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The magnetic shear dependence of impurity transport in tokamaks is studied using a quasilinear
fluid model for ion temperature gradient 共ITG兲 and trapped electron 共TE兲 mode driven turbulence in
the collisionless limit and the results are compared with nonlinear gyrokinetic results using GYRO
关J. Candy and R. E. Waltz, J. Comput. Phys 186, 545 共2003兲兴. It is shown that the impurity transport
is sensitive to the magnetic shear, in particular for weak, negative, and large positive shear where a
strong reduction of the effective impurity diffusivity is obtained. The fluid and gyrokinetic results
are in qualitative agreement, with the gyrokinetic diffusivities typically a factor 2 larger than the
fluid diffusivities. The steady state impurity profiles in source-free plasmas are found to be
considerably less peaked than the electron density profiles for moderate shear. Comparisons between
anomalous and neoclassical transport predictions are performed for ITER-like profiles 关R. Aymar, P.
Barabaschi, and Y. Shimomura, Plasma Phys. Controlled Fusion 44, 519 共2002兲兴. © 2007 American
Institute of Physics. 关DOI: 10.1063/1.2730491兴
I. INTRODUCTION

Improving the understanding of impurity transport in tokamaks is one of the major tasks in present fusion research.
Impurities can, if transported to the plasma core, cause fuel
dilution, severe radiated power loss and an uncontrolled impurity accumulation may even terminate the discharge. There
are several experimental indications that impurity transport
may depend on the magnetic shear. In the Joint European
Torus 共JET兲 共Ref. 1兲 and Tore Supra 共Ref. 2兲 lowconfinement mode discharges, it has been shown that there
are two impurity transport regions: the central core having
low impurity transport coefficients and an outer region with
larger impurity transport coefficients.3,4 The position of the
transition layer between low and high impurity transport coefficients has been connected to the s = 0.5 flux surface,
where s = 共r / q兲dq / dr and q is the safety factor. No dependence on the impurity charge number has been observed. In
ASDEX,5 the impurity diffusion coefficient was found to be
low in the center and rise exponentially with the radial distance from the center, in a way that can be interpreted as a
quite steep transition at a certain value of the shear.6 In a
systematic comparison of hybrid scenario discharges 共i.e.,
discharges with a weak magnetic shear over a large part of
the plasma cross section兲 with standard ELMy H-mode
discharges7 a somewhat more peaked electron and impurity
density profile has been observed, although this may be a
result of the lack of sawteeth in hybrid scenarios rather than
a result of shear dependence of transport.
Models of impurity transport driven by ITG/TE mode
turbulence8–13 and neoclassical effects14 are now well developed. Comparisons of anomalous and neoclassical transport
1070-664X/2007/14共5兲/052303/8/$23.00

for JET discharges15 and ITER-like plasmas have also been
performed.16 However, the magnetic shear dependence of
impurity transport has not been investigated theoretically in
any detail. In the present study a quasilinear fluid model10,17
for ITG/TE mode driven turbulence is used in the collisionless limit to elucidate the magnetic shear dependence of
anomalous impurity transport. The fluid results obtained using an analytical approach valid for general mode width18 are
compared with the fluid results of a strong ballooning
analysis19 and with nonlinear gyrokinetic simulation results.
In addition, comparisons of anomalous and neoclassical predictions of impurity flux are performed for ITER-like profiles.
The structure of the paper is the following: In Sec. II the
models used to determine the turbulent and neoclassical impurity transport in the collisionless regime are described.
Section III discusses the magnetic shear dependence of the
impurity transport. In Sec. IV turbulent and neoclassical impurity particle fluxes are compared for a hybrid ITER
scenario.20 Finally, the results are summarized in Sec. V.

