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Abstract. The poloidal and toroidal impurity flows in the edge transport barrier of

H-mode plasmas have been studied over a wide range of pedestal top ion collisionalities.

A comparison of the edge poloidal rotation measurements to neoclassical predictions

shows good agreement in all cases. The measured edge impurity toroidal rotation

is observed to change sign from co-current to counter-current with decreasing

collisionality. The switch occurs at the same collisionality at which neoclassical

theory predicts the main ion poloidal rotation to change from the electron to the ion

diamagnetic direction. The behaviour of these two species, when used to calculate the

main ion toroidal rotation via the radial force balance equation, leads to fairly constant

co-current main ion toroidal rotation. Hence, at low collisionality, due to a reduced

frictional coupling, the main ion-impurity differential rotation can be quite large. The

behaviour of impurity ion flows on a flux surface has also been investigated in detail

and it was found that the measurements are consistent with the continuity equation

only if the poloidally asymmetric impurity density distribution is taken into account.

The asymmetry is found to be the result of the interplay of all forces in the parallel

momentum balance, with the friction force providing the dominant drive. Close to

the separatrix the poloidal centrifugal force, which is usually neglected, also gives an

additional contribution to the impurity density asymmetry. Within the experimental

uncertainties the ion temperature and the electrostatic potential are simultaneous flux

functions, despite the presence of a poloidally asymmetric impurity density profile.

PACS numbers: 52.55.Fa, 52.25.Vy, 52.30.-q, 52.70.-m
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1. Introduction

Understanding the behaviour of impurities in the pedestal of tokamak H-mode plasmas

is crucial for predicting impurity transport and the penetration into the plasma core.

Turbulence often dominates the particle transport in the core of the plasma, however,

there is growing evidence that in the edge pedestal, where turbulent fluctuations are

strongly reduced due to E×B shearing [1], the impurity particle transport [2] and the

ion heat transport [3] are at neoclassical levels. The electron heat transport is also

reduced, but still larger than the neoclassical prediction [3].

Neoclassical theory predicts the flux-surface averaged transport fluxes and the poloidal

flows of main ions and impurities as well as their relationships to the toroidal flows

and the particle densities [4, 5, 6]. In tokamaks, a strong damping of the poloidal

rotation, vθ, is present since poloidally passing ions collide with trapped ions. Since this

viscous damping for a species depends on the species poloidal rotation, the poloidal flow

of main ions and impurities, vθ,i and vθ,z, can be decoupled [6]. The poloidal flow is

determined by friction and the flux-surface averaged parallel stress tensor 〈B · ∇ ·Πz〉

if no poloidal momentum sources are present [6]. Poloidal particle density asymmetries

[7, 8, 9, 10], poloidally asymmetric momentum and particle sources [11] as well as

Stringer instabilities [12, 13] can cause a poloidal spin-up of the plasma.

Early experiments at DIII-D [14] showed that at the plasma edge vθ,i and vθ,z are

fundamentally different, both in magnitude and in sign, with vθ,i being in the ion

diamagnetic drift direction while the impurities rotate in the electron diamagnetic

direction. Comparison to neoclassical predictions showed that the magnitude of the

simulated vθ,i did not agree with the measured profile. The main ion poloidal flow

was measured using charge exchange recombination spectroscopy (CXRS) on He2+ in

helium plasmas and yielded velocities of up to +40 km/s at the plasma edge, while the

neoclassical prediction was between 0–2 km/s. However, comparison of the measured

DIII-D data with neoclassical predictions including the orbit-squeezing effect [15], i.e.

the ion banana widths are reduced due to the gradient in the radial electric field [16],

showed a fair agreement at the very far edge of the plasma. However, large discrepancies

were still observed ∼1–3 cm inside the plasma [15].

Poloidal rotation measurements have been compared to neoclassical predictions on

many tokamaks, however, they have yielded very different results. A mismatch with

neoclassical theory was observed in internal transport barriers formed in enhanced

reversed shear discharges at TFTR [17], in the core of H-mode and quiescent H-mode

discharges at DIII-D [18] as well as in internal transport barriers at JET [19]. Recent

observations at DIII-D based on CXRS measurements of the impurity and main ion

toroidal rotation, vφ,z and vφ,i, [20, 21] revealed that in plasmas with low collisionality

the core deuterium poloidal flow disagrees with neoclassical theory, being more in the

ion diamagnetic drift direction in the experiment. In other cases the measurements

showed good agreement with neoclassical theory within the experimental uncertainties

[22, 23, 7, 24, 25, 26] including direct measurements of the main ions in the highly
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collisional edge pedestal [27].

To shed more light on the physics determining the poloidal flow in a tokamak plasma, an

edge rotation database was created at ASDEX Upgrade (AUG) including measurements

at both low and high collisionality. The edge rotation database is introduced in section

2 and example profiles are shown. The poloidal rotation measurements are compared to

neoclassical predictions using the NEOART code [28] (see section 3). In section 4 the

measured poloidal impurity asymmetries are compared to neoclassical predictions using

the fluid model, that has been developed to quantify the in-out impurity asymmetries,

and the kinetic code HAGIS [29, 30]. Details are given to quantify the dominant driving

terms responsible for the poloidally asymmetric impurity distributions and to study

their impact on the edge transport barrier. A summary and the main conclusions of the

paper are given in section 5.

