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Abstract
Low collisionality stellarator plasmas usually display a large negative radial electric field that has
been expected to cause accumulation of impurities due to their high charge number. In this
paper, two combined effects that can potentially modify this scenario are discussed. First, it is
shown that, in low collisionality plasmas, the kinetic contribution of the electrons to the radial
electric field can make it negative but small, bringing the plasma close to impurity temperature
screening (i.e., to a situation in which the ion temperature gradient is the main drive of impurity
transport and causes outward flux); in plasmas of very low collisionality, such as those of the
large helical device displaying impurity hole (Ida et al (The LHD Experimental Group) 2009
Phys. Plasmas16 056111; Yoshinuma et al (The LHD Experimental Group) 2009 Nucl.
Fusion49 062002), screening may actually occur. Second, the component of the electric field
that is tangent to the flux surface (in other words, the variation of the electrostatic potential on the
flux surface), although smaller than the radial component, has recently been suggested to be an
additional relevant drive for radial impurity transport. Here, it is explained that, especially when
the radial electric field is small, the tangential magnetic drift has to be kept in order to correctly
compute the tangential electric field, that can be larger than previously expected. This can have a
strong impact on impurity transport, as we illustrate by means of simulations using the newly
developed code kinetic orbit-averaging-solver for stellarators, although it is not enough to
explain by itself the behavior of the fluxes in situations like the impurity hole.

Keywords: impurities, neoclassical transport, stellarators

(Some figures may appear in colour only in the online journal)

1. Introduction

Achieving impurity control is a crucial issue in the path
towards a fusion reactor based on magnetic confinement. This
is a problem that is especially relevant for stellarators, whose
standard high temperature operation scenarios typically dis-
play impurity accumulation. There are few known exceptions:
the high density H-mode, observed at the stellarator Wen-
delstein 7-AS at very high densities [1], and the impurity hole,
observed at the large helical device (LHD) at very low colli-
sionalities [2, 3]. Since temperature screening (i.e., outward

impurity flux driven by the ion temperature gradient) is not
expected for stellarators from basic considerations (see e.g. [4])
unlike in tokamaks, there has been much theoretical work
[5–11] devoted to trying to understand these exceptions.

The lack of temperature screening in typical stellarator
scenarios is usually attributed to the fact that both the radial
electric field Er and the ion temperature gradient Ti¢ contribute
to radial impurity transport; the latter, through an outward
pinch roughly given by T ;i¢ the former, by means of and
inward pinch Z eEI r (ZIe being the charge of the impurity and
e the proton charge). Even for peaked ion temperature
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profiles, in standard ion root conditions [12] the radial electric
field is bound to be as large as the ion temperature gradient,
eE Tr i~ ¢, and ZI?1 ensures impurity accumulation.

The large charge number ZI anticipates one of the addi-
tional physical mechanisms that is a candidate for explaining
how impurities are flushed out from the plasma despite the
negative radial electric field (that is, the exceptions mentioned
above): the electrostatic potential is only approximately a
constant on the flux surfaces of a stellarator [5, 6, 13] and, for
low collisionalities of the bulk species, its variation on the
flux surface, that we denote by j1 (in other words, the
component of the electric field that is tangent to the flux
surface and causes an additional radial drift), can in principle
be a relevant drive for the radial transport of moderate-to-high
ZI impurities (i.e., those with ZI?1), and this can yield the
simulations with the neoclassical code DKES [14] inaccurate.
However, the simulations done so far [5, 6] do not generally
predict an outwards-directed impurity flux like the one
observed, for example, in the impurity hole: the ZIej1 term
brings the impurity flux closer to zero in some situations, but
its effect is not large enough.

In this paper we show that for low collisionality stel-
larator plasmas the radial electric field can actually be smaller
than what the above discussion suggests, and that addition-
ally, as a consequence of this, the tangential electric field is
larger than what previous numerical simulations have pre-
dicted. Both effects may have a large impact on the impurity
flux. First, as we will discuss throughout the next sections, the
standard ion root description neglects the contribution of the
electrons to the ambipolarity equation. Once included, Er is
still negative but gets smaller in magnitude, and then Ti¢ is
able to compete with it in driving impurity transport; for
extreme cases, screening may occur, as first discussed in [15].
Second, previous calculations of j1, made with the neo-
classical codes EUTERPE and SFINCS [5, 6, 11], neglect the
tangential magnetic drift in the drift-kinetic equation, and
therefore the contribution of the superbanana-plateau regime
to bulk ion transport and the contribution of the superbanana-
plateau layer to the variation of the ion bulk density and of the
electrostatic potential on the flux surface. These contributions
may become specially relevant for plasmas of small radial
electric field, as shown recently in [13], which derives for the
first time radially local equations for the calculation of radial
transport and j1 including the tangential magnetic drift (and
valid, as we will discuss, for stellarators close to omnigeneity,
where the non-omnigeneous perturbation has small gra-
dients). In this paper, we illustrate these two effects by means
of simulations using DKES, EUTERPE [6] and the newly
developed code kinetic orbit-averaging-solver for stellarators
(KNOSOS), which solve different versions of the drift-kinetic
equation that will be presented in the next sections.

