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The turbulent transport of impurity or minority species, as for example tritium, is investigated in drift-Alfvén
edge turbulence. The full effects of perpendicular and parallel convection are kept for the impurity species. The
impurity density develops a granular structure with steep gradients and locally exceeds its initial values due to
the compressibility of the flow. An approximate decomposition of the impurity flux into a diffusive part and an
effective convective partscharacterized by a pinch velocityd is performed and a net inward pinch effect is
recovered. The pinch velocity is explained in terms of turbulent equipartitionfNycander and Yan’kov, Phys.
Plasmas2, 2874s1995dg and is found to vary poloidally. An approximate relationship between pinch velocity
and turbulent diffusion is suggested.
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The transport properties of impurities are of great concern
in magnetic fusion devices. In particular impurities accumu-
late in the center of the plasma, where they are responsible
for significant radiation losses. It is well established that tur-
bulence is the key drive for plasma transport in the edge
region and turbulence will also dominate the transport of
impurities in that region. While in neutral fluids the transport
of passive scalars is a very active field of researchf2g, it has
in the context of plasma turbulence not yet found corre-
sponding attention and measurements of impurity transport
are most often interpreted within reduced one-dimensional
s1Dd transport modelsf3,4g. In plasma turbulence the veloc-
ity fields are in general compressible, making transport and
mixing more complex than in incompressible flowsf2g and
putting strong demands on the numerical modeling.

Pinching of impurities has been observed as well as fast
inwards transport of trace tritium in JET tritium puffsf5g.
Especially in the edge region an inward convective flux
spinchd of impurities is found, which is proportional to the
measured diffusionf3g. In the core, where anomalous, turbu-
lent transport is less important than in the edge, the observed
inward pinch of impurities seems to be in good agreement
with neoclassical predictions based on trapped particle or-
bits. The Pfirsch-Schlüter impurity transport in the edgef6g,
leads to an inward impurity pinch due to ion-impurity colli-
sions. However, there is no explanation for the high inward
pinch velocities needed to describe impurity transport
through the turbulent edge region and its scaling with the
effective diffusion.

We investigate the transport of impurities as a passive
tracer field in electromagnetic edge turbulence described by a
standard model of drift-Alfvén turbulencef7–9g. Flux tube
geometry is used, with local slablike coordinatessx,y,sd
f10g, corresponding roughly to the local radial, toroidal, and
parallel directions. Note that within flux tube geometry mo-
tion along magnetic-field lines covers the poloidal extend of
the tokamak, as the field lines wind around the tokamak. The
following equations for the fluctuations in densityn, poten-
tial f with associated vorticityv=¹'

2 f, currentJ, and par-
allel ion velocityu, arise in the usual drift scaling:
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In addition to cross-field advection, the parallel derivatives
carry nonlinearities entering throughAi. The operatorK rep-
resents effects of normal and geodesic curvature due to
magnetic-field inhomogeneity withvB=2sL' /Rd, R being
the tokamak major radius, andL' the mean gradient length
of the pressure profile,
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The parallel currentJ is connected to the magnetic potential
by J=−¹'

2 Ai. The parameters reflect the competition be-
tween parallel and perpendicular dynamics, represented in
the scale ratio«̂=sqR/L'd2, whereq is the safety factor. The
electron parallel dynamics is controlled by the parameters

b̂ =
2m0pe,0

B2 «̂, m̂ =
me

Mi
«̂, C = 0.51

L'

tecs
m̂ = nm̂, s2d

with te being the electron collision time and the factor 0.51
reflecting parallel resistivityf11g. nEQ is an equilibrium den-
sity associated with corresponding neoclassical fields and
currents. Geodesic curvature acting on the equilibrium den-
sity is balanced by the neoclassical Pfirsch-Schlüter current
KsnEQd=−¹iJPS, which in turn is driven by the correspond-
ing neoclassical potentialJPS=1/C¹ifPS.

We assume the contribution of impurities to the gross
plasma densityni,0 to be negligible, i.e.,ni =ni,0+nimp<ni,0.
In experiments the assumptionni,0@nimp is possibly not al-
ways fulfilled, especially not during the initial phase of a gas
puff, where locally the puffed gas might contribute a signifi-
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cant part of overall plasma density. While the bulk plasma is
quasineutral withne=ni,0, allowing to regard either the ion or
electron continuity equation to determine the evolution of the
density fluctuations, a corresponding relation fornimp cannot
be used. For cold impurities the ion-drift velocity is given by
the E3B and the polarization drift, and thus

