-
ground ions do not compensate them and the effect of
the drifts on the poloidal distribution of impurities is
more pronounced. We neglect in our discussion (but not
in the simulations) the dragging effect of impurities on
the background ions. This is justified since in our cases
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the ratio of background to impurity densities exceeds the
ratio of impurities mass to the mass of background ions
by a factor 5-6 or larger.

Quite different is the situation for the higher ioniza-
tion states on the closed flux surfaces inside the separ-
atrix. Higher ionization states of carbon (C*", C°*, C%*)
are born mainly inside the separatix due to successive
ionization of neutral carbon. In particular, the source of
C#* (the fraction of C3* inside the separatrix) is localized
in the lower part of the flux surface in the vicinity of the
X-point, Fig. 3(b). When the drifts are switched off the
maximum of C* density corresponds to this region,
Figs. 7 and 8. The poloidal width of the maximum of
C* distribution is determined by the poloidal (parallel)
and radial diffusion and by the distribution of C3* (the
source). In other words, the ions of C** diffuse both
parallel to the magnetic field with respect to the back-
ground ions and in the radial direction until they cross
the separatrix and start to move towards the plates
together with the background ions, Fig. 9(a).

When the drifts are switched on the more uniform
distribution of C** is observed, Figs. 7 and 8. The in-
fluence of VB drifts is not so pronounced as the influ-
ence of E x B drifts. This can be understood from the
fact the radial electric field is of the order of neoclassical
field [4,6]. In such a field E x B drifts and VB drifts give
the contributions of the same order to the particle bal-
ance of the main component. Since VB drift velocity is
proportional to Z~! its contribution to the particle bal-
ance of C*' is more modest than the contribution of
E x B drift, which is the same for all the charged parti-
cles. This was checked by turning VB drift on and off in
the presence of E x B drift. Without drifts the trajecto-
ries of impurities are shown in Fig. 9(a). In the presence
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Fig. 7. Poloidal distributions for C** on the closed flux surfaces » —a = —1.6 cm (at the outer midplane) for different plasma tem-

peratures, ne|_; ., = 2.3 10" m—3, Z = 1.4. Solid lines correspond to the drifts switched on, dashed lines to the case when drifts are

switched off; (a) Ti|_, ., =80 ¢V, (b) Ti|_, ., =40 eV.
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Fig. 9. (a) Trajectories of the carbon mass flow for the discharge parameters P = 1 MW, ne| | .. = 2.3 x 10¥ m=3, Zy = 1.4. All drifts
are switched off. Lines correspond to the trajectories of the test particles moving with the velocity averaged over all the charged carbon
states. Different colors indicate time, which is necessary for particles to reach the given position (in seconds). The starting point is just
above the separatrix. (b) Trajectories of the carbon mass flow. Drifts are switched on.

of E x B and diamagnetic drifts the trajectories of high
ionized impurities are shown in Fig. 9(b). One can see
that the impurities, which are ionized above the X-point
on the inner flux surfaces, diffuse and rotate poloidally
and are smoothed over the flux surface. The radial fluxes
of the impurities are determined by the anomalous dif-
fusion coefficients, while the neoclassical effects are very
low and may be neglected.

3. Simple analytical model for high ionization states

On the closed flux surfaces the maximum of impurity
density may be observed at the top or between the inner
midplane and the top, Fig. 7. This effect can be under-
stood from a simple model. Neglecting the VB drift of
impurity ions and the effects of poloidal temperature
gradient we can write the particle balance in the form:
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ony 1 0 ./g ; ony
_ 7 a— (nlszf + nlbxl/}H — biDlH m)
_LEL(DM a”ITI) _s, (1)
VE Oy h i hy0y

where x and y axis correspond to the poloidal (clock-
wise) and radial directions, Fig. 1, the metric coefficients
are b, = 1|Vl h, = 1/ [Vl b = 1/ V]l & = hih, x
h,; b, =B, /B, b, = B,/B; subscript I denotes impurity in
a given ionization state, i corresponds to the background
ions. The first contribution to the poloidal flux is con-
nected with the poloidal E x B drift. The second term
represents the motion of impurities along the magnetic
field with the velocity of the background ions Vj. The
third term corresponds to the diffusive motion of
the impurities along the magnetic field with respect to
the background ions with the parallel diffusion coeffi-
cient Dy = Ty /myvy;. The radial flux is determined by the
perpendicular anomalous diffusion coefficient Dy, the
ionization source is presented in the r.h.s. In the steady-
state Eq. (1) can be solved analytically when the radial
diffusion is relatively slow with respect to the parallel
diffusion or convection:

Dyb? yNEO) Dy,
ax( o )>>L§’ (2)
where 7 is the minor radius and L, is the characteristic
scale in the radial direction. In the second term in the
Lh.s. the neoclassical expressions for the radial electric
field and parallel velocity of the background ions were
used [4]. Taking the neoclassical expression for the

electric field in the form ((f) = § /\/gdx/ § \/gdx):

1 dinn; 1 dinT;
goveo) G (2 G GRE B
3 hy dy +hkr h, dy be{ViyB),

where k7 = 2.7 in the Pfirsch-Schlueter regime, we ob-
tain (p; is the pressure of the background ions):

p(NEO) _ szf + b,V
1 dpi 1 dTl B2

—-1)—=— =+ 3
r =1 g h,dy (B?) (3)

o~

"~ en;B h,dy

The solution may be sought in the form n =
ny(y) + on(x,y), ns > én where ng = (mVNEOB2/ B}/
(Y(NEO)B2 /B ) If the second term in Eq. (3) is negligible,
ng coincides with (ny).

The Eq. (1) yields

gox h, \'* "hox ‘g Ox hy
1 o & (D onTi
=S+ —= 4
IJr\/z?fﬁyh (T1 héy) @

Integrating Eq. (4) over the flux surface provide the
equation for ns(y):

o (onTi [VEDL |\
ay( dy thTl >.7{\/§S1dx. ©)

The equation for poloidal distribution of impurities may
be obtained from Eq. (4):

oon  V(NEO)
hx — b2Dy
_ 1 n V(NEO)B_Z_ V(NEO)B B
B.Dy " B, B./ (B?)
1 B
-7 [f(x> () E} , (6)
where

fw =2 / ! [S+ Lo f(]ﬂansn)}hxdx.

DI” \/—ay h TI h}Gy

To understand qualitatively the behavior of dn, Eq. (6) is
solved in the high aspect ratio case for the tokamak with
a circular cross-section, with the assumption that the
second term in Eq. (3) is small:

= <n1>(1 +\/%‘1 sin(0 — (/)))

0 /N 2
_/0 BLX 10 (/(9))171(;22 ]exp(A@—A()/)dE)/
1 r ; B0
e | 5 [ﬂe) -0 }
x exp(40 — 40')do, (7)

where ¢ = r/R, R is the major radius, 0 is the poloidal
angle counted from the outer midplane (in the counter-
clockwise direction), ¢ = arctg(4),

_Bz 1 1 6 D]L a<l’l1>T[ ,

The second and third terms in r.h.s. of Eq. (7) reflect the
poloidal dependence of the radial diffusive flux due to
variation of the distance between the flux surfaces and
the poloidal dependence of impurity source. The average
density (n;) = n; may be calculated from Eq. (5). Let us
focus on the first term. The position of density maxi-
mum depends on the parameter

V(NEO)’,

r 32 Vii

~ —_— = —

beH Ly B)z( Ml ’

Here Z is the impurity charge number, v; and w, are the
collision frequency and cyclotron frequency for impurity
ions, V(NEO) = —(1/en;B)(dp;/dr) in the simplified case.
The density maximum is situated near the top if 4 < 1
and is shifted to the inner midplane if 4 > 1. The first
case corresponds to the strong parallel diffusion so that
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the divergence of the poloidal rotation is compensated
by the flows arising from the poloidal density gradient.
In the second case the parallel diffusion is relatively
small with respect to the poloidal convection and the
density profile organizes so that (y/g/h.)nVNEO) =~
constant.

The account of temperature variations and thermal
force on the closed flux surfaces does not change qual-
itatively the density variation since for the parameters of
simulation the thermal force does not exceed the drag
of the main ions.

4. Comparison with simulation results

For discharges with sufficient additional heating with
the temperature at the reference point (¢ —r =1 cm)
T; =~ 80 eV the condition Eq. (2) is satisfied. For C*, C>*
the first term of Eq. (7) dominates and corresponding
maximum of density is more pronounced than the
maximum near the X-point which is connected with the
ionization source, Fig. 7(a). The intermediate maximum
position agrees with the value of the parameter 4 ~ 1.
For C* the parameter A4 ~ Z? is higher than for C**, and
the maximum is more shifted to the inner midplane.

For the discharges with the smaller heating power
(T; = 40 eV) the condition Eq. (2) is not fulfilled. For
such discharges the poloidal length of parallel diffusion
Lp = Ly\/Dyb2 /Dy, is smaller than the poloidal length
of the flux surface. As a result the poloidal impurity
distribution in the absence of poloidal drifts is quite
inhomogeneous, Fig. 7(b).