II. IMPURITY TRANSPORT

We assume that the total impurity transport is a linear
sum of turbulence-driven transport and neoclassical transport. This assumption has been confirmed experimentally21
and it is justified by the fact that neoclassical transport is
driven by parallel friction dynamics, and is not affected significantly by the ion cross-field transport which is dominated
by fluctuations.
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A. Turbulent transport

A set of fluid equations is used for the perturbations in
density, parallel velocity, and pressure,10,11,17,23

n j
+ ⵜ · 共n jv j兲 = 0,
t

共1兲

v储i,z
+ ⵜ储共ni,zTi,z兲 + ni,zeⵜ储 = 0,
mi,zni,z
t

共2兲

3 dT j
+ n jT j ⵜ · v j + ⵜ · q j = 0,
nj
2 dt

共3兲

where j = i, z, et represent ions, impurities, and trapped electrons, n j, v储i,z, T j, are the density, parallel velocity, and temperature perturbations,  is the perturbed electrostatic potential, v j = vE + v*j + v pj + v j, vE is the E ⫻ B velocity, v*j is the
diamagnetic drift velocity,
v pj =

dE
dt

冒

共B⍀cj兲

共4兲

with respect to the electron magnetic drift frequency De,
z = Tz / 共ZTe兲,
¯ r2 + ¯␥2 + 14
¯ rz/3 + 55z2/9兴/兩N̄z兩2 ,
⌬1 = 关
¯ r2 + ¯␥2 + 10
¯ rz/3 + 35z2/9兴/兩N̄z兩2 ,
⌬2 = − 关
2
¯ r2 − ¯␥2 + 10z
¯ r / 3 + 5z2 / 3
+ Nzi2 , with Nzr = 
where 兩N̄z兩2 = Nzr
¯ r + 5z / 3兲. These expressions neglect impurity
and Nzi = 2¯␥共
finite-Larmor-radius 共FLR兲 effects and are in agreement with
the corresponding ones given in Ref. 9. In Eqs. 共7兲 and 共8兲
the parallel dynamics of the impurities has been neglected
based on the ordering k储vTz ⬍ k储vTi ⬍ , which can be verified
a posteriori. Here vTj is the thermal velocity of species j. In
the quasilinear expressions, the space scale of the turbulence
is fixed by choosing 共krs兲2 = 共ks兲2 = 0.1, corresponding to
the scale of the fastest growing mode. To elucidate the physics for the magnetic shear dependence of impurity transport,
we compare a strong ballooning analysis with bounceaveraged trapped electrons with the original formulation of
the Weiland model10 for deeply trapped electrons using a
shear dependent eigenfunction.

is the polarization drift velocity,
v j =

e储 ⫻ ⵜ ·  j
Z jen jB

共5兲

is the drift due to the off-diagonal elements of the stress
tensor, and
qj =

5 pj
共e储 ⫻ ⵜT j兲
2 m j⍀cj

共6兲

is the diamagnetic heat flux, where ⍀cj is the cyclotron frequency. The derivative is defined as d / dt =  / t + vE · ⵜ. The
electrostatic limit is considered, where the free electron density perturbation is related to the perturbed electric potential
 by the adiabatic condition ␦nef / nef = e / Te. Assuming
quasineutrality, we have ␦ne / ne = ␦net / ne + ␦nef / ne = 共1
− Zf z兲␦ni / ni + Zf z␦nz / nz, where f z = nz / ne is the impurity fraction, and ␦nz is the impurity density perturbation due to the
turbulence given by10

␦nz
nz

=

冋

冉

冊 册

7 5
e
Lne 쐓e
共1 − ⑀nz兲 + z − + ⑀nz Dz
共7兲
3 3
Lnz Nz
Te

2
/ 3, 쐓j is the diamagnetic
where Nz = 2 − 10Dz / 3 + 5Dz
frequency, Dj is the magnetic drift frequency,  is the frequency of the unstable mode, ⑀nj = Dj / 쐓j, Lnj = −n j / n⬘j and
LTj = −T j / T⬘j are the density and temperature scale lengths for
the particle species j and  j = Lnj / LTj. From the density response, the particle fluxes can be calculated, ⌫nj = 具␦n jv j典.
The impurity diffusion coefficient Dz, defined by ⌫nz =
−Dznz / r is then given by

