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Neoclassical impurity transport is compared with transport calculated from the reactive drift wave
model of turbulent transport for an ITER-like 关R. Aymar, P. Barabaschi, and Y. Shimomura, Plasma
Phys. Controlled Fusion 44, 519 共2002兲兴 scenario. The turbulent transport is inward for both main
ions and impurities, but the impurity ion inward transport is much weaker than the main ion inward
transport. The neoclassical impurity transport is outward because of temperature screening. The total
impurity transport, determined by a balance between turbulent and neoclassical transport, depends
sensitively on the charge number of the impurity and the ratio of the ion density and temperature
scale lengths, i. © 2006 American Institute of Physics. 关DOI: 10.1063/1.2375042兴
I. INTRODUCTION

The presence of impurities in the edge region of tokamaks can be beneficial because a strongly radiating boundary
distributes plasma power loss. But many tokamak discharges
suffer from unwanted and uncontrollable impurity accumulation in the plasma core and this may lead to core radiation,
flat radial distribution of temperature, fuel dilution, and
sometimes even disruptions. Impurity transport is critical for
ITER and the issue of what governs the impurity transport
should be given careful consideration.
Neoclassical transport is driven by parallel friction dynamics and is not affected significantly by the fact that the
ion cross-field transport is dominated by fluctuations. Thus it
is clear that neoclassical and anomalous transport coexist.
The assumption that the total impurity transport is a linear
sum of turbulence-driven transport and neoclassical transport
has been confirmed experimentally. Reference 1 describes
low-Z impurity transport in DIII-D,2 and shows that both
types of transport have to be included to explain the observed transport phenomena.
Turbulent transport of ions and impurities is usually
much stronger than neoclassical theory predicts. However, it
has been found in many tokamak experiments that in advanced scenarios impurity fluxes in the core may be of the
order of the predictions of neoclassical theory. Reference 3
investigated the dependence of core plasma impurity transport on the charge number for ASDEX Upgrade4 H-mode
discharges and found that the impurity transport is close to
neoclassical predictions for low-Z impurities, when effects
related to toroidal rotation can be neglected. In Ref. 5 the
impurity behavior in advanced scenarios at ASDEX Upgrade
and Joint European Torus 共JET兲6 was shown to be consistent
with the predictions of neoclassical theory and the accumulation of impurities was connected to the main ion density
peaking. In Ref. 7 the transport of impurities was measured
in DIII-D in VH-mode discharges having reduced anomalous
transport, and it was shown that temperature screening leads
to strong outward convection of low-Z impurities. Thus,
there is a strong motivation to compare neoclassical and turbulent impurity fluxes to determine which mechanism is
1070-664X/2006/13共11兲/112504/7/$23.00

stronger in ITER-like experimental situations.
In this work we compute the impurity transport from
neoclassical theory and compare it with transport calculated
from the reactive drift wave model of turbulent transport for
a specific ITER-like scenario. As we will show, the total
共neoclassical ⫹ turbulent兲 impurity flux depends sensitively
on the charge number of the impurity and the ratio of the ion
density and temperature scale lengths, i.
The structure of the paper is as follows: In Sec. II the
neoclassical impurity flux is presented, both for collisionless
and collisional impurities. Section III describes the reactive
drift wave model used to calculate the turbulent flux. In Sec.
IV neoclassical and turbulent impurity particle fluxes are
compared for an ITER-like plasma, and the dependence of
the transport on Z and i is discussed. Finally, the results are
summarized in Sec. V.
II. NEOCLASSICAL TRANSPORT