2. Extension of measurements to the low collisionality regime

An edge rotation database was compiled at AUG to test whether neoclassical theory can

predict the measured vθ in the edge of H-mode plasmas over a wide range of collisionality.

Previous work at AUG showed that in the highly collisional edge pedestal of H-mode

plasmas, with the main ion collisionality ν∗,i in the pedestal being in the plateau or the

Pfirsch-Schlüter regime, the edge poloidal flow is consistent with neoclassical predictions

[27]. The parameter range of the discharges included in the database are listed in table

1. The main ion collisionality used here is defined as the effective collision frequency

normalized to the trapped particle bounce frequency, ν∗,i = νeff/ωb = νqR/(ǫ3/2vth).

Note that here collisions between all species are taken into account. The collision

frequency for momentum transfer from species j to k is νjk = 4
√
2π

3(4πǫ0)2

√
mjk

mj

q2j q
2

klnΛjk

(kBT )3/2
nk,

where ln(Λjk) is the Coulomb logarithm and mjk is the reduced mass of species j and

k. Using this definition, the banana regime is defined for ν∗,i ≪ 1, the Pfirsch-Schlüter

regime for ν∗,i ≫ ǫ−3/2 and the intermediate plateau regime for 1 ≪ ν∗,i ≪ ǫ−3/2. The

edge collisionality at ρpol = 0.97 in the experiment covered the range between 0.18 to

11.5. In the following, the experimental collisionality values that are below the banana

Gas Ip [MA] Bφ [T] q95 n̄e [10
19 m−2] ν ped,top

∗,i βN

H 0.8–1.0 2.5–2.6 3.8–5.2 6.1–6.7 0.43–2.2 1.0–1.3

D 0.8–1.0 1.8–2.5 3.7–5.2 4.3–8.1 0.18–2.5 1.1–2.9

He 1.0 2.5 4.4 9.0–10.7 11.2–11.5 1.3–1.4

Table 1: Parameter range for the discharges analyzed in the presented database: plasma

current Ip, toroidal magnetic field on-axis Bφ, edge safety factor q95, core line-integrated

density n̄e, main ion collisionality at the pedestal top ν ped,top
∗,i (ρpol = 0.97) and normalized

beta βN , defined as βN = β · aBt

Ip
, where β is the ratio between the plasma pressure and

the magnetic pressure and a the plasma minor radius.



Collisionality dependence of edge rotation and in-out impurity asymmetries 4

2.0

1.5

1.0

0.5

0.0

T
[k

e
V

]

Te

Ti

#31533 (ν*,i =0.32)

,i#30718 ( =0.92)ν*

0.8 0.9 1.0
ρpol

n
[1

0
m

]
e

1
9

-3

8

6

4

2

0
0.8 0.9 1.0

ρpol

(a) (b)

0.8 0.9 1.0
ρpol

v
[k

m
/s

]
Φ

,z

100

60

40

-20

0

20

80

ctr-Ip

co-Ip

(c)

0.9 1.0
ρpol

v
[k

m
/s

]
θ
,z

10

0

-10

-30

-20

ve,dia

vi,dia
(d)

Figure 1: (a) Electron and ion temperature profiles, (b) electron density and impurity

(c) toroidal rotation and (d) poloidal rotation measured in H-mode D plasmas with low

(ν∗,i = 0.32, below the banana limit) and medium collisionality (ν∗,i = 0.92, plateau

regime). The values for ν∗,i are taken at ρpol = 0.97.

limit are tagged as being in the banana regime, while values above the Pfirsch-Schlüter

limit are defined as being in the Pfirsch-Schlüter regime. In medium to high collisionality

plasmas the coupling between electrons and ions is sufficiently high such that Te ≈ Ti

[31], while the ion and electron channels are less coupled at low collisionality. The

pedestal top values taken at ρpol = 0.97 for the ion temperature, electron temperature

and density covered in the database ranged from 294.1–874.2 eV, 329.6–797.6 eV and

3.1–7.4·1019 m−3, respectively.

Figure 1 shows example profiles of the ion and electron temperature, electron density, vφ,z
and vθ,z measured at low (ν∗,i = 0.32, below the banana limit) and medium (ν∗,i = 0.92,

plateau regime) collisionality plasmas in deuterium (D) . The Ti, vφ,z and vθ,z (usually

boron B5+ on AUG) profiles are measured using the core and edge charge exchange

systems [32] (note that for vθ,z only an edge view is available). Te is measured with the

electron cyclotron emission (ECE) [33] and the core and edge Thomson scattering (TS)

diagnostics [34]. The electron density profiles are obtained via TS, impact excitation

spectroscopy at a Lithium beam [35] and laser interferometry [36]. The vertical lines

indicate the radial position ρpol = 0.97, which is typically the pedestal top position

in ne. Note that ρpol is the normalized poloidal flux label, defined as ρpol =
√

Ψ−Ψa

Ψs−Ψa
,

where Ψ is the poloidal flux, Ψa and Ψs the poloidal flux at the magnetic axis and

at the separatrix. To reduce uncertainties due to the magnetic equilibrium a relative

profile alignment with respect to the separatrix position is applied [37], which has an

accuracy of 2–3mm. The data are ELM synchronized, i.e. the measured data is sorted

with respect to the onset of an ELM and taken during a phase that includes a radial

plasma sweep to increase the line of sight coverage of the edge diagnostics in the pedestal

region. In figure 1 only data where the full exposure time of the frame lies in the time