Dz = 2¯␥3

 sc s
共⌬1 − ⌬Tz + 2⌬2Lnz/R兲,
Rk

共8兲

where ␥ and k are the linear growth rate and the wave number of the unstable mode, r and  are radial and poloidal
coordinates, s = cs / ⍀ci, cs = 冑Te / mi is the sound speed, ⌬T
¯ r + 5z / 3兲 / 兩N̄z兩2, the overbar denotes normalization
= 2  z共 

1. Strong ballooning approximation

Using the semilocal analysis of Ref. 19, the eigenvalue
equation is reduced to a set of 7 coupled algebraic equations
for main and impurity ITG modes and collisionless TE
modes. The ion/impurity and trapped electron fluid models
are fairly symmetric, except that the electron FLR effects can
be neglected. Here, the parallel dynamics of the impurities
has been neglected. A strongly ballooning eigenfunction 关
= 共1 / 冑3兲共1 + cos 兲, 兩 兩 ⬍ 兴 is used to calculate the norms
2
, and Di,z as
of the operators k2储 , k⬜
具k2储 典 = 1/3共qR兲2 ,

共9兲

2
具k⬜
典 = k2关1 + 共2/3 − 5/2兲s2兴,

共10兲

具Di,z典 = ⑀ni,z쐓i,z共2/3 + 5s/9兲,

共11兲

where
具¯典 =

冕



−

共¯兲d .

共12兲

The strong ballooning approximation used here is only expected to give results in qualitative agreement with the full
eigenvalue solution19 and is not valid in the region close to
s = 0 where the width of the eigenfunction diverges. In the
fluid treatment of the trapped electrons the electron magnetic
drift is, after the bounce averaging, replaced by the precession frequency of trapped electrons as 具De典 = Det where
the parameter t = 1 / 4 + 2s / 3 characterizes the dependence of
the precession frequency on the magnetic shear s.22 The
original formulation of the trapped electron treatment in the
Weiland model for deeply trapped electrons is recovered for
2
, Di,z evalut = 1 共see Sec. II A 2兲. A similar model, with k⬜
ated at  = 0 and neglecting the effects of impurities, was
recently used to study parametric dependences of particle
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transport23 including qualitative comparisons with kinetic
results.24
2. Shear dependent eigenfunction

In order to treat the transition from strong to weak ballooning in regions of weak magnetic shear, the analytical
method of Ref. 18 is used to solve the eigenvalue equation
for general mode width. The model is based on the same set
of equations 关Eqs. 共1兲–共3兲兴 as used in the strong ballooning
analysis but also includes the parallel dynamics of the impurities. In the analytical approach, the eigenfunction is assumed to be a Gaussian with

 ⬀ exp共− ␣2兲,

共13兲

where  is the extended poloidal angle and ␣ is proportional
to the magnitude of magnetic shear and the growth rate 关see
Eq. 共3兲 of Ref. 18兴. The sign is chosen so that the eigenfunction is localized for unstable modes. The coefficient ␣ is
determined by asymptotic matching for large . The norms
of Di,z and parallel wavenumber k储 are then evaluated as
averages over the eigenfunction as in 共12兲.
The derivation in Ref. 18 was made for the pure ITG
mode but can be generalized as long as the asymptotic form
of the eigenfunction does not change. The new physics then
influences the eigenfunction only through the growth rate.
Since the eigenfunction depends on the eigenfrequency ,
iteration is used to solve the resulting eigenvalue equation.
Thus, an approximation for  is chosen based on local theory
and then the linear set of equations is solved. A new  is
obtained and the process is repeated until it converges. The
eigenvalues are then used in the analytical expression for the
effective impurity diffusivity Dz. Note that in this case, the
original formulation of the Weiland model for deeply trapped
electrons 共t = 1兲 is used. The results are usually not sensitive
to the choice of the trapped electron model due to the dominance of the ITG mode for the parameters considered in this
paper.