dtnimp =
M

Z«̂
¹' · snimpdt¹'fd − nimpKsfd − ¹isnimpud

− mimp¹'
2 nimp s3d

determines the evolution of the impurity density. Here we
introduced the relative mass of the impuritiesM =Mimp/Mi
andZ indicates their charge state. The fluctuating quantities
f and u are input from the dynamical evolution of the tur-
bulence and the total time derivativedt includes advection
with the compressibleE3B velocity. Equations3d differs
from the dynamical equation for the density fluctuations, Eq.
s1bd, as it does not reflect properties of the equilibrium, and
moreover, in the sense that simplifications originating from
the distinction between background and fluctuations are not
appropriate for the impurities. Therefore here, all convection
terms need to be preserved, while, for example, parallel con-
vection is neglected in the equation for the density fluctua-
tions. Finally, finite inertia effects of the impurity ions enter
through the ion-polarization drift, however, for the remainder
of this paper we consider massless impurities.

Standard parameters for simulation runs werem̂=5, q=3,
magnetic shearŝ=1 sappearing only in the geometrical set up
of the simulationsf7gd, andvB=0.05, with the viscosities set
to mv=mn=0.025, corresponding to typical edge parameters
of large fusion devices. Simulations were performed on a
grid with 1283512332 points and dimensions 643256
32p in x,y,s corresponding to a typical approximate di-
mensional size of 2.5310 cm330 m f7g. Here we present

results from a lowb̂=0.1 run withn=2.295. In the saturated
turbulent state the equilibrium density gradient is weakly
flattened. Strong deviations from the initially specified den-
sity gradient are prevented by a feedback mechanism using
damping layers at the inner and outer radial boundary. This
forces the density gradient to stay close to its initially speci-
fied equilibrium profile.

Equationss1d are solved numerically and initial perturba-
tions develop until a saturated, quasistationary turbulence is
reached. The impurities are then released into the turbulence
and convected according to the evolving turbulent velocity
field. The initial impurity densitynimp is chosen as a radially
scoordinatexd localized Gaussian added onto an impurity
background density. For some runs the impurity density was
additionally localized along magnetic-field linesscoordinate
sd to investigate the effect of parallel convective transport.
The coupled system of bulk plasma turbulence and impuri-
ties is evolved until significant mixing of the impurities has
been achieved and initial transient effects have decayed. For
each parameter several runs are performed to increase the
statistical significance of the results.

For passive fields in compressible fluid turbulence it is
well known that the passive quantity reveals a much flatter
fluctuation spectrum than the turbulent energy spectrum and

that the passive scalar accumulates in the contracting regions
of the turbulent flowf2g. The impurity density after some
time not only exhibits strong gradients, but locally the initial
value of the impurity density can be exceeded. To handle
these effects within the given limited resolution the diffusive
term in Eq.s3d was chosen asmimp=5mn.

A prominent feature of the impurity behavior is the weak
parallel convective transport compared to the radial turbulent
transport, as parallel convection of impurities is due to the
fluctuating parallel ion speedu which is small su<0.01d
compared to radial velocities of order one. This is clearly
observed in Fig. 1, which shows the impurity density. Here
the complex flux tube geometry has been projected onto a
geometrically poloidal cut. The projection roughly translates
the parallel variation ins to a poloidal variation:s=0 is
located at the outboard midplane,s= ±p /2 at the upper resp.
lower side, and finallys= ±p corresponds to the high-field
side. The radial extend of the simulation domain has been
stretched to allow better visualization. Initially the impurity
density is localized at the outboard midplaness=0d. No sig-
nificant parallel flow of the impurity density is observed,
while significant radial mixing occurs. Parallel compres-
sional effects are however visible and arrange for finite pas-
sive density gradients at the high-field side. Moreover, an
inward pinch effect is clearly observed at the outboard mid-
plane. Starting from an initial impurity distribution homoge-
neous alongs, this pinching velocity is seen to shift the im-
purity density towards the torus axissFig. 2d.

The fluxG of the impurity ion species can in lowest order
be expressed by the standard parameters used in modeling
and in evaluation of transport experiments: a diffusion coef-
ficient D and a velocityV, which is associated with a pinch
effect,

Gyssd = − Dssd]xknly + Vssdknly. s4d

The turbulence is radially homogeneous, so there is no radial
dependence ofD and V. Profilesk·ly are achieved by aver-
aging overy, corresponding to averaging toroidally over the
domain extend in the drift plane. From scatter plots of
Gsrd / knly versus]xkln nly, values forDssd and Vssd are ob-
tained. The fitting procedure is carried out using a nonlinear