Neoclassical ion transport is dominated by collisions
with impurities since ion-impurity collisions are more frequent than ion-electron collisions. From the ambipolarity
condition it follows that the impurity flux is oppositely directed to the ion flux ⌫i = −Z⌫z. In the absence of the thermal
force this should lead to impurity accumulation 共nz ⬃ nZi ,
where nz and ni are the impurity and background ion densities兲. The accumulation can be reduced or avoided if the
coefficient in front of the thermal force is negative. The outward flow induced by the thermal force, referred to as temperature screening, normally requires that the ions are collisionless and its effectiveness depends on the impurity charge
and the fraction of impurities in the plasma.
The collision frequency between the species a and b is
2
兲, where vT⬎ dedefined as8 ab = nbe2ae2bln ⌳ / 共4⑀20m2avT⬎vTa
notes the larger of the thermal velocities vTa and vTb, and
ln ⌳ is the Coulomb logarithm. The normalized collisionality
is 쐓a = aqR / vTa⑀3/2, where a = 兺bab is the collision frequency, q is the safety factor, R is the major radius, and
⑀ = r / R is the inverse aspect ratio. Impurity-impurity collisions are more frequent than ion-ion collisions, so that heavy
impurities are usually more collisional than the ions: if Tz

13, 112504-1

© 2006 American Institute of Physics

Downloaded 16 Nov 2006 to 129.16.123.235. Redistribution subject to AIP license or copyright, see http://pop.aip.org/pop/copyright.jsp

112504-2

Phys. Plasmas 13, 112504 共2006兲

T. Fülöp and J. Weiland

⯝ Ti,쐓z = 쐓i Z3/2共1 + ␣冑Z兲, with ␣ = nzZ2 / ni. In today’s tokamak experiments, impurities tend to lie in the collisional regime 共쐓z ⑀3/2  1兲. However, for ITER-like parameters 共density ni = 1020 m−3, temperature Ti = 10 keV, q = 2, R = 6 m, ␣
⯝ 0.7, and ⑀3/2 ⯝ 0.3兲, low-Z impurities are collisionless 共쐓z
⬍ 1兲 up to charge number Z = 11.
In this work we calculate the impurity transport in a
plasma containing background ions 共i兲 and electrons 共e兲 and
one species of impurity 共z兲. The ion particle flux ⌫i = niVi is
given by9

兺

具⌫i · ⵜ典 =

共1兲

ia a
L1k
Ak ,

a=i,z;k=1,2

where Aa1 =  ln pa /  and Aa2 =  ln Ta /  are the thermodynamic forces; na, pa, and Ta are density, pressure, and temperature;  = −RA is the poloidal flux function, B = I ⵜ 
+ ⵜ ⫻ ⵜ is the magnetic field;

具⌫z · ⵜ典 =

ft
fc

再

冑 2 2
mab
1 = 1 + xab + xabln

冉

I2Tb ajbk
− a,j+k−1␦ab
1
eaebB40

冊

A. Banana regime

The neoclassical viscosity coefficients in the banana regime are

ak =

再冉 冊冎

manaB20 f t a 2 5
 x −
3具共ⵜ储B兲2典 f c D a 2

k−1

共3兲

,

Da = 兺bDab and Dab共v兲 = ˆ ab关共xb兲 − G共xb兲兴 / x3a is the deflection
frequency, with 共x兲 and G共x兲 the error and
Chandrasekhar functions; xa = v / vTa is the normalized velocity; ˆ ab = abvT⬎ / vTa and f c = 43 兰0 cd / 具冑1 − B / B0典 is the effective fraction of the circulating particles f t = 1 − f c and c
= B0 / Bmax. The braces denote the velocity integration opera2
tor 兵F共v兲其 = 3冑8 兰⬁0 F共xvTa兲e−x x4dx. The impurity flux is given
by

冎

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

冑 2 5 ab
mab
2 = 1/ 1 + xab − m1 ,
2

共5兲

˜ i2/
˜ i1 Ti⬘
1+
⯝ 2ZTi⬘/Tz⬘  1
˜ z2/
˜ z1 Tz⬘
1+

具⌫z · ⵜr典 =

˜ z1

f t n iT i zm iq 2
2 2
2
˜ i1 + z
˜ z1
f c e ZB0⑀ ii 

冋

˜ i1
⫻ 

where xab = vTb / vTa. The term proportional to the ion temperature gradient in Eq. 共4兲 leads to outward transport of
impurities 共temperature screening兲. The inward flux driven
by the impurity temperature gradient can be neglected, since

共6兲

is satisfied in the parameter region of interest. Furthermore,
if 兩ni⬘ / ni 兩  共Ti / ZTz兲 兩 nz⬘ / nz兩, also the flux driven by the impurity density gradient can be neglected. A criterion for the