The rest of the paper is organized as follows. In section 2,
we discuss impurity screening in stellarators at low colli-
sionalities without including the effect of j1. The equations
employed are outlined in section 2.1. They correspond to the
most standard neoclassical models, and we put the emphasis
on the terms that, associated to the kinetic contribution of
electrons and sometimes neglected in the analytical

discussion of the ambipolarity condition, become relevant at
low collisionalities. Then, in section 2.2, we present some
examples of real plasmas of LHD that illustrate the physics
discussed in the previous subsection. It will be shown that
plasmas of low collisionality are not far from impurity
screening, since for low enough collisionalities the radial
electric field is negative but small in size, and the temperature
gradient is then able to compete with it in driving impurity
transport. But this balance is not enough to accurately
describe plasmas such as those displaying impurity hole, and
additional physical effects are needed. This will lead to the
second part of the paper. In section 3, we evaluate the
influence of the tangential magnetic drift on the variation of
the electrostatic potential on the flux surface and on impurity
transport. The previous and new models used for the calcul-
ation of j1 are outlined in sections 3.1 and 3.2, and a newly
developed code, KNOSOS, able to solve the equations of the
model will be briefly presented in section 3.3 (and bench-
marked against EUTERPE, a reference neoclassical code for
the calculation of j1 [6]). In section 3.4, we will apply this
model to low collisionality LHD plasmas and we will present
the first results. We will see that the tangential electric field
becomes larger than previously expected from standard neo-
classical models in which the tangential magnetic drift is
neglected, and that this can have a very important impact on
impurity transport. The conclusions will come in section 4.

2. Small radial electric field and temperature
screening in standard neoclassical models

2.1. Equations

Neoclassical transport of the bulk species in low collisionality
stellarator plasmas is usually numerically and anallytically
solved in the large aspect ratio limit [6, 11, 16] and assuming
relatively large values of the radial electric field. In this limit,
the relevant drift-kinetic equation can be written as

g r F C gv v , 1b M b bE 0 M, ba ¶ +  ¡ =a· · ( ) ( )

(see, e.g. [13]). In this equation, gb(r, α, v, λ) is, for species b,
the dominant piece of the non-adiabatic component of the
deviation of the distribution function from a Maxwellian
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with density nb(r) and temperature Tb(r). C is the pitch-angle-
scattering collision operator and vM is the magnetic drift,
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where mb and Zbe are the charge and mass of species b. Here,
r is a radial coordinate (we choose it to be r a t t,LCMS= Y Y ,
where Ψt is the toroidal magnetic flux over 2π, LCMS denotes
the last-closed magnetic surface, and a is the minor radius of
the stellarator), prime denotes derivative with respect to r, the
angle α labels magnetic field lines on the flux surface and l is
the arc length along the field line. In these coordinates, the
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magnetic field B reads

r rB . 4t a= Y¢  ´ ( ) ( )

As for the velocity coordinates, v is the magnitude of the
velocity, v v B2 2l = ^ ( ) is the pitch-angle coordinate and v⊥is
the component of the velocity perpendicular to the magnetic
field. The function gb is independent of l and vanishes for
passing trajectories, and the coefficients of the equation are
averages over the trapped orbits, defined as
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where

v r l v v B r l, , , , 1 , , 6a l l a= -∣ ∣( ) ( ) ( )

is the magnitude of the parallel velocity (the average defined
in (5) is correct for functions that are even in vP, which is all
we need in this paper), lb1

and lb2
are the bounce points of the

orbit, i.e. the solutions of 1−λB=0, and
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is the time that it takes for a particle to complete the orbit.
We denote by vE the E×B drift,
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In equation(1), the electrostatic potential, j, is assumed to be
a flux function, j≈j0(r), and Er 0jº - ¢ . On the left side of
(1), vE 0, is the E×B drift due to j0.

Finally, ϒb is a combination of the thermodynamic
forces,
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In the trace-impurity limit, for given density nb and
temperature Tb profiles, the radial electric field can be cal-
culated by imposing ambipolarity of the neoclassical radial
particle fluxes of the bulk species,

Z r r . 10i i eG Gá  ñ = á  ñ· · ( )

Here, i labels the bulk ions, ...á ñ denotes flux surface average,
and the particle flux can written using the solution of
equation (1) in
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where V is the volume enclosed by the flux surface, and Bmax

and Bmin are the maximum and minimum values of B on the
flux surface, respectively.

It is straightforward to write the flux surface-averaged
radial flux of species b for low collisionalities as
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where L b
1 and L b

2 are (positive and in general dependent of nb,
Tb and Er) neoclassical transport coefficients,
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The calculation of these transport coefficients by solving
equation (1) is the standard approach used by a large variety
of neoclassical codes such as DKES [14], see [16] and
references therein.

The radial electric field is set for given plasma profiles by
ambipolarity of the neoclassical fluxes, equation (10). How-
ever, the analytical discussion about impurity screening in
stellarators is typically done (see e.g. [10]) in the so-called ion
root approximation, where the electron contribution is
neglected, and this amounts to obtaining the radial electric
field from:

r E 0, 15i rGá  ñ =· ( ) ( )

which can be rearranged as:
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Here, we have assumed that the ion density profile is flat
(n 0i¢ = ), that the bulk ions are singly charged (Zi=1) and

they are in the n regime L

L

5

4

i

i
2

1
»( ) [17]. We end up with a

radial electric field that it is proportional to the ion temper-
ature gradient, and such that eE Tr i» ¢.