window [-4.5, -1.0]ms relative to the ELM crash is used. While the electron density
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is similar in both discharges, the core electron and ion temperatures are roughly 50%

higher at lower ν∗,i. The poloidal rotation profile is also similar in both discharges and

is pointing into the electron diamagnetic drift direction (negative vθ,z) at the plasma

edge. Remarkably, the edge toroidal rotation flips sign at the plasma edge (ρpol > 0.95)

and is in the counter-current direction at low collisionality (see figure 1(c)). The well in

the edge toroidal rotation profile, characteristic of H-modes in AUG [38], is maintained

though shifted to negative values. The feature also appears to be wider, consistent

with a wider Ti pedestal (see figure 1(a)). The identification of the dominant mechanism

driving the edge toroidal rotation at AUG is the subject of future work.

3. Comparison between measured low-field side poloidal rotation and

conventional neoclassical predictions

The poloidal rotation measurements obtained at low collisionality are compared

to neoclassical predictions to test whether neoclassical theory can reproduce the

measurements in low collisionality plasmas.

Neoclassical theory predicts the poloidal flow of main ions and impurities using

information on the plasma background profiles and the magnetic equilibrium [4, 5, 6, 39].

The neoclassical main ion and impurity poloidal rotation velocities, vneoθ,i and vneoθ,z , are

derived from the parallel component of the momentum force balance [6]. For vneoθ,i the

Ti gradient is crucial, while for vneoθ,z also the pressure gradient scale length of the main

ions is important [6].

In the edge pedestal of H-mode plasmas, vθ,z can reach large values due to the steep

ion pressure gradient ∇pi. The impurities typically rotate in the electron diamagnetic

drift direction. The main ion poloidal flow can be close to zero or even change its sign

(pointing into the electron or into the ion diamagnetic drift direction), depending on the

ion parameters at the plasma edge, mainly on ν∗,i. In the following, the measurements

of both vθ,z and vθ,i are compared to the neoclassical prediction evaluated with the

NEOART code [28] for a variety of H-mode plasmas with different pedestal top

collisionalities. NEOART is based on the calculation of collisional transport coefficients

for a given number of impurities and includes collisions between all species. The

transport coefficients represent the sum of a classical, a Pfirsch-Schlüter and a banana

plateau term [28, 40]. A set of linear coupled equations for the parallel velocities in an

arbitrary toroidally symmetric geometry is solved and neoclassical transport parameters

for all collisionality regimes are calculated [28, 40].

Figure 2(a) shows the value at the minimum in the edge poloidal flow profile of both

impurities and main ions plotted as a function of ν∗,i at the minimum vθ. Note that

negative values in vθ are in the electron diamagnetic drift direction. Data obtained in

deuterium (D) plasmas is shown in black, while hydrogen (H) and helium (He) plasmas

are highlighted in red and blue, respectively. The data point marked in light purple

corresponds to discharge #28093 which is discussed in detail in section 4. Note that in

He plasmas the measured vθ corresponds to the main ion species, obtained via CXRS on
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He2+, while in D and H plasmas the measurements are obtained on impurity ions (boron,

carbon, nitrogen or neon). The choice of the species depends on the intrinsic impurity

level and if impurity seeding is applied in the experiment (such as N2, Ne or CD4).

No direct correlation between the well in the edge poloidal impurity flow and the main

ion collisionality at the same flux surface is observed; the same magnitude of poloidal

rotation can be reached at different collisionality values. Figure 2(b) shows a comparison

of the measured (stars) and neoclassical poloidal flow of both impurities (squares) and

main ions (circles) at ρpol = 0.97 for the pedestal top collisionality range covered in

the experiment (0.18–11.5). It should be noted that in the edge transport barrier,

poloidal impurity density asymmetries (see section 4) are present and therefore standard

neoclassical codes, which assume that the species density is a flux function, cannot be

used and modelling with 2D codes is required. Therefore, we compare the measured and

neoclassical poloidal rotation at ρpol = 0.97. There is sufficient experimental uncertainty

that we cannot determine whether the in-out nz asymmetry at ρpol= 0.97 is small or

significant. We apply the NEOART code nonetheless, noting that it is being applied

outside its range of validity if the asymmetry is indeed significant. For all cases, the

experimental points are well matched by the neoclassical prediction. This shows that

in the established H-mode, viscous damping is the driving mechanism for vθ,i at the

plasma edge, given by the Ti gradient (∇Ti). These results are also in keeping with the

radial electric field, Er, being sustained by the gradients of the main ions in the edge
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Figure 2: (a) Value at the minimum in the poloidal rotation profile plotted as a

function of the main ion collisionality at the same flux surface, (b) comparison between

measured and neoclassical poloidal flow at ρpol = 0.97: Measured vθ are marked by

stars, neoclassical predictions of vθ,z are highlighted by squares while the neoclassical

vθ,i is marked by circles. Data obtained in deuterium plasmas is shown in black, while

hydrogen and helium plasmas are highlighted in red and blue. Note that in helium

plasmas the measured poloidal rotation corresponds to the main ion species, obtained

via CXRS on He2+, while in deuterium and hydrogen plasmas the measurements are

obtained on impurity ions (boron, carbon, nitrogen or neon).
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pedestal [41, 42, 27].