共4兲

outward transport of impurities can then be derived to be
ni⬘共i − ti兲 ⬍ 0, where i = 共niTi⬘ / ni⬘Ti兲 = Lni / LTi is the ratio between the ion density and temperature scale lengths, and
˜ i1 / 共
˜ i1 + 
˜ i2兲.
ti ⬅ −
In the cylindrical, large aspect ratio limit the impurity
flux can be written in simpler form as

xab

,
2
1 + 冑1 + xab

共2兲

is the transport matrix; and 1 = i1 + z1, B0 = 具B2典1/2, and
具¯典 are the flux-surface average.

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

where prime denotes derivative with respect to ,
˜ aj = 3具共ⵜ储B兲2典aa f c共f tmanaB20兲−1aj,

aa = 3冑 / 4ˆ aa, z
= iimznz共zzmini兲−1, and ⍀i = eB0 / mi. The normalized viscos˜ ij = miij + mizj ␣ and 
˜ zj = 共mzij / ␣冑Z兲 + mzz
ity coefficients are 
j ,
with

Z

2
Lab
jk = 3具共ⵜ 储B兲 典

册

d ln Ti
d ln ni
˜ i1 + 
˜ i2兲
+ 共
,
dr
dr

共7兲

where we neglected the flux driven by impurity density and
temperature gradients and approximated the derivative with
respect to  as  /  ⯝ 1 / RB p共 / r兲, where B p is the poloidal
magnetic field. In this limit B p / B ⯝ ⑀ / q and the effective
fraction of trapped particles can be approximated as
f t = 冑2⑀ / 共1 + ⑀兲. If the impurity-ion density ratio nz / ni is constant, then z = ␣2冑mz / mi共Ti / Tz兲3/2 ⯝ ␣2冑Z is strongly dependent on Z and the flux increases with Z. This behavior has
been confirmed experimentally.7 However, if Zeff ⬅ 共nzZ2
+ ni兲 / 共nzZ + ni兲 is assumed to be constant, then the fraction of
impurities nz / ni decreases with increasing Z, and z ⯝ 冑Z. As
a consequence, the neoclassical transport decreases weakly
with increasing Z.
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FIG. 1. Radial temperature and density profiles as a function of minor radius in the ITER high-Q scenario.

⌫z = ␦nzvE* + complex conjugate,

B. Mixed-collisionality regime

Even in ITER, impurities with high Z may be collisional,
especially at the edge, where the temperature is low. The
impurity flux is given by
具⌫zc

冋

册

2q2具ⵜ典2  pi 3ni Ti
ni  pz
· ⵜ典 ⯝
−
−
.
2
2   n zZ  
miZ⍀i iz 

共8兲

where vE = −iky / B 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
,
3 3
Lnz Nz
Te
共11兲

III. ANOMALOUS TRANSPORT IN THE REACTIVE
DRIFT WAVE MODEL

The reactive model used here10 共usually called Weiland
model兲 has been used extensively in describing the present
international tokamak database 共JET, ASDEX, DIII-D兲 and
also for making ITER predictions.11 It uses an “advanced”
reactive fluid model where “advanced” here refers to the rule
for closure which allows us to use the model close to the
fluid resonance in the collisionless case. In the version used
here it has two independent ion species with the same physics included for both. The particle transport for the main
species was tested successfully on JET discharges in Ref. 12.
The particle pinch depends particularly strongly on the magnetic drift frequency. Because of this, species with higher Z
have a weaker particle pinch thus giving a favorable net effect on the effective Z. The particle pinch is particularly relevant for ITER since central fueling will not be possible
there. In fact, the particle pinch has been found to improve
ITER performance significantly.
The transport coefficients used in the calculations are
derived using quasilinear theory.13–15 The saturation level
can be estimated by a balance between the linear growth and
the dominant E ⫻ B convective nonlinearity as
1 ␥
e
⯝
,
Te
k x s k y c s