Equation (12) cannot be generally used as such for
impurities I, as additional terms coming from the bulk species
have to be taken into account (and may reduce the role of the
radial electric field [10]). However, it is consistently observed
in simulations and in experiments that a negative (positive)
radial electric field drives impurities inwards (outwards), so it
is worth comparing the size of the ZIeEr term with other terms
driving impurity transport, such as TI¢. Using equation (16)
and asumming that TI=Ti, we obtain

Z
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We see that, as soon as the impurity charge ZIe is large
enough, the term coming from the radial electric field
becomes larger, since L L 1I I

2 1 ~ .
At this point we remind the reader that the key reason for

this result has been that the radial electric field is negative and
comparable to the ion temperature gradient, as a consequence
of the ion root approximation. While this is justified for some
plasma parameters, we will see that, at low collisionalities,
taking into account the electrons in equation (10) changes the
results significantly. Then, one can write a more general
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expression for the radial electric field, in which it becomes
dependent also on the electron temperature gradient,

eE
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L L
. 18r

i

i T

T
e T

T

i T

T
e

2 2

1 1

i

i

e

e

i

e

»
-

+

¢ ¢

( )

These new terms are typically negligible, due to the small
Larmor radius of the electrons (compared to that of the ions)
at similar temperatures but, in the low collisionality regimes
of stellarators (specifically in the 1/ν regime), the electron
transport coefficients may grow very fast with the temperature
and compete with those of the ions. Depending on their size,
these additional terms may lead to a situation in which eEr is
still negative, but much smaller than Ti¢. In this scenario,
temperature screening for low-ZI impurities (i.e. those with Zi
larger but not much larger than 1) may happen. And, gen-
erally speaking, the closer to this situation, the closer to
impurity screening.

2.2. Examples

Let us illustrate the discussion of the previous section with
two examples, represented in figures 1 and 2. The first one,
shown in figure 1 (top) is a standard ion root plasma taken

from the International Stellarator/Heliotron Database6, see
also [12]. It is a plasma of high injected input power at
medium densities, 6×1019 m−3 at the core, and both the ion
and electron temperatures are around 2 keV. The second
example, shown in figure 2 (top), is an impurity hole plasma
[8]: the density at the core is much lower, 1×1019m−3 and
the temperatures higher, close to 5 keV. Since the shape of the
profiles is similar in the two cases (slightly hollow density,
peaked temperatures), the main difference is the factor 20 in
the collisionality of the core region. And the consequence, in
line with what we have discussed in the previous section, is
that the values of eEr, when compared with the corresponding
ion temperature gradient, are very different. In the standard
ion root plasma, figure 1 (bottom), eEr is basically equal to
the ion temperature gradient; in the impurity hole plasma,
figure 2 (bottom), it is negative but much smaller in size than
the ion temperature gradient.

The effect on radial impurity transport can be seen in a
collisionality scan depicted in figure 3, where the electron and
ion temperatures are increased while keeping the density and
all of the gradients constant: the driving term associated to the
radial electric field (ZIEr/Ti, with Er calculated with DKES) is
compared with the normalized ion temperature gradient for

Figure 1. Plasma profiles for a standard ion root plasma of LHD
(top), and calculated radial electric field compared to the normalized
ion temperature gradient (bottom).

Figure 2. Plasma profiles for a impurity hole plasma of LHD (top)
and calculated radial electric field compared to the normalized ion
temperature gradient (bottom).

6 https://ishpdb.ipp-hgw.mpg.de/, http://ishpdb.nifs.ac.jp/index.html.
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several charge-states. In the left part of the figure the plasma
is in ion root and, of the two terms, the one containing the
radial electric field clearly dominates impurity transport; as
one moves to the right, to higher temperatures, the two terms
start to compete. At the highest temperature, there would be
an outwards pinch for ZI=2, almost no pinch for ZI=6,
and inwards but small pinch for ZI=10. We note that the
specific details of figure 3 depend among other things upon
the choices of profiles; but the robust result is that at high
temperatures, there is impurity screening for some impurities,
and that the higher the temperature, the closer to temperature
screening. In these situations, an additional contribution to the
radial flux may determine whether impurities accumulate or
they are expelled. In the next section, we discuss one of the
possible physical mechanisms.

3. The effect of the tangential magnetic drift on the
calculation of the tangential electric field

The variation of the electrostatic potential on the flux sur-
faces,

r , 191 0j j j= - ( ) ( )

and its impact on the impurity flux has received much
attention lately. The recent work [6] summarizes most of what
has been learnt by means of numerical simulations (exper-
imental validation has been attempted in [18, 19]) with the
codes EUTERPE [5, 6] and SFINCS [11, 20]: the electrostatic
potential was calculated for a series of devices (LHD [21],
W7-X [22] and TJ-II [23]) and plasma profiles. The conclu-
sion was that taking into account this effect changes quanti-
tatively the impurity flux (depending on the plasma
parameters it can be enhanced or reduced), but it remains
negative, inward-directed, in most of the cases studied. Fur-
thermore, the size of j1 (normalized by the ion temperature)
was shown to depend on the degree of optimization of the
magnetic configuration, being smaller for stellarators with

smaller ripple, which casted doubts on the relevance of this
effect for a hypothetical stellarator reactor (although we note
for the less reactor-relevant first plasmas of W7-X [24] with
electron temperature much larger than the ion temperature,
large values of j1 have been predicted [19]). Similar results
have been obtained in a recent work that includes the effect of
kinetic electrons and non-trace impurities, a more complete
collision operator and the modification of the ambipolar radial
electric field caused by j1 [11].

In section 3.1 we recall how the tangential electric field is
included in EUTERPE and SFINCS and why, if one is
interested in dealing with situations in which the radial
electric field is small, one also has to include the effect of
the tangential magnetic field for the correct calculation of the
tangential electric field. Then, we briefly describe the
equations derived in [13], valid for stellarators close to
omnigeneity when the non-omnigeneous perturbation has
small gradients, that rigorously include the tangential electric
field and the tangential magnetic drift. In section 3.3, calcu-
lations employing the code KNOSOS, that solves the
equations of [13], are given. The discussion in this section is
carried out assuming that the electrons are adiabatic, as in
previous works [6], which will allow us to single out the
effect of the tangential magnetic drift on the calculation of j1.
Simulations including kinetic electrons, and not only bulk
ions, in the quasineutrallty equation have been presented
elsewhere [19].