While vθ,z does not show a strong dependence on collisionality, vθ,i scales with this

quantity. As shown in figure 2(b), at a given collisionality the neoclassical main ion

poloidal rotation flips sign from the electron diamagnetic drift direction (ve,dia) to the

ion diamagnetic direction (vi,dia).

Neoclassical theory also predicts the differential toroidal rotation between main ions and

impurities and by invoking the radial force balance equation of both species the main

ion toroidal rotation, vφ,i, can be determined from:

vφ,i = vφ,z +
1

Bθ

[

1

nzqz

∂pz
∂r

−
1

niqi

∂pi
∂r

+ (vθ,i − vθ,z)Bφ

]

(1)

= vφ,z +
vth,iρi
2Bθ

3K2

2

1

LTi

(2)

with vφ,z being the impurity toroidal rotation, Bθ and Bφ the poloidal and toroidal

magnetic field component, ∂pz
∂r

and ∂pi
∂r

the impurity and ion pressure gradient, nz and

ni the impurity and ion density, qz and qi the charge of the impurity and main ion,

respectively. vth,i is the thermal velocity of the main ions, ρi is the ion Larmor radius,

K2 is a collisionality-dependent viscosity coefficient as defined in [6] and LTi
denotes

the ion temperature gradient scale length with L−1
Ti

= d (lnTi)/dr. Here, we evaluate

vφ,i using the measured impurity flow profiles and the background profiles as well as the

neoclassically predicted main ion poloidal flow.

The measured vφ,z flips sign from counter- to co-current as ν∗,i increases from the banana

to the plateau regime. This transition occurs at a similar collisionality to that at which

the main ion poloidal flow changes sign in figure 2(b) according to NEOART. Figure

3 shows the minimum in the edge toroidal rotation feature (located typically at the

pedestal top position ρpol ≈ 0.97) of both impurities and main ions plotted versus ν∗,i
at the pedestal top. The impurity toroidal rotation is measured directly, while vφ,i
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is evaluated from the radial force balance equation. Note that in He plasmas vφ,i is

measured directly. At low collisionality vφ,z flips sign while the neoclassically predicted

vφ,i remains co-current. The main ion toroidal rotation shows a rather weak (or no)

dependence on the main ion collisionality. It should be noted that for deuterium plasmas

the viscosity coefficient K2 varies from -0.39 (plateau) to -0.85 (banana).

The data suggests that with decreasing collisionality, friction between main ions and

impurities becomes less efficient since the differential toroidal rotation between main

ions and impurities is predicted to become large and reaches values of up to 30 km/s.

It should be noted that this analysis assumes that vθ,i can be described by neoclassical

theory also in the low collisionality regime. While this has been shown at high

collisionality by comparing the experimental data measured in He plasmas to the

neoclassical prediction, it remains unclear whether this is true in the low collisionality

branch. Recent observations in the plasma core of DIII-D [21] revealed that at very

low collisionality the neoclassically predicted differential toroidal rotation between

deuterium and impurity ions is larger and even of the wrong sign compared to the

measured difference in the toroidal rotation. This discrepancy is explained by an

excess of vθ,i in the ion diamagnetic direction compared to neoclassical values at low

collisionality [21]. Further experiments with direct measurements of the main ion

poloidal and toroidal flows at the plasma edge are required to elucidate the drive

mechanism for the main ion rotation.

4. In-out impurity asymmetries

Although transport is often observed to be dominated by anomalous effects, there

is growing evidence that under certain conditions the ion transport can be at the

neoclassical level. In the pedestal region, where turbulence is strongly reduced, the

impurity particle transport [2] has been observed to be near neoclassical values and there

is also evidence that the ion heat transport is at the neoclassical level [3]. However, the

conventional neoclassical transport can be modified by the existence of poloidal impurity

asymmetries; the transport level can be reduced or even increased and the sign of the

neoclassical impurity convection can also change depending on the asymmetry level

[43, 44].

Recent observations show that poloidal impurity asymmetries are present in the plasma

core [45, 46, 47, 48, 49, 50] as well as at the edge [7, 8, 9, 10]. Including the physics

causing the in-out impurity asymmetry can have an impact on the particle transport

level [49, 43]. The installation of edge CXRS diagnostics at the inboard midplane of

AUG, which are comparable to the setup at Alcator C-Mod [51], allowed Er and the

impurity kinetic profiles to be studied at two different poloidal locations [32, 8, 10]. This

also provides an experimental consistency check of the electrostatic potential Φ being a

flux function, which is discussed below. The comparison of the high-field side (HFS) and

low-field side (LFS) profiles requires the alignment of the CXRS measurements and is

based on the assumption of constant Ti on a flux surface, i.e. the HFS Ti profile is shifted
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Figure 4: (a) Parallel and (b) poloidal velocities at the HFS: measurement in black (solid

lines), profiles computed from LFS flow measurements assuming nz is a flux function in

red (dashed lines) and including the nz asymmetry in blue (dashed-dotted lines).

such that it matches the LFS profile. Using this assumption the four independent

CXRS measurements at the LFS and HFS revealed the existence of an asymmetric flow

pattern along the flux surfaces of the H-mode pedestal [8, 10]. The flow asymmetry

can be explained by an excess of impurity density at the HFS following the postulate of

divergence-free flows on a flux surface, which is based on the general continuity equation

for a species z, ∇ · (nzvz) = 0, [7, 8]. Note that close to the separatrix the validity of

∇ · (nzvz) = 0 may be violated due to the presence of sources or radial transport from

neighbouring flux surfaces.