FIG. 1. Impurity distribution projected onto a poloidal cross
sectionsradial dimension not to scaled. White: high impurity den-
sity. Dark: low impurity density. Left: initial distribution, localized
on the outboard midplanesat s=0d. Right: after 25 time units cor-
responding to about 100ms. Parallel transport is slow compared to
radial transport. The inward pinch effect is clearly visible.
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least-squares Marquardt-Levenberg algorithmf12g as imple-
mented within the plotting programGNUPLOT. To reduce the
influence of numerical errors in the integration scheme on
the transport estimate large gradients outside the rangef
−0.1:0.1g are not considered for the fitting routine. Figure 3
shows a scatter plot with a fit. A comparison of the evolution
of the impurity density profile with its presumed evolution
using the values forD andV obtained from the above analy-
sis is shown in Fig. 4. This shows that while the scatter plot
has a significant amount of noise, the fitted values forD and
V are reasonable parameters to represent the overall transport
process.

The poloidal scoordinatesd dependence ofD and V is
rather strong and shown, with errors as obtained from the
fitting routine, in Fig. 5. The effective convective velocity
Vssd changes sign and is at the high-field side directed out-
wards. This pinching velocity is due to curvature and can be
consistently explained in the framework of turbulent equipar-
tition sTEPd f1,13g as follows. In the absence of parallel con-
vection, finite mass effects, and diffusion, Eq.s3d has the
following approximate Lagrangian invariant:

Lssd = ln nimp + vB cosssdx − vB sinssdy. s5d

TEP assumes the spatial homogenization ofL by the turbu-
lence. As parallel transport is weak, each drift planes

=const homogenizes independently. This leads to profiles
kLssdly=constssd. At the outboard midplaness=0d the impu-
rities are effectively convected radially inward leading to an
impurity profile skln nimply~const−vBxd, while at the high-

FIG. 2. Impurity distribution projected onto a poloidal cross
section sradial dimension not to scaled. Left: initial distribution.
Right: after 25 time units. The inward pinch effect on the outboard
midplane and outward convective transport on the high-field side
sinboard midplaned is obvious.

FIG. 3. Scatter plotsat high-field sided of flux vs gradient with
linear fit. The gray area indicates gradients admissed for the fitting
procedure.

FIG. 4. Impurity density profile at the outboard midplane att
=0 and after 25 time units compared to the expected evolution of a
Gaussian due to coefficientsD and V obtained by the fitting
procedure.

FIG. 5. Impurity diffusionD stopd and pinch velocityV sbot-
tomd over poloidal positionssd with error bars. The pinch velocity is
compared tovbpcosssdpDssd.
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field side they are effectively convected outwardskln nimply

~const+vBxd. One should note that this effective inward or
outward convection is not found as an averageE3B veloc-
ity, but is mitigated by the effect of spatial homogenization
of L under the action of the turbulence. The strength of the
“pinch” effect is consequently proportional to the mixing
properties of the turbulence and scales with the measured
turbulent diffusion. We arrive at the following expression for
the connection between pinch and diffusion:

Vssd = − avB cosssdDssd. s6d

Considering a stationary case with zero flux and combining
Eqs. s4d and s5d we obtaina=1. The ballooning in the tur-
bulence level causes the inward flow on the outboard mid-
plane to be stronger than the effective outflow on the high-
field side. Therefore, averaged over a flux surface and
assuming poloidally constant impurity density, a net impurity
inflow results. This net pinch is proportional to the diffusion
coefficient D in agreement with experimental observations
f14g. The proportionality constant will, however, depend on
the amount of ballooning of the transport, which has been
investigated f.x. inf7–9g. The level of ballooning of the
transport increases with the transition from the drift regime

to the magnetohydrodynamicssMHDd regime, asb̂ increases

to large values. Here, for smallhatb the ballooning of the
transport is weak at about 70%.

Translated to dimensional values for typical large toka-
mak edge parameters we obtainDssd~1.5−2.0 m2/s and
Vssd~ s+60d−s−80d m/s and a flux-surface averaged inward
convection velocity ofkVl=−0.4 m/s. Locally at the out-
board midplane values ofVss=0d /Dss=0d,−40 m−1 are
found, again in agreement with experimental valuesf3g.

Due to the strong peaking of the impurity density, the
poloidal dependence of the transport coefficients, and the
slow parallel diffusion of the impurities the use of both a
poloidally varying diffusion coefficient and effective convec-
tion velocity in transport codes to describe impurity density
evolution, should lead to an improved overall description of
turbulent impurity transport in toroidal magnetic confine-
ment devices. The observed impurity pinch in the edge
plasma region can be explained by turbulent equipartition
resulting in a simple relation between diffusion and pinch
velocity.
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