ft
具⌫z · ⵜ典 =
fc

再

3. Gyrokinetic calculations

The gyrokinetic results given in the present paper are
based on flux-tube 共local兲 simulations with the GYRO
code.28 Transport coefficients are computed including nonlinear gyrokinetic dynamics of both ion species. Since we are
interested in ion-scale fluctuations only, at wavenumbers
ks ⬍ 1.0, the electron physics was taken to be the driftkinetic, although the true electron mass was used mD / me
= 3600. For the geometry model, we have used a circular
Miller equilibrium29 共i.e., although the flux-surface is an unshifted circle, it is an exact solution of the Grad-Shafranov
equation兲. This will be useful for future work which moves
away from circular plasmas to include the crucial effect of
plasma shape 共elongation, for example兲 on transport.
A 128-point velocity-space grid 共8 energies, 8 pitch
angles, and 2 signs of velocity兲 is used, together with 10
poloidal 共orbit兲 grid points per sign of velocity. In the perpendicular directions 共x , y兲, we content ourselves with a domain size of approximately 共Lx , Ly兲 / s = 共122, 128兲. Previous
studies8 have shown that this domain size gives an answer
which is sufficiently close 共within a few percent兲 to the
infinite-box limit, whereas a 共Lx , Ly兲 / s = 共64, 64兲 box underestimates the transport level by roughly 25%. Here, x denotes
the radial direction, and y denotes the binormal direction
such that Ly = 2 / 共k兲min. In the x direction we have nr
= 128 radial grid points 共so that ⌬r / s = 0.96兲. In the y direction, we retain nn = 16 complex Fourier modes. With these
choices, we resolve up to 共k兲maxs = 0.74. Simulations were
run for a relatively long time; namely, 共cs / a兲t = 1000, and
transport coefficients are derived from time averages over the
interval 500艋 共cs / a兲t 艋 1000.
B. Neoclassical transport

Impurities in high-temperature plasmas, like ITER are
expected to be in the banana regime. The neoclassical impurity flux in this regime is given by25

冎

˜ i1
T z
˜ z1共ln pz兲⬘ + 
˜ z2共ln Tz兲⬘兴
关
T iZ
,
˜ i1 + z
˜ z1兲
miZ⍀2ciii共

˜ z1关
˜ i1共ln pi兲⬘ + 
˜ i2共ln Ti兲⬘兴 −
n iT iI 2 z 

where z = iimznz共zzmini兲−1 and aa is the collision time, f t
and f c is the effective fraction of trapped and circulating
particles, respectively. The magnetic field is B = I ⵜ  + ⵜ
⫻ ⵜ,  = −RA is the poloidal flux-function, and the prime
denotes derivative with respect to . The normalized viscos˜ ij = miij + mizj ␣ and 
˜ zj = 共mzij / ␣冑Z兲 + mzz
ity coefficients are 
j ,
2
2
2
ab 冑
2
兲兴,
with ␣ = nzZ / ni, and m1 = 1 + xab + xab ln关xab / 共1 + 冑1 + xab
ab
冑 2
mab
2 = 1 / 1 + xab − 5m1 / 2, where xab = vTb / vTa. The neoclassical flux depends on the safety factor q but is not sensitive to
the derivative of q.

共14兲

If Z is large, the neoclassical flux is mainly driven by ion
gradients, since the coefficient multiplying the impurity gradients is Z times less than the coefficient multiplying the ion
gradients. If the transport driven by impurity gradients can
be neglected, the neoclassical flux is outward due to tem˜ i1 / 共
˜ i1 + 
˜ i2兲 共assuming the denperature screening if i ⲏ −
sity and temperature gradients have the same sign兲 and inward otherwise. For moderate or low Z, the flux driven by
the impurity gradients will reduce the total impurity flux,
since it has an opposite sign to the flux driven by the ion
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FIG. 1. 共a兲 Shear scaling of effective diffusivities De and Dz in units of
2s2cs / R using the strong ballooning approximation for R / LTe = R / LTi = 9,
and R / LTz = 3 共solid兲, R / LTz = 9 共dashed兲. The other parameters are Z = 6,
Az = 12, f z = 0.02, f t = 0.5, q = 2, Ti = Tz = Te, and R / Lne = R / Lnz = 3. 共b兲 Shear
scaling of Dz for R / Lnz = 0.1, Z = 6 共solid兲, Z = 12 共dashed兲, and Z = 48 共dotted兲. The rest of the parameters are the same as in 共a兲 with R / LTz = 9.