Figure 4 shows the (a) parallel and (b) poloidal velocity of B5+ measured at the

HFS (solid black lines) of the H-mode deuterium discharge #28093 with a toroidal

magnetic field on-axis of -2.5T, plasma current of 1MA, 5MW of neutral beam injection

heating, 1.5MW of electron cyclotron resonance heating and pedestal top density of

∼6×1019m−3. Estimating the effective charge Zeff from the boron CXRS measurements

and including the presence of additional species such as carbon, helium, oxygen and

tungsten yields Zeff ∼1.6 at the pedestal top. The red dashed lines show the

HFS parallel and poloidal impurity flows computed from the LFS flow measurements

assuming no impurity density asymmetry existed. These profiles are calculated using

the divergence-free flow condition vz = ωz(Ψ)Reφ + kz
nz
Be‖ and assuming that nz is

constant along the flux surfaces. The error bars shown in figure 4 are evaluated by
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means of Gaussian error propagation using the standard deviation of the measured data

in a small radial interval, i.e. ±0.005 in ρpol. The predicted velocities are up to a factor of

∼4 (∼2) too high for the parallel (poloidal) flow, indicating the presence of a poloidally

asymmetric nz. Note that for the poloidal flow the uncertainties are too large and within

the error bars the measured profile may also be described with a constant nz profile. The

LFS impurity density profile is derived from the intensity of the active CX line measured

with the LFS diagnostics [10]. Effects due to the beam halo, which is produced by charge

exchange between beam neutrals and deuterium ions, are included. The HFS nz profile

can be evaluated from the measured charge exchange radiance if the neutral density is

known. We obtain the neutral density using two different methods, detailed in [10].

One method employs the measured Dα signal, and the other method uses modelling of

the gas puff penetration using the code KN1D [52]. Using both evaluation methods the

density is up to a factor of 3 higher at the HFS than at the LFS, demonstrating that

in the edge pedestal nz is asymmetric on a flux surface [10]. The radial nz profiles at

the LFS and HFS for the discharge of figure 4 are shown in figure 5 of ref. [10]. The

asymmetry in nz is in agreement with measurements at Alcator C-Mod [9, 53] which

demonstrated in-out impurity density asymmetries of up to a factor of ≥10. Accounting

for the measured poloidal asymmetry in the B5+ density (see figure 8), the HFS and

LFS measurements are consistent with the condition of divergence-free flows (see blue

lines in figure 4). Note that the absolute shape of the predicted profile does not exactly

match the measured profile. This might be explained by the radial uncertainties, since

small errors in the radial alignment that are below the accuracy (2–3mm) can have an

impact on the absolute shape.

By comparing the Er measurements from the HFS and LFS, we can compute how much

the electrostatic potential Φ would have to vary on a flux surface for the assumed LFS-

HFS relative alignment. At Alcator C-Mod, recent results showed that the electrostatic

potential and impurity temperature are not concurrently constant on flux surfaces [54].

Assuming that Ti is a flux function results in large in-out asymmetries of Φ and the

electron density at C-Mod [54]. Using the assumption of a constant plasma potential,

i.e. aligning the radial locations of the Er well between the HFS and LFS, the C-Mod

measurements imply a poloidal variation of the impurity temperature, with the impurity

temperature being higher at the LFS than at the HFS [54].

At AUG, the radial position of the minimum in the poloidal rotation profile matches

quite well between the HFS and LFS when assuming that Ti is a flux function. Since

in H-mode the poloidal rotation term of the impurity force balance is the dominant

contribution to the evaluation of Er [42, 37], this suggests that the electrostatic potential

is constant on the flux surfaces. Figure 5(a) shows the Ti profile measured at the LFS

in black and at the HFS in red. Note that here we use Ti ≈ Tz, with Tz being the

measured impurity ion temperature, since the equilibration time between main ions and

impurities is short compared to local transport time scales [37]. The Er profiles are

shown in figure 5(b). Note that the radial locations of the Er wells align reasonably

well. The difference in the radial position is ∼1mm, which is below the uncertainty of
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Figure 5: Measurements of HFS (red) and LFS (black) profiles: (a) Ti, (b) Er and (c)

Er/(RBθ) ∝ ∂Φ/∂Ψ.

the relative profile alignment (2–3mm). Figure 5(c) shows the radial HFS and LFS

profiles of Er/(RBθ) which is proportional to ∂Φ
∂r
, Φ being the electrostatic potential.

Within the radial uncertainties the profiles are consistent with the assumption that Φ

is a flux function (see also figure 6).

The electrostatic potential Φ can be derived from the Er measurements using Er = −∇φ

and is obtained by integrating Er along the radial coordinate r. For the calculation

of Φ we assumed that the electrostatic potential is a flux function inside of the edge

transport barrier, i.e. ΦLFS
ped,top = ΦHFS

ped,top = Φ0 is set as a starting condition at the

pedestal top, where Φ0 is chosen arbitrarily. Figure 6 shows the electrostatic potential

at the HFS and LFS. Evaluating the electric potential profiles from the measured Er

profiles indicates that Φ may be lower at the HFS compared to the LFS, however, taking

the experimental uncertainties into account, Φ could also be a flux function, forming a
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consistent equilibrium with the measured flow structure.