3.1. Equations in the large aspect ratio approximation

The codes EUTERPE and SFINCS solve (e.g. in [6]) a drift-
kinetic equation that, at low collisionality, is equivalent to

g r F C gv v v . 20b M b bE 0 M E, ba ¶ + +  ¡ =a· ( ) · ( ) ( )

The difference between this equation and equation (1) is that
in (20) we have included the orbit-average of the radial
component of the E B´ drift. This drift is caused by the
tangential electric field associated to the variation of the
electrostatic potential on the flux surface j1. The latter is
calculated by solving the quasineutrality equation; retaining
only the adiabatic response of the electrons (as in equation
(20) of [6]), it reads
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We note that equation (20) is able to describe only the 1/ν or
n regimes of neoclassical transport of the bulk ions. How-

ever, at low collisionalities, and especially for small radial
electric fields, the contribution from the so-called superb-
anana-plateau regime to the transport of bulk ions cannot be
neglected. This has been long known for radial transport
[13, 25] and for the parallel flows [26]; recently [13], it has
been predicted to have a strong impact on the electrostatic
potential variations on the flux surface. We use some of these
results in what follows.

Figure 3. Size of the convective terms in the impurity flux of
equation (12) as a function of the ion temperature. Open and closed
signs correspond to the ion root and impurity hole plasma
respectively. Here, L LI

I I
2 1d º .

5

Plasma Phys. Control. Fusion 60 (2018) 074004 J L Velasco et al



3.2. Equations without the large aspect ratio approximation

The superbanana-plateau regime is not captured by (20) (and
neither by equation (1), of course) because the first term on
the left side contains the orbit-average of the tangential
component of the E×B drift but not of the tangential
magnetic drift. If the aspect ratio is large and the radial
electric field is not too small, the tangential magnetic drift is
negligible with respect to the tangential E×B drift. How-
ever, at small collisionality, it cannot be neglected when the
radial electric field is small, even if the stellarator has large
aspect ratio. In [13] it has been explained that, in this situa-
tion, the neoclassical equations remain radially local and
linear only if the magnetic configuration is sufficiently opti-
mized, meaning that the orbit averaged radial magnetic drift is
small for all trapped trajectories. In other words, if the stel-
larator is sufficiently close to omnigeneity.

We say that the magnetic configuration is close to
omnigeneity if B can we written as

B B B , 220 1= + ( )

where B0 is omnigenous and B1 is a small non-omnigeneous
perturbation. In [13], linear, radially local drift-kinetic and
quasineutrality equations have been derivedwhen B1 is small
and has small gradients. The dominant contributions to gi and
j1 come from the non-omnigeneous perturbation B1 and can
be determined by solving the drift-kinetic equation

g

r F C g

v v

v v , 23
i

M i i

M E

M E

0

1 0
i

a+  ¶

+ +  U =
a( ) ·

( ) · ( ) ( )

( )

( ) ( )

and the quasineutrality equation

Z

T T en
v

v B

v
g

1 2
d d . 24i

i e e B

B

i1
0

3
0

0
0,max

1

0
1

ò òj
p

l+ =
¥

-

-⎛
⎝⎜

⎞
⎠⎟ ∣ ∣

( )
∣∣
( )

Here, B0,max is the maximum value of B0 on the flux surface,

v r l v v B r l, , , , 1 , , , 250
0a l l a= -∣ ∣( ) ( ) ( )( )

m

Z e

v B Z e m v

B
l

v v

2

1
d , 26i

i t l

l r i i

M E
0

0

0 0

0b

b

10

20

ò

a

t

l j

l

+ 

=
Y¢

¶ + ¢

-

( ) ·
( )

( )

( )

( )

r

m

Z e

vB Z e m v

B
l

v v
2

1
d , 27i

i t l

l i i

M E
1

0

1 1

0b

b

10

20

òt
l j

l

+ 

= -
Y¢

¶
+

-
a

( ) ·
( )

( )

( )

( )

l l,b b10 20
are the bounce points of the trapped orbit in the

magnetic field B0, determined by the equation 1−λB0=0,

v l2 d 28
l

l
0 0 1

b

b

10

20

òt = -
∣ ∣ ( )( ) ( )

is the time that it takes for a particle to complete the orbit in
the magnetic field B0 and

C g v C g l
2

d , 29i
l

l

i
0

0
0 1 0

b

b

10

20

òt
= -

( ) ∣ ∣ ( ) ( )( )
( )

( ) ( )

where C(0)(gi) is the pitch-angle-scattering operator corresp-
onding to B0. We have ended up with a a system of equations

that is radially local, that includes the tangential magnetic
drift, and that is linear in the unknowns, gi and j1.

