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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 [1, 2], 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 KNOSOS (KiNetic Orbit-averaging-SOlver for Stellarators),

although it is not enough to explain by itself the behaviour of the fluxes in

situations like the impurity hole.

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 display

impurity accumulation. There are few known exceptions: the High Density H-

mode, observed at the stellarator Wendelstein 7-AS at very high densities [3],

and the impurity hole, observed at the Large Helical Device (LHD) at very low
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Large tangential electric fields in plasmas close to temperature screening 2

collisionalities [1, 2]. 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, 6, 7, 8, 9, 10, 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 T ′i contribute to radial impurity transport; the latter, through an outward

pinch roughly given by T ′i ; the former, by means of and inward pinch ZIeEr (ZIe being

the charge of the impurity and e the proton charge). Even for peaked ion temperature

profiles, in standard ion-root conditions [12] the radial electric field is bound to be

as large as the ion temperature gradient, eEr ∼ T ′i , and ZI � 1 ensures impurity

accumulation.

The large charge number ZI anticipates one of the additional 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 ϕ1 (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 ZIeϕ1 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 stellarator plasmas the radial

electric field can actually be smaller than what the above discussion suggests, and that

additionally, as a consequence of this, the tangential electric field is larger than what

previous numerical simulations have predicted. 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 T ′i 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 ϕ1, made with the

neoclassical 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 reference [13], which derives for the first time radially-

local equations for the calculation of radial transport and ϕ1 including the tangential

magnetic drift (and valid, as we will discuss, for stellarators close to omnigeneity, where

Page 2 of 25AUTHOR SUBMITTED MANUSCRIPT - PPCF-101836.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Large tangential electric fields in plasmas close to temperature screening 3

the non-omnigeneous perturbation has small gradients). In this paper, we illustrate

these two effects by means of simulations using DKES, EUTERPE [6] and the newly-

developed code KNOSOS (KiNetic Orbit-averaging-SOlver for Stellarators), 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 collisionalities without including the effect of ϕ1. The

equations employed are outlined in subsection 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 subsection 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 calculation of ϕ1 are outlined in subsections 3.1

and 3.2, and a newly developed code, KNOSOS, able to solve the equations of the model

will be briefly presented in subsection 3.3 (and benchmarked against EUTERPE, a reference

neoclassical code for the calculation of ϕ1 [6]). In subsection 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

neoclassical 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 analliticaly solved in the large aspect ratio

limit [16, 6, 11] and assuming relatively large values of the radial electric

field. In this limit, the relevant drift-kinetic equation can be written as

vE,0 · ∇α ∂αgb + vM · ∇r FMb
Υb = C(gb) , (1)

(see, e.g. [13]). In this equation, gb(r, α, v, λ) is, for species b, the dominant piece of the
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Large tangential electric fields in plasmas close to temperature screening 4

non-adiabatic component of the deviation of the distribution function from a Maxwellian

FMb
= nb

(
mb

2πTb

)3/2

exp

(
−mbv

2

2Tb

)
(2)

with density nb(r) and temperature Tb(r). C is the pitch-angle-scattering collision

operator and vM is the magnetic drift,

vM =
mb

2Zbe
(v2 + v2‖)

B×∇B
B3

, (3)

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
√

Ψt/Ψt,LCMS, 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 magnectic field

lines on the flux surface and l is the arc length along the field line. In these coordinates,

the magnetic field B reads

B = Ψ′t(r)∇r ×∇α. (4)

As for the velocity coordinates, v is the magnitude of the velocity, λ = v2⊥/(v
2B) 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

f(r, α, v, λ) =
2

τ

∫ lb2

lb1

f(r, α, l, v, λ)|v‖|−1dl , (5)

where

|v‖|(r, α, l, v, λ) = v
√

1− λB(r, α, l) (6)

is the magnitude of the parallel velocity (the average defined in (5) is correct for functions

that are even in v‖, 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

τ = 2

∫ lb2

lb1

|v‖|−1dl (7)

is the time that it takes for a particle to complete the orbit.

We denote by vE the E×B drift,

vE =
B×∇ϕ
B2

. (8)

In equation (1), the electrostatic potential, ϕ, is assumed to be a flux function,

ϕ ≈ ϕ0(r), and Er ≡ −ϕ′0. On the left side of (1), vE,0 is the E × B drift due to

ϕ0.