共10兲

共9兲

where x and y are slab coordinates corresponding to radial
and poloidal coordinates, k is the wavenumber of the unstable wave,  is the electrostatic potential, s = cs / ⍀i, cs is
the sound speed, ␥ is the linear growth rate of the unstable
mode and the components of the wavenumber are assumed
to be kxs ⯝ kys ⯝ 冑0.1. The impurity transport is given by

2
/ 3, 쐓a is the diawhere Nz = 2 − 10Dz / 3 + 5Dz
magnetic frequency, Da is the magnetic drift frequency,
⑀na = Da / 쐓a, Lna = −na / na⬘, and LTa = −Ta / Ta⬘ are the density
and temperature scale lengths for particle species a and
z = Lnz / LTz. The imaginary part of the density perturbation is
given by

I

再 冎
␦nz
nz

=

冋

Lne 1
¯ rN̄zi兲共1 − ⑀nz兲
共¯␥N̄zr − 
Lnz ⑀ 兩N̄ 兩2
ne z

冉

+ z −

冊 册

7 5
e
,
+ ⑀nz zN̄zi
3 3
Te

共12兲

where the overbar denotes normalization with respect to
the electron magnetic drift frequency De = 2kyTe / eBR,
z = Tz / 共ZTe兲, and Nzr and Nzi are the real and imaginary parts
of Nz. Using Eqs. 共9兲 and 共12兲 in 共10兲, we can calculate the
impurity diffusion coefficient Dz, defined by ⌫z = −Dz  nz / r
to be
Dz = 2¯␥3

 sc s
共⌬1 − ⌬Tz + 2⌬2Lnz/R兲,
Rky

共13兲

¯ r + 5z / 3兲 / 兩N̄z兩2, with
where ⌬T = 2z共
¯ 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
where 兩N̄z兩2 = Nzr
+ Nzi2 , with Nzr = 
¯ r + 5z / 3兲. These expressions are in agreement
and Nzi = 2¯␥共
with the corresponding ones given in Refs. 15 and 16.
The diffusion coefficient derived above is for the electrostatic case, but electromagnetic effects only influence the
unstable wave frequency and have no effect on the expres-
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FIG. 2. Neoclassical impurity particle transport for the selected ITER scenario 共solid兲, for a flat density profile with n0.1 = ni共0兲共1 − 共r / a兲2兲0.1 共dotted兲,
and for a peaked density profile n1 = ni共0兲共1 − 共r / a兲2兲 共dashed兲 as functions
of radius for impurity charge Z = 10. Note that the neoclassical transport is
outward only for flat density profiles.

sion for the impurity diffusion coefficient. The frequency and
¯ =
¯ r + i¯␥, are determined
growth rate of the unstable mode, 
numerically, including electromagnetic effects.
It is well known that the growth rate of the main ion
temperature gradient 共ITG兲 mode is reduced by dilution.13
This would tend to reduce the turbulent particle transport.
However, for sufficiently large impurity density the impurity
ITG takes over. The growth rate of this mode increases with
impurity density and, accordingly, also the turbulent particle
transport increases. Thus, although the impurity density does
not appear explicitly in our formulas, it is an important parameter. In the following section, the results of Eqs. 共7兲, 共8兲,
and 共13兲 will be compared with numerical calculations of the
turbulent transport for ITER-like parameters and different
impurity species. In these calculations we keep Zeff ⯝ 1.7
constant.
IV. IMPURITY FLUX IN ITER

For a specific high-Q ITER-like scenario,17 with minor
radius a = 2.75 m, major radius R = 6.2 m, and magnetic field
at the axis B = 5.3 T, the radial temperature and density profiles are given in Fig. 1. For the ITER scenario we selected,
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FIG. 3. i for the density profiles used in Fig. 2 as functions of x = r / a
together with the threshold for i, denoted by ti, for Z = 10. If i ⬎ ti or
i ⬍ 0, the neoclassical impurity transport is outward.