3.3. KNOSOS

We have written a code, KNOSOS, that solves equations (23)
and (24), and we show in this paper first simulations of the
electrostatic potential at low collisionalities including the
superbanana-plateau contribution. We use the variables r, α, l,
v, and λ. The field line label α remains to be defined, and a
standard choice for stellarators is α=Θ−ιζ, Θ and ζ being
the poloidal and toroidal Boozer angles. More details of the
code will be given elsewhere, but it is worth noting that the
solution gi of equation (23) will depend on Θ and ζ only
through α. However, integration in λ will make the solution j1

of equation (24) vary on α and also on l, as we will see in the
next section. Let us now discuss how the calculations are done
with KNOSOS for two model LHD plasmas (presented in [6])
with negative radial electric field (we note, however, that the
effect of the tangential magnetic drift should be relevant as well
for plasmas displaying change from positive to negative radial
electric field, and thus a radial region of nearly zero Er, such as
those of [19, 24]) and different collisionality: plasma A is
closer to the standard ion root case, while plasma B is closer to
the impurity hole case, although the differences in collisionality
are less extreme in order to avoid very large values of j1, as we
discuss below. Our LHD plasmas correspond to the inward-
shifted (R=3.60m) configuration: figure 4 shows the magn-
etic field strength B as a function of the Boozer angles (N=10
is the number of periods), for several flux surfaces, corresp-
onding approximately to r/a= 0.2, 0.4, 0.6 and 0.8. The har-
monics of the Boozer representation of the magnetic field,
B B m nNcosm n mn, z= å Q +( ), with significant amplitude
(i.e., those that B B 10m n, 0,0

2> -∣ ∣ ) are listed in table 1 for the
four flux surfaces, and presented as we group them into B0 and
B1 for our calculation. The main feature of this table is that, as
is typical for classical heliotrons, a small number of harmonics
is required for describing the magnetic field. In the so-called
multiple-helicity model [27] (see also [16] for more recent
calculations) the high number of periods makes it easier to
eliminate the most rapidly varying spatial coordinate in the
DKE, and this property will be useful for our simulations.

With this in mind, in order to apply the model given by
equations (23) and (24), we have written the LHD magnetic
field as a quasisymmetric magnetic field B0 (quasisymmetry is
a particular case of omnigeneity [28]) plus a perturbation, and
table 1 already shows how the harmonics have been grouped
in B0 and B1 at each flux surface: at r/a<0.5, we have
chosen B0=B0(Θ−Nζ), while for r/a>0.5, we have set
B0=B0(2Θ−Nζ). We immediately note that if, making use
of the Fourier decomposition of the previous paragraph, we
define our expansion parameter as δ≡B1/(B0−B00), table 1
shows that δ=1 is not fulfilled, especially for r/a< 0.5, and
therefore the modeling of j1 based on the δ expansion might
be quantitatively inaccurate (an improved version of KNOSOS
that does not rely on this expansion is under preparation).
Among other things, it is not guaranteed anymore that
Z e T B B Bi i1 0 00 0j - ( ) , and the linearization in j1 of our
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equations is not valid. Strictly speaking, when δ∼1 and Er is
small, one cannot justify a local theory of neoclassical
transport at very low collisionality, and radially global neo-
classical simulations may be required in order to calculate
radial transport and j1 [13]. Still, our local model represents a
better approximation to reality than other local models that
drop the tangential magnetic drift.

We proceed in two steps. We first switch-off the tan-
gential magnetic drift in equation (23), yielding it equivalent
to equation (20): it can then solved without resorting to clo-
seness to omnigeneity [29], and we use it for benchmarking
KNOSOS against EUTERPE. Then we solve the complete
equation (23) with KNOSOS: wherever the solutions are sig-
nificantly different than those of equation (20), this will be an

Figure 4.Magnetic field strength as a function of the toroidal and poloidal Boozer angles, ζ and Θ, for r/a= 0.2 (top left), 0.4 (top right), 0.6
(bottom left) and 0.8 (bottom right).

Table 1. Main harmonics 10
B

B
2m n,

0,0
> -∣ ∣

∣ ∣ of the Boozer representation of the magnetic field at several radial positions.

r/a 0.2 0.4 0.6 0.8
m n Bm,n (T) m n Bm,n (T) m n Bm,n (T) m n Bm,n (T)

0 0 2.975 0 0 2.945 0 0 2.902 0 0 2.826
B0 1 −1 −0.08257 1 −1 −0.1394 2 −1 0.2822 2 −1 0.5196

1 0 −0.08449 1 0 −0.1617 1 0 −0.2362 1 0 −0.3114
B1 0 1 0.04665 2 −1 0.1346 1 −1 −0.1741 1 −1 −0.1943

2 −1 0.03761 0 1 0.03320 3 −1 −0.05654 3 −1 −0.1190
2 0 0.0299 2 0 0.04297
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indication of the fact that the local approximation does not
hold, and that radially global neoclassical simulations
including the tangential magnetic drift might be needed for
accurate results. The main conclusion of this part of the paper
will be that this is the situation for LHD experimentally
relevant plasmas.

Finally, once we have noted that δ∼1 at some radial
positions, several choices of B0 and B1 are actually possible.
The choices mentioned in the previous paragraphs are spurred
by figure 5, where we plot the flux surface maps of figure 4
emphasizing some details that are going to be relevant for the
bounce-average calculations. We note that, e.g. for the par-
ticles with λ close to the passing/trapped region, the line
integrals of equations (25)–(29) are taken between two points
lb10

and lb20
such that B0 is maximum along the magnetic field

line; if we had not made use of closeness to omnigeneity, the
integral would have been taken between points lb1

and lb2
such

that B=B0+B1 and not B0 is maximum along the same
field line. For two radial positions, we plot the angular
location of these l l l, ,b b b10 20 1

, and lb2
. We see that the maxima

of B0 lie closer to those of B than if we had chosen e.g.
B0=B0(Θ). A similar discussion can be made e.g. for deeply
trapped particles, whose bounce points are determined by the
minima of B0 and B0+B1 in each case; these minima are also
shown in figure 5.