The in-out nz asymmetry was measured in a range of H-mode plasmas with different

impurity species (here, B5+ and N7+) and different collisionalities. The in-out

asymmetries in the pedestal are present for both boron and nitrogen, with an impurity

accumulation at the HFS, reaching asymmetry factors, nHFS
z /nLFS

z , of ∼ 2.5–3.5. At

low collisionality, when a shift of the LFS edge vφ,z into the counter-current direction

is observed, also the HFS profile is shifted, eventually changing sign and becoming

counter-current close to the separatrix. A fluid model which will be discussed in section

4.1 predicts a collisionality dependence of the impurity density asymmetry factor. This

can also be seen in the experimental data (see figure 7), however, the error bars on the

measurement are too large to be able to say anything definitive and a statistical number

of measurements is not available at this time. In figure 7 the maximum in-out impurity

asymmetry is plotted as a function of the main ion collisionality at the flux surface,
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Figure 7: Maximum impurity density asymmetry factor, defined as the ratio between

the measured impurity density at the HFS and the LFS, plotted as a function of the

main ion collisionality at the location of the maximum asymmetry: data measured on

B5+ is shown in black, while N7+ measurements are shown in magenta.
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where the impurity asymmetry factor has its maximum.

4.1. Consistency with parallel momentum balance

As we observe poloidally asymmetric impurity densities, we present the predictions

of a fluid model which describes this in-out impurity variation in combination with

the results of numerical simulations with a drift-kinetic code. The details of the fluid

model are given in the following subsection while the comparison between modelling

and experiment is presented in section 4.1.2.

4.1.1. In-out impurity variation on a flux surface from a fluid model Collisional

processes determine the equilibration of flows and particle densities on a flux surface.

Using ‘classical’ parallel momentum balance, the shape of the density and the flow

profile on a flux surface can be reconstructed. ‘Classical’ means that at lowest order the

orbit width effects are neglected (which can be justified in high–collisionality regimes).

Previous work assumed dominant friction between impurities and main ions [55] as

well as rigid toroidal rotation of the bulk plasma [56, 57]. The inertial term in the

parallel momentum balance of impurities has also been considered as a possible player

[58, 44]. In particular, the inertial term related to the poloidal impurity flow plays

an important role if the poloidal Mach number, defined as Mpol = (vθB)/(vthBθ),

approaches unity. For the main ions, this could lead to the appearance of static shock

fronts since the magnetic field acts effectively like a nozzle [59]. For a trace impurity,

this is prohibited by the linearity of the system, i.e. a shock can only be a transient

phenomenon. Nevertheless, the poloidal centrifugal force becomes substantial and of

the same order as the ‘toroidal’ centrifugal force related to the E×B flow (thus keeping

the total parallel/toroidal centrifugal forces small). As such, inclusion of the poloidal

centrifugal force as well as the centrifugal force related to the rigid toroidal rotation is

important as they actually almost balance each other [60].

In the following we introduce the main equations and assumptions of the fluid model

that has been used to study the measured in-out impurity variations. Using the particle

continuity equation at stationarity, ∇ · (nzvz) = 0, the poloidal dependence of the

poloidal flow component can be derived:

vθ,z = kz(Ψ)
Bθ

nz

(3)

where kz(Ψ) is a flux function. Here, it is assumed that the divergence of the radial flow

is negligible. Using the general velocity expressions v = v‖b+ v⊥ and v = vφeφ + vθeθ,

the parallel component of the flow can be written as:

vz · e‖ = v‖,z = ωzR
Bφ

B
+ kz(Ψ)

B

nz

(4)

where ωz is the rigid rotation frequency. From these basic considerations the flux

function kz can be determined via kz(Ψ) =
〈Bv‖,z〉
〈B2/nz〉 − ωzR

Bφ

〈B2/nz〉 , where 〈.〉 denotes

the flux-surface average. A pure toroidal flow can be sustained on a flux surface by
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choosing
〈

Bv‖,z
〉

= ωzRBφ, while a poloidal flow is always accompanied by a toroidal

flow which exhibits in-out asymmetries (Pfirsch–Schlüter flow) [4].

The parallel force balance equation for a species z considered here includes friction, the

thermal force, the differential toroidal rotation term, the centrifugal force, the pressure

force, the stress tensor (anisotropy) and the electric force (from left to right):

−νziB ·

(

(

vz,‖ − vi,‖
)

+∆Q‖ ·
B

B
+ δv‖

B

〈B2〉

)

=

B · ∇

(

v2θ,zB
2

2B2
θ

−
R2ω2

z

2

)

+B ·
∇P‖
nz

+
(

T⊥ − T‖
)

B · ∇log(B) + ZzB · ∇Φ̃ (5)

The friction force, with νzi being the collisional frequency between impurity and main

ion species, leads to inboard accumulation [44, 55], the thermal force causes an up-

down asymmetry and thus, acts to reduce the in-out asymmetry. The thermal force

is expressed here as: ∆Q‖ = C
1

eB

Bφ

Bθ

(

B2

〈B2〉
− 1

)

dTi

dr
[55] with a constant C, which

is used to scan the thermal force contribution (see below). Note that the expression

for the thermal force [55] is derived for the high collisionality regime and is applied

outside its domain of validity, but serves to estimate its contribution to the in-out

impurity asymmetry. δv‖ is the differential toroidal rotation and is set to 0 in the

presented simulations. The centrifugal force can lead to both an inboard or an outboard

accumulation. The toroidal centrifugal force associated with the rigid toroidal rotation

(∝ R2ω2
z

2
) tends to accumulate the impurities at the LFS, while the poloidal centrifugal

force (∝
v2θ,zB

2

2B2

θ
) leads to an inboard impurity localization. The pressure force (∝

∇P‖

nz
,

where P‖ = nzT‖ is the pressure in the parallel direction) causes a re-equilibration

and works against an asymmetric situation. The anisotropic term (∝ (T⊥ − T‖))

causes poloidal damping while the electric force leads to an inboard or an outboard

accumulation depending on the sign of ∇Φ̃. Note that T⊥ and T‖ are solved using

higher order moments of the drift kinetic equation (see e.g. [56]).