In this case the influence of drifts also can be esti-
mated using the velocity VNEO) of the main plasma
component. The characteristic length of drifts during the
time, which is necessary to diffuse in the perpendicular
direction, is Ly ~ VNEOL2/Dy, . The density of impuri-
ties is determined by the maximal of lengths Ly, Lp and
Ls, where Lg is the poloidal length of the impurity
source. If the largest of these lengths is smaller than the
poloidal length of the flux surface, the density profile is
peaked around the impurity source, the estimate for the
density is

(SI)LSLﬁ
Dy, max{Ls,Lq,Lp}"

®)

(m) ~
In the case of the high drift length the density is inversely
proportional to the drift velocity. Our calculations for
small heating power (0.4 MW, T; = 40 eV) give the pa-
rameters Lp ~ 1 m, Ls ~ 1.2 m, Ly ~ 2-5 m while flux
surface length is of the order of 4 m. So after the
switching the drifts on we can expect the smoothening of
poloidal impurity profile, Fig. 7(b).

The role of drifts is illustrated schematically by Fig.
10. Divergence of poloidal drift fluxes in inhomogeneous

magnetic field produces additional effective source of
impurities at the upper part of the torus. Parallel and
perpendicular diffusion fluxes of impurities determine
their poloidal distribution on the closed flux surface, the
corresponding fluxes are shown in Fig. 10. Outside the
separatrix impurities are dragged towards the plates by
the background ions. As a whole E x B drift leads to
decrease of average impurity density inside the separa-
trix since the more uniform distribution in the presence
of drifts accelerates the impurity diffusion. This could be
understood from the fact that in the presence of drifts
impurities are escaping from the whole flux surface,
while in the absence of drifts impurities diffuse only
through the lower part of the flux surface. Since the
source of C* (C3*) integrated over the closed flux sur-
face remains the same in both cases, the average density
with E x B drifts should be lower than without drifts. In
the calculations without drifts the MARFE formation
occurs at the lower level of sputtering than in the cal-
culations with the drifts switched on.

The simulations were performed with and without
neutral beam injection (NBI). The toroidal rotation ve-
locity was specified at the inner boundary. Alternatively
the radial flux of toroidal momentum at the inner
boundary was prescribed [4]. Average toroidal velocity
up to 30 km/s at the inner boundary did not change

- ¥ Radial diffusion fluxes

--» Parallel diffusion fluxes
—» Sum of ExB drift and poloidal projection
of main ion parallel velocity

& Maximum of ionization source
>  Maximum of effective source

Fig. 10. Scheme of impurity fluxes near the separatrix.
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significantly the poloidal distribution of impurities both
on the open and closed field lines. On the closed field
lines this fact can be understood from the neoclassical
character of the poloidal rotation of the background
ions. The toroidal rotation did not change the poloidal
rotation in accordance with Eq. (3) (the contribution
from the term b.Vj), while the latter determines the
poloidal impurity distribution on the closed flux sur-
faces. The variation of the poloidal profiles of C!*+, C?+,
C3* outside the separatrix was of the order of 10%,
which is consistent with the variation predicted in [13]
for the main component. The relative density variation
near the plates should be of the order of the ratio of the
average toroidal rotation velocity at the separatrix to the
sound speed at the plates, which in our runs did not
exceed 10%.

In the simulations performed the main fluxes of
neutral deuterium and carbon come from the divertor
plates. However, there is experimental evidence that the
neutral flux from the wall is larger than is predicted by
standard simulations [14]. To check sensitivity of the
results obtained to the variation of the fluxes of neutrals
from the wall special runs were performed with particle
diffusivity increasing in the SOL towards the wall. Dif-
ferent profiles of D were used with D at the wall 10 times
larger than D at the separatrix. In these runs the neutral
flux from the wall was 2.5 larger than in the standard
runs and was of the order of 40% of the neutral flux
from the divertor plates. In these runs the absolute
values of impurity density change but their poloidal
distribution and all patterns remain qualitatively the
same as in the standard runs.

5. Conclusions

The impact of the E x B drifts is most pronounced
inside the separatrix for impurities in high ionization
states. Both poloidal E x B drifts of impurities and
parallel drag from the background ions lead to smoother
poloidal density distribution thus significantly increasing
impurity density in the upper part of the torus. Dia-

magnetic drifts do not affect significantly the impurity
distribution. The impact of the E x B drifts in the SOL
and the PFR is more modest due to the combined effect
of the poloidal drift of impurities and change of the
parallel velocity of the background ions in the opposite
direction.
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