3.4. Results

Figure 7 shows the variation of the electrostatic potential on
the flux surface for the plasma A of figure 6. Each row cor-
responds to a different flux surface, and each column to a
different calculation method. Let us start by comparing the
left column, calculated with EUTERPE, with the central col-
umn, calculated with KNOSOS without tangential magnetic
drift (this is what we call ‘KNOSOS (EUTERPE-like)’). As
long as the approximations in KNOSOS hold, the two methods
should give the same results, and we observe that, although
there are some differences, reasonable agreement between the

two codes is obtained: the amplitude of j1 is the same, and so
is the phase. As expected for ions mainly in the n regime,
the electrostatic potential has a large stellarator-symmetric
component [30] (this is specially clear for r/a=0.8 where,
among other things, the minima of j1 lie exactly at Θ=π).

Figure 5.Contours of maximum (squares) and minimum (circles) values of B along the magnetic field line for B0 (red) and B0+B1 (green) at
r/a=0.2 (left) and 0.6 (right); the small open triangles correspond to a selected field line. For reference, the value of B0+B1 (already
plotted in figure 4) is represented in black and white.

Figure 6. Plasma profiles used for the calculation of j1.
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Figure 7. Electrostatic potential variations on the flux surface calculated for the plasma A with EUTERPE (left) and KNOSOS neglecting
(center) and including (right) the tangential magnetic drift. The four rows correspond to radial positions r/a= 0.2, 0.4, 0.6 and 0.8. Note the
different color scale in the right column with respect to the left and center columns.
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In both cases cases the minima lie in a broad strip around
Θ=π and the maxima around Θ=0 and Θ=2π. Only at
the innermost positions, where the radial electric field is
small, the stellarator-antisymmetric component in j1 becomes
prominent (one can notice that for Θ>π and Θ<π regions
of negative and positive j1 are dominant respectively).
KNOSOS is able to capture the deviation from stellarator-
symmetry (e.g. atr/a=0.6, one can notice that the mini-
mum of j1 actually lies at Θπ), and also the structure of
two separate minima around Θ=π and two separate maxima
around Θ=0. The main differences come from the angular
region where B and B0 take their maximum values at each
flux surface. In that region the contribution of the passing
particles, which is typically small, may become non-negli-
gible because the contribution of the trapped particles goes to
zero, as the integration over λ in equation (21) is taken over a
shrinking domain.

Before proceeding to the complete calculations, it is
worth checking if these small differences between EUTERPE
and KNOSOS (EUTERPE-like) are translated into inaccuracies
in the computation of the radial impurity flux. In order to do
so, we calculate with EUTERPE the flux of fully stripped
carbon (ZI=6) in the trace-impurity limit using j1 from
figure 7. The results are shown in figure 8: where we see that
EUTERPE and KNOSOS (EUTERPE-like) predict radial fluxes
that are quite close, and clearly different to the calculation that
does not consider the tangential electric field.

We are now in the position of discussing the complete
calculation including the tangential magnetic drift in the
solution of the drift-kinetic equation of the bulk ions. We see
in figure 7 (right) important differences with respect to
figure 7 (center): first of all the amplitude once the tangential
magnetic drift is included is larger, more than a factor 2.
Secondly, the phase changes: while the maps of figure 7
(center) for r/a>0.2 are mainly stellarator-symmetric (as
expected for ions in the n regime), once we include the
tangential magnetic drift and the superbanana-plateau regime
shows up, the map has no definite symmetry. Once we have
outlined these clear qualitative differences, we do not describe
the results in more detail since, as we have discussed, we do

not expect these simulations to be quantitatively accurate, and
we thus turn our attention to impurity transport.

The effect of the tangential electric field on the impurity
flux is given by its amplitude and by the relative phase of the
electrostatic potential variations with respect to the variation
of the impurity density on the flux surface. Therefore, the
effect discussed in the previous paragraph should have an
impact on the impurity flux. We indeed see in figure 8 that
including the tangential magnetic drift changes the sign of the
contribution of j1 for the plasmas of A: the radial flux
becomes more negative, being specially large at r/a=0.6. In
order to understand why the total inward impurity flux
becomes stronger or weaker depending on which function j1

is included in the calculation, one would need to study how
the impurities distribute along the flux surface and how this
distribution couples to the total radial drift (including the one
coming from j1) over the surface. An example of this exer-
cise is shown in figure 8 of [6], and it would have to be
repeated for all the possible particle velocities: this is basi-
cally what EUTERPE does when it calculates the radial
impurity flux. But from this physical picture one can easily
understand that a change in the phase of j1 may lead to a
change in the distribution of the impurities on the flux surface,
and thus in the coupling with the radial drifts, leading to
changes both in direction and (even with the same amplitude
of j1) intensity of the flux.

Finally, we briefly repeat the discussion of the two pre-
vious paragraphs for plasma B of figure 6, keeping the same
caveats in mind. This is a plasma of lower collisionality and
smaller absolute value of the radial electric field, and we thus
expect j1 to be larger (let us remember that our linearization
relies on Z e T B B Bi i1 0 00 0j - ( ) , which is only approxi-
mately fulfilled for the largest j1). In figure 9 we show the
variation of the electrostatic potential calculated, as in
figure 7, for four radial positions using three different meth-
ods. The agreement between EUTERPE and KNOSOS
(EUTERPE-like) remains reasonably good, and the same
conclusion can be drawn for the corresponding calculations of
radial impurity flux shown in figure 10. We see that including
the tangential magnetic drift in the calculation of j1 modifies
the result completely. Apart from the change in amplitude and
phase, one can also detect that a thin strip of extreme values
of j1 starts to develop, with the same helicity of the under-
lying B0, i.e. j1=j1(Θ−Nζ), at r/a<0.5 and j1=
j1(2Θ−Nζ), at r/a>0.5, being most visible at r/a=0.6.
This is expected to come from the contribution of ions in the
superbanana-plateau for small enough radial electric field, as
discussed in section 4.2.2 of [13] (detailed simulations for this
particular regime were presented in [30]). The effect on the
impurity flux of the superbanana-plateau contribution to j1 is
expected to be even larger than in the plasma A. In figure 10
we show indeed than the carbon flux becomes very negative.
On the one hand, this result shows the relevance of the effects
discussed in this paper for impurity hole plasmas; on the other
hand, it shows that they alone are not enough for explaining
the outward impurity fluxes.