The solved equations are obtained from moments of the steady–state drift–kinetic

equation for the impurity equilibrium distribution function f (in v‖, µ velocity

coordinates):

∇ ·
[(

v‖b+ vE

)

Bf
]

+
∂

∂v‖

(

v̇||Bf
)

= BC (6)

where vE = E × B/B2, E = −∇Φ0, and C is the impurity–ion collision operator. All

terms inversely proportional to the charge Z have been neglected (i.e. the curvature and

centrifugal drifts). The parallel acceleration is given by: v̇|| = −µb·∇B−Ze/Mb·∇Φ̃+

v‖
vE · ∇B

B
+ vE · [(vE · ∇)b], where it is important to retain both terms involving vE.

The distribution function f is assumed to be a shifted bi–Maxwellian with higher–order

corrections:

f =
n

(2π)3/2
√

T||T 2
⊥
e−0.5(v‖−U||)

2/T||−µB/T⊥
(

1 +
(

v‖ − U||
)

CqK

)
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CqK =

[

(

v‖ − U||
)2

2T||
−

3

2

]

q||
nT 2

||
+ (µB/T⊥ − 1)

K||
nT||T⊥

(7)

where n, U||, T||, T⊥, q||, K|| are the fluid moments unknowns to be solved for. This

formulation is suited when U|| ∼ vth but q||, K|| ≪ nvth. Note that the mass M has

been fixed to unity in appropriate units. Plugging (7) into (6) and taking the moments

integrals of equation (7), one gets, after some algebra and the use of the relevant identity

vE · [(vE · ∇)b] = b · ∇

[

R2Ω2

2

B2
θ

B2

]

, the system of equations:

B · ∇

(

n
û

B

)

= 0

∇||T|| + T||∇||(log n+ ZΦ̃) + (T⊥ − T||)gB +∇||

(

û2

2
−

R2Ω2

2

)

=

= −σ(U|| − Ui +∆Q||)

B

n
B · ∇

(

K||
B2

)

+ ûB · ∇

(

T⊥
B

)

= −σ(T⊥ − 1)

B

n
· ∇

(

3q||
B

)

+ û∇||T|| + 2T||∇||û+ 2
K||
n

gB =

= −σ(T|| − 1) + σ(U|| − Ui)
2

BB · ∇

(

K||û

B2

)

+K||∇||û+ nT||B · ∇

(

T⊥
B

)

+ nT 2
⊥gB =

= −σn(U|| − Ui)(1− T⊥)− σK||

B · ∇

(

q||û

B

)

+ nT||∇||T|| + 3q||∇||û =

= −σq|| + σn(U|| − Ui)(T|| − 1)−
σn

3
(U|| − Ui)

3 (8)

where Ω = ωz = −dΦ/dΨ, U|| = vz · e‖, û = vθ,zB/Bθ, and the terms proportional

to σ come from the collision operator, assuming a simple Krook–type operator, with σ

the impurity–ion collisional frequency. As in equation (5), here the heat flow friction

term ∆Q|| is added as an ad–hoc term. Also gB = ∇|| logB. Note that the second

equation of the system (8) is one and the same equation (5). The poloidally varying

potential perturbation Φ̃ is assumed to be small compared to the dominant background

equilibrium potential Φ0 and is set to 0 in the simulations discussed below. A–posteriori

this is justified by checking that the parallel pressure gradient is larger than the parallel

electric force due to either the centrifugal potential or the Pfirsch–Schlüter potential.

This is also consistent with the finding that the electric potential is a flux function inside

the error bars of the electric field determination at the LFS and HFS.

The parallel momentum balance, together with the higher order moments, is solved

numerically for nz and the flows are then connected to the particle density via the

divergence-free flow condition. For the evaluation of vi,‖ via equation (5) the following

approach has been employed:

(i) The measured LFS impurity toroidal and poloidal rotation profiles are used to
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derive Ω that goes into equation (8), as Ω =
1

RLFS

(

vLFS
φ,z − vLFS

θ,z

BLFS
φ

BLFS
θ

)

.

(ii) Given the LFS measured impurity density and the simulated profile, the main ion

poloidal rotation is computed as:
nivθ,i
Bθ

=

(

nLFS
z vLFS

θ,z

BLFS
θ

〈

B2

nz

〉

+RBφ(Ω− ωi)

)

/
〈

B2
〉

.

(iii) The unkown ωi is adjusted to get a good match of the HFS impurity toroidal

rotation profile in the pedestal region. A–posteriori, it is checked that ωi falls

inside its experimental error bars determined from radial force balance applied to

the main ions, where the poloidal velocity is taken from NEOART. Similarly, the

poloidal velocity computed from the previous item is also compared to NEOART.