gradients. In the following we denote the background
and impurity ion gradient driven fluxes with Dzi and Dzz,
respectively.
III. SHEAR DEPENDENCE

Due to the magnetic shear-dependence of the magnetic
drifts and norms defined in Sec. II A, the eigenvalues of the
unstable ITG and TE modes and the turbulent impurity transport depend on magnetic shear. In this section we will illustrate this by calculating the effective impurity diffusivity as a
function of shear, keeping the temperature and density scale
lengths of the different species as parameters. In the cases we
present below, the neoclassical diffusivity is about an order
of magnitude less than the turbulent diffusivity, and will not
affect the main results.
In Fig. 1共a兲 the effective electron diffusivity De and impurity diffusivity Dz obtained using strong-ballooning approximation are displayed as a function of magnetic shear s,
with R / LTz as a parameter. The results are shown for R / LTi
= R / LTe = 9, i.e., far above marginal stability, with R / LTz = 3
共solid兲 and R / LTz = 9 共dashed兲. The other parameters are impurity charge Z = 6, impurity mass Az = 12, fraction of impurities f z = 0.02, fraction of trapped electrons f t = 0.5, safety
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factor q = 2, and R / Lne = R / Lnz = 3. For these parameters, the
ITG mode is the dominant instability. The results show that
the electron diffusivity can change sign as s is varied, as
reported in Refs. 23 and 24. The strong shear scaling of the
electron diffusivity is a result of the explicit dependence of
De on the bounce averaged electron magnetic drift 具De典
⬀ 1 / 4 + 2s / 3. The impurity diffusivity Dz is strongly reduced
for negative and large positive shear through the ITG/TE
eigenvalues. The results also show that the effect of a large
impurity temperature gradient 共R / LTz = 9兲 in the present ITG
dominated case is to increase the effective impurity diffusivity. This result is consistent with the results reported in Ref.
9 using the trace-impurity approximation which showed that
the thermodiffusive contribution to the impurity flux is directed outwards for modes rotating in the ion direction when
the parallel impurity velocity perturbation is neglected.
To investigate the magnetic shear scaling of the impurity
pinch, Fig. 1共b兲 displays the effective impurity diffusivity
versus shear using a flat impurity density profile, with
R / Lnz = 0.1. The other parameters are the same as in Fig. 1共a兲
with the impurity charge Z as a parameter varying from Z
= 6 共solid兲, to Z = 12 共dashed兲 and Z = 48 共dotted兲, while keeping Zf Z = 0.12 constant. As observed, the impurity pinch is
directed inwards in this parameter regime. This is expected
since the curvature pinch,17 which is weakly dependent of Z,
dominates in this regime. The slight increase of the impurity
pinch with impurity charge Z is consistent with the reported
Z scaling of the thermodiffusive contribution to the impurity
flux 共⬃1 / Z兲, which is outwards in this case.9
In Figs. 2共a兲 and 2共b兲 the corresponding results using the
more general approach with a shear dependent eigenfunction
are displayed. Due to the shear dependence of the width of
the eigenfunction 共13兲 the transport is strongly reduced for
weak shear and increased for large positive shear as compared to the results of the strong ballooning analysis.
For the neoclassical transport calculations the following
parameters were used in addition to the quantities given
above: temperature Ti = Te = Tz = 5 keV, ion density ni
= 1020 m−3, major radius R = 6.2 m, and minor radius a
= 2 m. The neoclassical impurity transport is calculated using
the large-aspect ratio, circular cross section approximation
and it is in this case inward. The neoclassical diffusion coefficient which is independent of shear is Dzneo = −0.08 for
R / LTz = 3 and Dzneo = −0.15 for R / LTz = 9 共in units of 2s2cs / R兲.
This is smaller than the turbulent transport and would act to
reduce the total impurity transport since it has the opposite
sign as the turbulent flux 共but will not affect the overall
shape of the curve兲. However for sufficiently large negative
shear the ITG/TE modes are stabilized and the neoclassical
contribution dominates. The main reason that the neoclassical transport is so small in this case is the cancellation between the ion density gradient driven flux 共inwards兲 and ion
temperature gradient and impurity density gradient driven
fluxes 共outwards兲. For R / LTz = 3 the ion gradient driven flux
is Dzi = −0.29 and the impurity gradient driven flux is Dzz
= 0.21. For the case R / LTz = 9, the impurity temperature gradient drives an additional inward flux and in this case Dzz
= 0.14.
In Fig. 3 the effective electron and impurity diffusivities
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FIG. 2. Shear scaling of effective diffusivities in units of 2s2cs / R for the
same parameters as Figs. 1共a兲 and 1共b兲, using a shear-dependent
eigenfunction.