Figure 8. Normalized radial flux of carbon VI calculated with
EUTERPE for the plasma A.
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Figure 9. Electrostatic potential variations on the flux surface calculated for the plasma B with EUTERPE (left) and KNOSOS neglecting
(center) and including (right) the tangential magnetic drift. The four rows correspond to radial positions r/a= 0.2, 0.4, 0.6 and 0.8. Note the
different color scale in the right column with respect to the left and center columns.
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4. Conclusions

In this paper it has been shown that plasmas of low colli-
sionality are closer to impurity screening than previously
expected, as the radial electric field becomes smaller than the
ion temperature gradient. In this situation, large tangential
electric drifts had been predicted coming from the superb-
anana-plateau regime of the bulk ions. Therefore, we have
solved the drift-kinetic equation of the bulk ions and the
quasineutrality equation including for the first time the effect
of the tangential magnetic drift, using the newly developed
code KNOSOS. We have shown that this contribution may be
very relevant for the variation of the electrostatic potential on
the flux surface and for the impurity transport of realistic
plasmas such as those displaying impurity hole, and we have
argued that that radially global simulations are needed to
compute it accurately for experimentally relevant plasmas.

Acknowledgments

This work has been carried out within the framework of the
EUROfusion Consortium and has received funding from the
Euratom research and training programme 2014–2018 under
grant agreement No. 633053. The views and opinions
expressed herein do not necessarily reflect those of the Eur-
opean Commission. The International Stellarator-Heliotron
Database is pursued under the auspices of IEA Implementing
Agreement for Cooperation in Development of the Stellara-
tor/Heliotron Concept (2.10.1992) and the authors are
indebted to all its contributors and previous responsible
officers. This research was supported in part by grant
ENE2015-70142-P, Ministerio de Economía y Competitivi-
dad, Spain.

ORCID iDs

J L Velasco https://orcid.org/0000-0001-8510-1422

References

[1] McCormick K et al 2002 New advanced operational regime on
the W7-AS stellarator Phys. Rev. Lett. 89 015001

[2] Ida K et al (The LHD Experimental Group) 2009 Observation
of an impurity hole in a plasma with an ion internal transport
barrier in the large helical device Phys. Plasmas 16 056111

[3] Yoshinuma M et al (The LHD Experimental Group) 2009
Observation of an impurity hole in the large helical device
Nucl. Fusion 49 062002

[4] Igitkhanov Y, Polunovsky E and Beidler C D 2006 Impurity
dynamics in nonaxisymmetric plasmas Fusion Sci. Technol.
50 268

[5] García-Regaña J M, Kleiber R, Beidler C D, Turkin Y,
Maassberg H and Helander P 2013 On neoclassical impurity
transport in stellarator geometry Plasma Phys. Control.
Fusion 55 074008

[6] García-Regaña J M et al 2017 Electrostatic potential variation
on the flux surface and its impact on impurity transport Nucl.
Fusion 57 056004

[7] Mikkelsen D R et al 2014 Quasilinear carbon transport in an
impurity hole plasma in LHD Phys. Plasmas 21 082302

[8] Nunami M, Nakata M, Sugama H, Sato M, Velasco J L,
Satake S and Yokoyama M 2016 Anomalous and
neoclassical transport of hydrogen isotope and impurity ions
in LHD plasmas 26th IAEA Fusion Energy Conf. (Kyoto,
Japan)

[9] Alonso J A et al 2016 Plasma Phys. Control. Fusion 58
074009

[10] Helander P, Newton S L, Mollén A and Smith H M 2017
Impurity transport in a mixed-collisionality stellarator
plasma Phy. Rev. Lett. 118 155002

[11] Mollén A, Landreman M, Smith H M, García-Regaña J M and
Nunami M 2018 Flux-surface variations of the electrostatic
potential in stellarators: impact on the radial electric field
and neoclassical impurity transport Plasma Phys. Control.
Fusion submitted

[12] Dinklage A et al (LHD Exp. Group, TJ-II Team, and W7-AS
Team) 2013 Inter-machine validation study of neoclassical
transport modelling in medium- to high-density stellarator-
heliotron plasmas Nucl. Fusion 53 063022

[13] Calvo I, Parra F I, Velasco J L and Alonso A 2017 The effect
of tangential drifts on neoclassical transport in stellarators
close to omnigeneity Plasma Phys. Control. Fusion 59
055014

[14] Hirshman S P, Shaing K C, van Rij W I, Beasley C O and
Crume E C 1986 Plasma transport coefficients for nonsymmetric
toroidal confinement systems Phys. Fluids 29 2951–9

[15] Velasco J L et al (The LHD experimental Team, and The TJ-II
Team) 2017 Moderation of neoclassical impurity
accumulation in high temperature plasmas of helical devices
Nucl. Fusion 57 016016

[16] Beidler C D et al 2011 Benchmarking of the mono-energetic
transport coefficients. results from the international
collaboration on neoclassical transport in stellarators
(ICNTS) Nucl. Fusion 51 076001

[17] Maaßberg H, Beidler C D and Simmet E E 1999 Density
control problems in large stellarators with neoclassical
transport Plasma Phys. Control. Fusion 41 1135

[18] Pedrosa M A, Alonso J A, García-Regaña J M, Hidalgo C,
Velasco J L, Calvo I, Silva C and Helander P 2015
Electrostatic potential variations along flux surfaces in
stellarators Nucl. Fusion 55 052001

[19] García-Regaña J M et al 2018 On-surface potential and radial
electric field variations in electron root stellarator plasmas
(arXiv:1804.10424)

[20] Landreman M, Smith H, Mollén A and Helander P 2014
Comparison of particle trajectories and collision operators

Figure 10. Normalized radial flux of carbon VI calculated with
EUTERPE for the plasma B.