Finally, Υb is a combination of the thermodynamic forces,

Υb =
n′b
nb

+
T ′b
Tb

(
mbv

2

2Tb
− 3

2

)
− ZbeEr

Tb
. (9)
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Large tangential electric fields in plasmas close to temperature screening 5

In the trace-impurity limit, for given density nb and temperature Tb profiles, the

radial electric field can be calculated by imposing ambipolarity of the neoclassical radial

particle fluxes of the bulk species,

Zi〈Γi · ∇r〉 = 〈Γe · ∇r〉 . (10)

Here, i labels the bulk ions, 〈...〉 denotes flux-surface average, and the particle flux

can written using the solution of equation (1) in

〈Γb · ∇r〉 =
πΨ′t
V ′

∫ ∞
0

dv

∫ B−1
min

B−1
max

dλ

∫ 2π

0

dα v3τ vM · ∇r gb (11)

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

〈Γb · ∇r〉
nb

= −Lb1
(
n′b
nb
− ZbeEr

Tb

)
− Lb2

T ′b
Tb
, (12)

where Lb1 and Lb2 are (positive and in general dependent of nb, Tb and Er) neoclassical

transport coefficients,

Lb1 = − πΨ′t
nbV ′

∫ ∞
0

dv

∫ B−1
min

B−1
max

dλ

∫ 2π

0

dα v3τ vM · ∇r
gb
Υb

,

Lb2 = − πΨ′t
nbV ′

∫ ∞
0

dv

∫ B−1
min

B−1
max

dλ

∫ 2π

0

dα v3τ vM · ∇r
(
mbv

2

2Tb
− 3

2

)
gb
Υb

. (13)

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). However, 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:

〈Γi · ∇r〉(Er) = 0 , (14)

which can be rearranged as:

eEr
Ti

=
1

Zi

n′i
ni

+
1

Zi

Li2
Li1

T ′i
Ti
≈ 5

4

T ′i
Ti
. (15)

Here, we have assumed that the ion density profile is flat (n′i = 0), that the bulk ions

are singly-charged (Zi = 1) and they are in the
√
ν regime

(
Li
2

Li
1
≈ 5

4

)
[17]. We end up

with a radial electric field that it is proportional to the ion temperature gradient, and

such that eEr≈T ′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
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Large tangential electric fields in plasmas close to temperature screening 6

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 T ′I . Using equation (15) and asumming that

TI = Ti, we obtain

ZI
5

4

|T ′i |
Ti
� LI2

LI1

|T ′i |
Ti

. (16)

We see that, as soon as the impurity charge ZIe is large enough, the term coming from

the radial electric field becomes larger, since LI2/L
I
1 ∼ 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

expression for the radial electric field, in which it becomes dependent also on the electron

temperature gradient,

eEr
Ti
≈
Li2

T ′i
Ti
− Le2

T ′e
Te

Li1 + Ti
Te
Le1

. (17)

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 T ′i . In this scenario, temperature screening for low-ZI impurities

(i.e. those with Zi larger but not much larger than 1) may happen. And,

generally 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 Database ‡, see also [12]. It is a

plasma of high injected input power at medium densities, 6× 1019m−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,

‡ https://ishpdb.ipp-hgw.mpg.de/

http://ishpdb.nifs.ac.jp/index.html
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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).
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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).
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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, δI ≡ LI2/L
I
1.

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 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
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Large tangential electric fields in plasmas close to temperature screening 10

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 surfaces,

ϕ1 = ϕ− ϕ0(r), (18)

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

(experimental validation has been attempted in [18, 19]) with the codes EUTERPE [5, 6]

and SFINCS [20, 11]: the electrostatic potential was calculated for a series of devices

(LHD [21], W7-X [22] and TJ-II [23]) and plasma profiles. The conclusion was that

taking into account this effect changes quantitatively 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. Furthermore, the size of ϕ1 (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 ϕ1 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 ϕ1 [11].