the density profile is slightly hollow and is much flatter than
the temperature profile. For flat density profiles, i is large
and the neoclassical transport is outward. The reason for the
outward flow is temperature screening, that is effective when
i ⬎ ti ⯝ 3.5, if both the ion density and temperature gradients are negative. Note that even if the density gradient is
locally positive ni⬘共i − ti兲 ⬍ 0 is satisfied, because i is then
negative 共assuming that the temperature gradient is still
negative兲. However, it is interesting to note that a more
peaked density profile reduces the effect of temperature
screening and should reduce the outward transport. In Fig. 2
the influence of the peakedness and the hollowness on the
impurity transport is illustrated by modeling the main ion
density by n = ni共0兲共1 − 共r / a兲2兲 and for various  comparing the impurity transport with the transport in the case of the
density profile shown in Fig. 1. The impurity outward transport is higher for the hollow profile shown in Fig. 1 than for
the flat profile with  = 0.1, especially in the outer part of the
plasma. The transport changes sign if the parameter  ⬎ 0.9,
since a strong density gradient overwhelms the temperature
screening. Figure 3 shows i as a function of the normalized

¯ r and the growth rate ¯␥ of the unstable ITG mode and the two most unstable TEM modes, normalized to the electron
FIG. 4. The real part of the frequency 
magnetic drift frequency, for Z = 6 共solid兲, Z = 10 共dotted兲, Z = 54 共dashed兲. The curves for different impurity charges overlap, indicating that the frequency and
growth rate of the unstable modes are not sensitive to Z. The ITG mode has negative real frequency and larger growth rate than the TEM modes.
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radius for the various density profiles used in Fig. 2, together
with the threshold for i, denoted by ti.
The transport due to the impurity gradients is more than
an order of magnitude lower than the transport due to the ion
gradients for this specific ITER scenario.
Comparison of turbulent and neoclassical transport

The turbulent transport is caused by the ITG mode and
trapped electron 共TEM兲 mode. The real part of the frequency
and the growth rate for the numerically calculated unstable
modes are given in Fig. 4. The growth rate of the ITG mode
is considerably larger than the growth rate of the TEM
modes, and its real frequency is negative while the real frequencies of the TEM modes are positive. The impurity transport is inward when ⌬1 − ⌬Tz + 2⌬2Lnz / R ⬍ 0, which is satisfied by impurities with any Z in this specific ITER-like
scenario. Figure 5 shows the neoclassical and the numerically calculated turbulent impurity particle transport as a
function of the normalized radius for impurity charges Z = 6,
10, 54. It is interesting to note that neoclassical and turbulent
transport have opposite signs.
The numerical calculations show that turbulent transport
is dominated by the unstable ITG mode. The convective part
of the transport, proportional to ⌬2, dominates, and that gives
an inward flux of impurities. The terms proportional to ⌬1
and ⌬T give rise to outward transport 共for the ITG mode兲, but
they are negligible inside the radius r / a ⬍ 0.7. Noting that
¯ r2 + ¯␥2兲, we can rewrite the convecfor r / a ⬍ 0.7, ⌬2 ⯝ −1 / 共
tive part of the flux as
⌫zturb ⯝ −

3/2
nz
2¯␥3 TkeV
2
2 ,
2
¯ r + ¯␥ B


共14兲

where TkeV is the ion temperature in keV. The flux given in
Eq. 共14兲 is approximately equal to the total turbulent flux
inside the radius r / a ⬍ 0.7. Outside this radius, the terms
proportional to ⌬1 and ⌬T become comparable to the convective part, and reduce the inward transport, so much that it
sometimes even changes sign at the edge.
Assuming flat density profiles, so that the flux driven by
the ion density gradient can be neglected, the neoclassical
flux in the banana regime can be approximated as
⌫zneo ⯝ − 2 · 1016

2
⬘
TkeV
f t q2n19
2 3/2
f c ZB⑀ TkeVR

共15兲

for r / a ⬍ 0.7, where n19 is the ion density in units of
1019 m−3. Using these approximate expressions for the neoclassical and turbulent transport we can determine the charge
number for which the outward neoclassical transport is larger
than the inward turbulent transport,
Z ⬎ Zeff + 103

3
TkeV
R
Zeff − 1 ⑀2 f c ¯␥3
.
2
2
2
¯ r + ¯␥ TkeV
B q ft 
⬘ n19

FIG. 5. Neoclassical 共dashed兲 and turbulent 共solid兲 impurity particle transport as a function of normalized radius x = r / a for impurity charges Z = 6, 10,
54.