12

Plasma Phys. Control. Fusion 60 (2018) 074004 J L Velasco et al

https://orcid.org/0000-0001-8510-1422
https://orcid.org/0000-0001-8510-1422
https://orcid.org/0000-0001-8510-1422
https://orcid.org/0000-0001-8510-1422
https://doi.org/10.1103/PhysRevLett.89.015001
https://doi.org/10.1063/1.3111097
https://doi.org/10.1088/0029-5515/49/6/062002
https://doi.org/10.13182/FST06-A1245
https://doi.org/10.1088/0741-3335/55/7/074008
https://doi.org/10.1088/1741-4326/aa5fd5
https://doi.org/10.1063/1.4890973
https://doi.org/10.1088/0741-3335/58/7/074009
https://doi.org/10.1088/0741-3335/58/7/074009
https://doi.org/10.1103/PhysRevLett.118.155002
https://doi.org/10.1088/0029-5515/53/6/063022
https://doi.org/10.1088/1361-6587/aa63ce
https://doi.org/10.1088/1361-6587/aa63ce
https://doi.org/10.1063/1.865495
https://doi.org/10.1063/1.865495
https://doi.org/10.1063/1.865495
https://doi.org/10.1088/0029-5515/57/1/016016
https://doi.org/10.1088/0029-5515/51/7/076001
https://doi.org/10.1088/0741-3335/41/9/306
https://doi.org/10.1088/0029-5515/55/5/052001
https://arxiv.org/abs/1804.10424


for collisional transport in nonaxisymmetric plasmas Phys.
Plasmas 21 042503

[21] Ida K et al 2015 Overview of transport and MHD stability
study: focusing on the impact of magnetic field topology in
the large helical device Nucl. Fusion 55 104018

[22] Sunn-Pedersen T, Otte M, Lazerson S, Helander P, Bozhenkov S,
Biedermann C, Klinger T, Wolf R and Bosch H S and The
Wendelstein 7-X Team 2016 Confirmation of the topology of
the Wendelstein 7-X magnetic field to better than 1:100,000
Nat. Commun. 7 13493

[23] Sánchez J et al 2015 Transport, stability and plasma control
studies in the TJ-II stellarator Nucl. Fusion 55 104014

[24] Klinger T et al (The Wendelstein 7-X Team) 2017
Performance and properties of the first plasmas of
Wendelstein 7-X Plasma Phys. Control. Fusion 59 014018

[25] Matsuoka S, Satake S, Kanno R and Sugama H 2015 Effects of
magnetic drift tangential to magnetic surfaces on

neoclassical transport in non-axisymmetric plasmas Phys.
Plasmas 22 072511

[26] Huang B, Satake S, Kanno R, Sugama H and Matsuoka S 2017
Benchmark of the local drift-kinetic models for neoclassical
transport simulation in helical plasmas Phys. Plasmas 24 022503

[27] Shaing K C and Hokin S 1983 Neoclassical transport in a
multiple-helicity torsatron in the low-collisionality (1/ν)
regime Phys. Fluids 26 2136

[28] Cary J R and Shasharina S G 1997 Helical plasma confinement
devices with good confinement properties Phys. Rev. Lett.
78 674–7

[29] Ho D D M and Kulsrud R M 1987 Neoclassical transport in
stellarators Phys. Fluids 30 442–61

[30] Calvo I, Velasco J L, Parra F I, Alonso J A and
García-Regaña J M 2018 Electrostatic potential variations on
stellarator magnetic surfaces in low collisionality regimes
(arXiv:1804.11104)

13

Plasma Phys. Control. Fusion 60 (2018) 074004 J L Velasco et al

https://doi.org/10.1063/1.4870077
https://doi.org/10.1088/0029-5515/55/10/104018
https://doi.org/10.1038/ncomms13493
https://doi.org/10.1088/0029-5515/55/10/104014
https://doi.org/10.1088/0741-3335/59/1/014018
https://doi.org/10.1063/1.4923434
https://doi.org/10.1063/1.4975611
https://doi.org/10.1063/1.864395
https://doi.org/10.1103/PhysRevLett.78.674
https://doi.org/10.1103/PhysRevLett.78.674
https://doi.org/10.1103/PhysRevLett.78.674
https://doi.org/10.1063/1.866395
https://doi.org/10.1063/1.866395
https://doi.org/10.1063/1.866395
https://arxiv.org/abs/1804.11104

	1. Introduction
	2. Small radial electric field and temperature screening in standard neoclassical models
	2.1. Equations
	2.2. Examples

	3. The effect of the tangential magnetic drift on the calculation of the tangential electric field
	3.1. Equations in the large aspect ratio approximation
	3.2. Equations without the large aspect ratio approximation
	3.3. KNOSOS
	3.4. Results

	4. Conclusions
	Acknowledgments
	References