obtained using nonlinear gyrokinetic simulations are displayed for the same parameters as in Fig. 1. As observed, the
fluid results of Figs. 1 and 2 of the shear scaling of the
diffusivities are in qualitative agreement with the gyrokinetic
results. The transport level, however, is typically a factor of 2
larger in the gyrokinetic case. Considering the differences
between the fluid and kinetic models used in this study only
qualitative agreement is expected.
In Fig. 4 the shear dependence of the effective impurity
diffusivity is illustrated in regions closer to marginal stability
共for smaller values of R / LTj兲 for Z = 6, Az = 12, f z = 0.02, f t
= 0.5, R / Lne = R / Lnz = 2 / 3, and R / LTj = 6 共solid兲, R / LTj = 5
共dashed兲 and R / LTj = 4 共dotted兲. The results obtained for the
strong ballooning eigenfunction 关Fig. 4共a兲兴 and the shear dependent eigenfunction 关Fig. 4共b兲兴 are in qualitative agreement.
For these density profiles parameters, the inward impurity pinch dominates the outward diffusive flux and the result
is a negative effective impurity diffusivity. The neoclassical
impurity transport is now outwards since the temperature
screening is more effective in this case when the ion density
gradient is flatter than it was in the case shown in Fig. 1. The
neoclassical diffusion coefficients in these cases are Dzneo
= Dzi + Dzz = 1.02− 0.037= 0.98 for R / LTj = 6, Dzneo = Dzi + Dzz
= 0.73− 0.011= 0.72 for R / LTj = 5, Dzneo = Dzi + Dzz = 0.44
+ 0.015= 0.45 for R / LTj = 4. Also in these cases the neoclas-

Phys. Plasmas 14, 052303 共2007兲

FIG. 3. 共a兲 Shear scaling of effective diffusivities De and Dz in units of
2s2cs / R for the same parameters as Fig. 1共a兲, using nonlinear gyrokinetic
simulations. 共b兲 Shear scaling of Dz for R / Lnz = 0.1, Z = 6 共solid兲, Z = 12
共dashed兲. The rest of the parameters are the same as in Fig. 1共a兲 with
R / LTz = 9.

sical and turbulent transport have opposite signs, but the neoclassical is smaller.
In Fig. 5 the magnetic shear scaling of the ITG/TE mode
eigenvalues is illustrated for the same parameters as in Fig.
1共a兲. The results of the strong ballooning analysis 关Fig. 5共a兲兴
are compared with the more general approach using a sheardependent eigenfunction 关Fig. 5共b兲兴. As observed, the ITG
mode is usually the dominant instability for the considered
parameters. We note that the assumption k储vTz ⬍ k储vTi ⬍  is
satisfied for the ITG mode. The ITG growth rate is reduced
for negative and large positive shear, in qualitative agreement with the gyrokinetic results and also with the
gyrokinetic/gyrofluid results presented in Refs. 26 and 27.
This is the main reason for the reduction of the impurity
transport in these regions. The comparison confirms that the
strong ballooning analysis grossly overestimates the ITG
growth rate for weak shear where the assumption of a localized eigenfunction is not valid. Figures 5共a兲 and 5共b兲 also
show that the TE mode eigenvalues depend sensitively on
the treatment of the trapped electrons, in particular in regions
of negative magnetic shear. In Fig. 5共a兲 the results of the
bounce averaged TE model 共t = 1 / 4 + 2s / 3兲 shows a complete stabilization of the TE mode as the precession frequency 具De典 changes sign. In Fig. 5共b兲 on the other hand,
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FIG. 4. 共a兲 Effective impurity diffusivity Dz 共in units of 2s2cs / R兲 versus
magnetic shear for R / LTj = 6 共solid兲, R / LTj = 5 共dashed兲 and R / LTj = 4 共dotted兲, j = i, z, e represent ions, impurities and electrons. The other parameters
are Z = 6, Az = 12, f z = 0.02, f t = 0.5, q = 1.4, Ti = Tz = Te, and R / Lne = R / Lnz
= 2 / 3. 共b兲 Same as 共a兲 but with shear-dependent eigenfunction.