In subsection 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 subsection (3.3), calculations

employing the code KNOSOS, that solves the equations of reference [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 ϕ1. Simulations including kinetic electrons, and not only

bulk ions, in the quasineutrallty equation have been presented elsewhere [19].
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Large tangential electric fields in plasmas close to temperature screening 11

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

vE,0 · ∇α ∂αgb + (vM + vE) · ∇r FMb
Υb = C(gb) . (19)

The difference between this equation and equation (1) is that in (19) 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 ϕ1. The latter is calculated by solving the quasineutrality

equation; retaining only the adiabatic response of the electrons (as in equation (20)

of reference [6]), it reads(
Zi
Ti

+
1

Te

)
ϕ1 =

2π

ene

∫ ∞
0

dv

∫ B−1

B−1
max

dλ
v3B

|v|||
gi . (20)

We note that equation (19) is able to describe only the 1/ν or
√
ν regimes of neoclassical

transport of the bulk ions. However, at low collisionalities, and especially for small

radial electric fields, the contribution from the so-called superbanana-plateau regime to

the transport of bulk ions cannot be neglected. This has been long known for radial

transport [25, 13] 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.

3.2. Equations without the large aspect ratio approximation

The superbanana-plateau regime is not captured by (19) (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. However, 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 situation, the

neoclassical equations remain radially local and linear only if the magnetic configuration

is sufficiently optimized, meaning that the orbit averaged radial magnetic drift is small

for all trapped trajectories. In other words, if the stellarator is sufficiently close to

omnigeneity.

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

as

B = B0 +B1, (21)

where B0 is omnigenous and B1 is a small non-omnigeneous perturbation. In

reference [13], linear, radially local drift-kinetic and quasineutrality equations have been

derived when B1 is small and has small gradients. The dominant contributions to gi and
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Large tangential electric fields in plasmas close to temperature screening 12

ϕ1 come from the non-omnigeneous perturbation B1 and can be determined by solving

the drift-kinetic equation

(vM + vE) · ∇α
(0)
∂αgi + (vM + vE) · ∇r

(1)
FMi

Υi = C(gi)
(0)
, (22)

and the quasineutrality equation(
Zi
Ti

+
1

Te

)
ϕ1 =

2π

ene

∫ ∞
0

dv

∫ B−1
0

B−1
0,max

dλ
v3B0

|v(0)|| |
gi . (23)

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

|v(0)‖ |(r, α, l, v, λ) = v
√

1− λB0(r, α, l) , (24)

(vM + vE) · ∇α
(0)

=
mi

ZieΨ′tτ
(0)

∫ lb20

lb10

λv∂rB0 + 2Zie/(miv)ϕ′0√
1− λB0

dl, (25)

(vM + vE) · ∇r
(1)

= − mi

ZieΨ′tτ
(0)
∂α

∫ lb20

lb10

λvB1 + 2Zie/(miv)ϕ1√
1− λB0

dl, (26)

lb10 , lb20 are the bounce points of the trapped orbit in the magnetic field B0, determined

by the equation 1− λB0 = 0,

τ (0) = 2

∫ lb20

lb10

|v(0)‖ |
−1dl (27)

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

C(gi)
(0)

=
2

τ (0)

∫ lb20

lb10

|v(0)‖ |
−1C(0)(gi)dl, (28)

where C(0)(gi) is the pitch-angle-scattering operator corresponding 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 ϕ1.

3.3. KNOSOS

We have written a code, the KiNetic Orbit-averaging SOlver for Sellarators (KNOSOS),

that solves equations (22) and (23), 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

(22) will depend on Θ and ζ only through α. However, integration in λ

will make the solution ϕ1 of equation (23) 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
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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).

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 [24, 19]) 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 ϕ1, as we have discussed

above. Our LHD plasmas correspond to the inward-shifted (R = 3.60 m) configuration:

figure 4 shows the magnetic field strength B as a function of the Boozer angles (N = 10

is the number of periods), for several flux-surfaces, corresponding approximately to

r/a = 0.2, 0.4, 0.6 and 0.8. The harmonics of the Boozer representation of the magnetic

field, B =
∑

m,nBmn cos (mΘ + nNζ), with significant amplitude (i.e., those that

|Bm,n/B0,0| > 10−2) 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
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Large tangential electric fields in plasmas close to temperature screening 14

r/a 0.2 0.4 0.6 0.8

|Bm,n|
|B0,0| >10−2 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

Table 1: Main harmonics of the Boozer representation of the magnetic field at several

radial positions.
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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.
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Figure 6: Plasma profiles used for the calculation of ϕ1.
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Large tangential electric fields in plasmas close to temperature screening 16