共16兲

For low-Z impurities, the inward turbulent transport dominates. However, the main ion inward transport is at least an
order of magnitude larger.
The growth rate of the unstable ITG mode increases with
i, so that the turbulent transport 共which is normally inward兲

increases. Even if i is large, leading to strong outward neoclassical transport, the resulting 共turbulent ⫹ neoclassical兲
transport can be inward, if the turbulent transport is large
enough to dominate over neoclassical transport. Figure 6
shows the total 共turbulent ⫹ neoclassical兲 impurity transport
as a function of i, for impurity charges Z = 6, 10, 54. For
low Z, the impurity transport depends sensitively on i. The
direction of the impurity flux is inward if i is large and
negative 共flat and slightly hollow profiles兲, and the threshold
is at i ⯝ −10. Below i ⯝ −10 turbulent transport dominates
and the total impurity transport is inward. For large and positive i 共outside r / a = 0.7兲, inward transport caused by the
convective term ⌬2 is counteracted by the outward transport
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V. CONCLUSIONS

FIG. 6. Total 共turbulent ⫹ neoclassical兲 impurity transport as a function of
i, for Z = 6 共solid兲, Z = 10 共dashed兲, Z = 54 共dotted兲. For large Z, the impurity
transport is always inward, but weak. For low Z, the impurity transport
depends sensitively on i.

caused by ⌬1 and ⌬T, and the neoclassical transport, so that
the total transport is outward if i is not too large.
Our expression for the impurity diffusion coefficient 共13兲
agrees with Eqs. 共5兲–共8兲 of Ref. 16, and it shows that the
magnitude 共and sometimes even the direction兲 of the anomalous flux depends on the sign of the real frequency of the
unstable mode, which is different for the ITG and TEM
modes. The TEM mode, with a positive real frequency, gives
rise to an inward flux, while the ITG mode can give rise to
both inward and outward flux depending on the relative magnitude of the terms ⌬1, ⌬T, and ⌬2. In our calculations for the
chosen ITER profile, the ITG mode is dominant, and the
anomalous flux is inward, except for low-Z impurities in the
edge plasma.
Figure 7 shows the turbulent and neoclassical ion particle transport for Z = 6, 10, 54. Turbulent ion particle transport is not sensitive to the charge number. Both turbulent and
neoclassical ion transport are inward. Although the magnitude of the neoclassical transport is Z times larger than the
impurity transport, it is still smaller in comparison with turbulent ion transport by at least a factor of 20.

The direction of the total impurity flux depends on the
impurity charge number Z and the ratio of ion density and
temperature scale lengths i. If Z is high 共collisional impurities兲, then impurity transport is inward for all i. If Z is low
共collisionless impurities兲, then the direction of the total impurity flux depends sensitively on i. If 兩i 兩 ⱗ 10 the total
flux is outward, but if 兩i 兩 ⲏ 10, then turbulent transport
dominates over neoclassical and the total transport is inward.
In this work we have only determined the direction and
magnitude of the impurity flux for a given ITER scenario, at
a specific time, and we did not analyze the evolution of the
impurity profiles in time. If the density profile becomes more
peaked as the turbulence drives the main ions inward, i
changes, and then both the direction and magnitude of the
impurity flux will change.
Our analysis assumes that the effect of the interaction
between different impurity species and charge states can be
neglected. This assumption is justified in case the impurity
density is low, so that collisions among different species may
be neglected. Furthermore, we neglect the effect of plasma
rotation, since it is not expected to be very strong in ITER.
However, we note that toroidal plasma rotation may enhance
the neoclassical impurity transport,18 especially for heavy
impurities.
Our conclusions are in qualitative agreement with the
conclusions of Ref. 19. In Ref. 19 impurity behavior was
numerically calculated for ITER operational scenarios and it
was shown that for flat density profiles, temperature screening prohibits impurity accumulation in the core. However,
our analysis shows that, depending on the sign and magnitude of i, even for low Z, turbulent transport may dominate
over neoclassical, and the direction of the impurity particle
flux may be inward. However, the turbulent transport of main
ions is usually also inward and dominates the effect on the
charge balance.
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