the corresponding results of the TE model for deeply trapped
electrons 共t = 1兲 gives a strong TE mode in this region.
Steady-state values of density gradients can be calculated from the condition of zero particle fluxes in source-free
plasmas. For given plasma parameters with Z = 6, f z = 0.033,
q = 1.4, and R / LT = 9, a double scan in R / Lne and R / Lnz is
performed and the curves of zero electron and impurity flux
and their intersection is identified. In this calculation, the
neoclassical part of the flux has been neglected. The results
using the shear dependent eigenfunction are displayed in Fig.
6 for s = 0.8 共solid兲 and for s = 0.2 共dashed兲. For s = 0.8 we
obtain R / Lne = 4.7 and R / Lnz = 1.5 in steady state. The corresponding results for s = 0.2 are R / Lne = 0.8 and R / Lnz = 2.7.
We have verified that these results scale rather weakly with
other plasma parameters, for example the impurity charge Z
and the fraction of impurities f z. The results show that the
predicted steady-state impurity profile is generally less
peaked than the electron density profile for moderate and
large shear. For weak shear, however, the opposite result is
obtained.
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FIG. 5. Real part of the frequency r 共solid兲 and the growth rate ␥ 共dashed兲
of the unstable ITG and TE modes 共normalized to *e兲 using the strong
ballooning approximation as functions of magnetic shear corresponding to
case 共a兲 with R / LTz = 9 in Fig. 1. 共b兲 Same as 共a兲 but with shear-dependent
eigenfunction.

selected scenario is a hybrid-mode, with a plasma current of
12 MA, major radius R = 6.2 m, minor radius a = 2 m, and
magnetic field B = 5.3 T. Figure 7 displays the safety-factor,
magnetic shear and normalized temperature gradient param-

IV. ITER

In order to illustrate the shear dependence of the anomalous impurity flux for ITER-like parameters and compare it
to neoclassical fluxes, an ITER scenario20 is studied. The

FIG. 6. Contour plots showing particle fluxes ⌫ne = 0 and ⌫nz = 0 versus
R / Lne and R / Lnz for magnetic shear s = 0.8 共solid兲 and s = 0.2 共dashed兲. The
other parameters are Z = 6, Az = 12, f z = 0.033, q = 1.4, Ti = Tz = Te, and R / LTj
= 9. The results are obtained using the shear dependent eigenfunction.
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FIG. 7. Safety factor 共solid兲, shear 共dashed兲, and R / LTi 共dotted兲 for the
selected ITER-like scenario as a function of normalized radius.

eter R / LTi and Fig. 8 shows the ion and impurity density and
ion and electron temperature profiles for this ITER scenario.
The impurity and ion temperatures are assumed to be equal.
The turbulent impurity flux is calculated using the two
analytical models 共presented in Secs. II A 1 and II A 2兲 for
Z = 6 共including impurity FLR-effects for completeness兲 and
the results are compared with a local version of the model
2
, Di,z evaluated at  = 0兲 which is inde共with t = 1, and k⬜
pendent of magnetic shear. Figure 9 shows the impurity
fluxes and Fig. 10 shows the corresponding real frequencies

FIG. 8. Radial density and temperature profiles as a function of normalized
minor radius for the selected ITER-like scenario.