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 (22) and

(23), 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 modelling of ϕ1 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 Zieϕ1/Ti � (B0 − B00)/B0, and the linerization in ϕ1 of our 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 neoclassical

simulations may be required in order to calculate radial transport and ϕ1 [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 tangential magnetic drift in

equation (22), yielding it equivalent to equation (19): it can then solved without

resorting to closeness to omnigeneity [29], and we use it for benchmarking KNOSOS against

EUTERPE. Then we solve the complete equation (22) with KNOSOS: wherever the solutions

are significantly different than those of equation (19), this will be an 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 particles with λ close to the passing/trapped region,

the line integrals of equations (24) to (28) 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 lb10, lb20, lb1, and lb2 . We see that the maxima of B0 lie closer to those of
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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 corresponds 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 column, 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 ϕ1 is the same, and so is the phase. As expected

for ions mainly in the
√
ν 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 ϕ1 lie exactly at Θ = π). 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 ϕ1 becomes prominent (one can notice that for Θ > π

and Θ < π regions of negative and positive ϕ1 are dominant respectively).

KNOSOS is able to capture the deviation from stellarator-symmetry (e.g. at r/a = 0.6,

one can notice that the minimum of ϕ1 actually lies at Θ & π), 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-negligible because the contribution of the

trapped particles goes to zero, as the integration over λ in equation (20) 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

ϕ1 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
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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.

Page 18 of 25AUTHOR SUBMITTED MANUSCRIPT - PPCF-101836.R1

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60 A

cc
ep

te
d 

M
an

us
cr

ip
t



Large tangential electric fields in plasmas close to temperature screening 19

-1

-0.5

 0

 0  0.2  0.4  0.6  0.8  1

〈Γ
I
〉/n

I [
m

/s
]

r/a

w/o ϕ1
w/ ϕ1 from EUTERPE

w/ ϕ1 from KNOSOS(EUTERPE-like)
w/ ϕ1 from KNOSOS

Figure 8: Normalized radial flux of carbon VI calculated with EUTERPE for the plasma

A.

are mainly stellarator-symmetric (as expected for ions in the
√
ν 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 ϕ1 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 ϕ1

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

B.

total radial drift (including the one coming from ϕ1) over the surface. An

example of this exercise is shown in figure 8 of [6], and it would have to

be repeated for all the possible particle velocities: this is basically 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 ϕ1

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 ϕ1) intensity of the flux.

Finally, we briefly repeat the discussion of the two previous 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 ϕ1 to be larger

(let us remember that our linearization relies on Zieϕ1/Ti � (B0 − B00)/B0,

which is only approximately fulfilled for the largest ϕ1). In figure 9 we show

the variation of the electrostatic potential calculated, as in figure 7, for four radial

positions using three different methods. The agreement between EUTERPE and KNOSOS

(EUTERPE-like) remains reasonably good, and the same conclusion can be drawn for the
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corresponding calculations of radial impurity flux shown in figure 10. We see that

including the tangential magnetic drift in the calculation of ϕ1 modifies the result

completely. Apart from the change in amplitude and phase, one can also detect

that a thin strip of extreme values of ϕ1 starts to develop, with the same helicity of the

underlying B0, i.e. ϕ1 = ϕ1(Θ−Nζ), at r/a < 0.5 and ϕ1 = ϕ1(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 ϕ1

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.

4. Conclusions

In this paper it has been shown that plasmas of low collisionality 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 superbanana-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.
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[11] A Mollén, M Landreman, H M Smith, J M Garćıa-Regaña and M Nunami. Flux-surface variations

of the electrostatic potential in stellarators: impact on the radial electric field and neoclassical

impurity transport. Plasma Physics and Controlled Fusion, submitted, 2018.

[12] A Dinklage, M Yokoyama, K Tanaka, J L Velasco, D López-Bruna, C D Beidler, S Satake,
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