Phys. Plasmas 14, 052303 共2007兲

FIG. 9. Turbulent and neoclassical impurity fluxes for an ITER-like scenario
and Z = 6 as a function of normalized radius. The solid line corresponds to a
fluid model without magnetic shear dependence, the dashed is the fluid
model using the strong ballooning approximation, the dashed-dotted is the
fluid model using the shear dependent eigenfunction. The dotted line corresponds to the neoclassical impurity flux.

and growth rates of the unstable modes. We note that the
results of the shear dependent models differ significantly
from the results of the local analysis. The reason for the
sudden change in the impurity flux around r / a ⯝ 0.35 is that
the magnetic shear of the selected ITER scenario varies from
s = 0 at r / a = 0.3 to s = 0.5 at r / a = 0.4. This change in the
shear affects the impurity transport strongly, so that it even
reverses its sign. The reason for the large inward pinch at
r / a = 0.4 is that the magnetic shear is close to s ⯝ 0.5 where
the impurity pinch is strongest 关see Figs. 1共b兲 and 2共b兲兴. As a
result of this, the turbulent flux is inwards in the central part
of the plasma but outwards in the inner core r / a ⱗ 0.3 and
outside r / a ⲏ 0.7. The neoclassical transport is mainly driven
by the background ion gradients and is outwards due to temperature screening.
Interestingly, for this ITER-like case, turbulent and neoclassical transport are of the same order of magnitude. In this
ITER scenario the density profile is very flat and therefore
the neoclassical transport is mainly driven by the temperature gradient. In the previous section, the assumed R / Lnj was
much larger, and since the density gradient driven transport

FIG. 10. Real part of the frequency r and growth rate ␥ of the unstable
ITG and TE modes 共normalized to *e兲, for the selected ITER-like scenario
as functions of normalized radius, using the fluid model with the sheardependent eigenfunction. The solid and dashed-dotted lines are r and the
dashed and dotted lines are ␥ for the ITG and TE-modes, respectively.
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has an opposite sign to the temperature gradient driven transport, this resulted in a much smaller neoclassical than turbulent transport in those cases.

V. CONCLUSIONS

We have studied the magnetic shear scaling of impurity
transport using a fluid model of ITG/TE mode driven turbulence, nonlinear gyrokinetic simulations, and neoclassical
theory. In general, the shear dependence of the impurity diffusivity is found to be weaker than that of the electron diffusivity. However, for weak, negative, and large positive
shear, a strong reduction of the effective impurity diffusivity
is obtained. The fluid and gyrokinetic models give qualitatively similar results for the shear scaling of the impurity
transport. However the fluid diffusivities are typically a factor 2 lower than the corresponding gyrokinetic diffusivities.
Close to the TE mode stability threshold, corresponding to
the inner core region of tokamak plasmas, a reduction of the
effective impurity diffusivity is obtained due to the stabilization of the TE mode with magnetic shear. For typical parameters values, the reduction occurs for 0.5⬍ s ⬍ 1. The results
obtained using the strong ballooning analysis are in qualitative agreement with the results of the more general approach
valid for general mode width except in the region close to
s = 0 where the strong ballooning approximation breaks
down.
The steady state density scale lengths in source free plasmas, i.e., for zero particle flux, have been calculated. The
results indicate that ITG/TE mode turbulence supports a
more peaked electron density profile than impurity density
profile for moderate shear. The impurity peaking is found to
depend of magnetic shear, with more peaked profiles obtained for weak shear. The impurity peaking is consistent
with the results reported in Ref. 7.
We have compared the anomalous and neoclassical impurity transport for a hybrid ITER scenario. The results show
that for the selected ITER-like collisionless plasma with flat
density profile, turbulent and neoclassical transport have opposite signs in the central part of the plasma. In the inner
core r / a ⬍ 0.3 and outside r / a ⬎ 0.7 both neoclassical and
turbulent transport are outwards.
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