In the following the analytical approach of this fluid model is applied to the

experimental data.

4.1.2. Comparison between experiment and theory The fluid model can reproduce the

measured impurity flows and the asymmetry factor when a finite poloidal flow of the

main ions is included in the model [10]. In figure 8 the asymmetry factor predicted

by the fluid model is compared to the measurement. The black curve is evaluated

from the measurement of the B5+ and Dα spectral line while for the blue curve KN1D

has been used to simulate the penetration of the gas cloud. The red and green curve

(labelled as case 1 and case 2) correspond to two simulations, in which the thermal force

contribution has been scanned (see below). As can be seen in figure 8(a) the level of

in-out asymmetry can be reproduced by the fluid model. Figure 8(b) shows the poloidal

dependence of the boron density profile along the flux surfaces.

We have studied a possible collisionality dependence of the impurity asymmetry factor

using the fluid model. Here the experimental data for the B5+ discharge (#28093)

was used and the nominal collision frequency was scanned. Figure 9 shows the in-out

impurity asymmetry factor as a function of the ion collisionality. For the first version of

the fluid model [10], where the viscous stress tensor was neglected, the simulations show

a rather weak collisionality dependence of the impurity asymmetry factor (see black

triangles in figure 9). Including the viscosity term (∝ (T⊥ − T‖) in equation (5)) results

in similar asymmetry factors at higher collisionality, while in low collisional plasmas

the viscous stress tensor becomes important and reduces the in-out asymmetry (see red

squares in figure 9). This indicates that the impurity density asymmetry scales with the

ion collisionality, with smaller asymmetry factors at low collisionality.

Analysis of the different contributions to the parallel momentum balance reveals the

nature of the impurity dynamics. The simulations show that the impurity asymmetry

develops due to the interplay of all forces. Figure 10 shows a comparison of the forces

resulting from the fluid treatment (dashed lines) and from the kinetic code HAGIS

(solid lines). In HAGIS the evolution of the deviation δf is obtained from the full

variation of the Maxwellian f0 and the collisions with the main ions. The collision

operator is linear in δf , f0 does not contribute, since the mean velocity is the main ion
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model in red and green, (b) poloidal B5+ density distribution predicted by the fluid

model.

velocity. Therefore |δf/f0| ≪ 1 is not required. The simulations with HAGIS were

performed for a trace impurity in two steps. First, a calculation for the deuterium ions

neglecting the impurities, then for the impurities with collisions with deuterium. The
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experiment. Including the viscous stress tensor (red squares) shows a stronger

collisionality dependence. The blue dashed line marks the experimental ion collisionality.
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centrifugal force (tor. CF) and the pressure force (PF) in blue, and the poloidal

centrifugal force (pol. CF) in red.

simulations determine δf from f0 which is chosen to have the same average velocity and

temperature as the deuterium ions. The range ρpol from 0.8 to 0.999 is covered and the

marker particles are reflected at the boundaries. In the simulations the ratio between

inboard and outboard density is for most flux surfaces lower than two, the deviation

from the average is up to about 50%. In figure 10 the friction force is shown in black,

the poloidal centrifugal force in red and the sum of the toroidal centrifugal force and the

pressure drive in blue. The relative behaviour of the different terms along the poloidal

arc shows good agreement between the fluid and kinetic approach.

Using the fluid model the contributions of the individual terms in the parallel momentum

balance can be studied. Figure 11 shows the different terms for two radial positions, (a)

ρpol = 0.98 and (b) ρpol = 0.992. At both locations the friction force (black squares) is

to a large extent balanced by the ∇n part of the pressure drive (magenta stars), while

the other forces give smaller contributions. Further inwards (ρpol = 0.98) the poloidal

centrifugal force (red circles) is small and plays only a minor role, while towards the

separatrix (ρpol = 0.992), where vθ,z approaches its maximum, the fraction increases

(see figure 11(b)). This shows the importance of the poloidal centrifugal term for the

impurities, which is usually neglected.

Recent B2SOLPS5.2 simulations including all drift and current terms [60] reproduced

the B5+ impurity asymmetry qualitatively. An in-out impurity asymmetry of ∼2 was

obtained in the simulations which further corroborate that in the presence of strong

temperature and density gradients neoclassical effects lead to such asymmetries [61].

For the flux surface located 1 cm inside the separatrix (roughly at ρpol = 0.98) the

simulations show that friction and the thermal force are dominant [60].

To study the impact of the thermal force we have increased its contribution in the

parallel momentum balance using the fluid model. Compared to the simulations shown

in figure 11 (fluid model, case 1) we have multiplied the constant C in the thermal force
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Figure 11: Relative contributions of the different terms in the parallel force balance at
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in black (squares), the poloidal centrifugal force (pol. CF) in red (circles), the toroidal
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viscous stress tensor (VST) contribution in green (crosses) and the thermal force (THF)

in yellow (diagonal crosses).

contribution by a factor of 3. This may be justified since (i) ∇Ti, which enters in the

thermal force, has experimental uncertainties and (ii) C depends on the collisionality

regime. Figure 12 shows the resulting relative contributions of the different terms in

the parallel momentum balance at the same radial positions, (a) ρpol = 0.98 and (b)

ρpol = 0.992. The friction force is now mainly balanced by the thermal force, while the

pressure drive (∇n and ∇T contribution in magenta and light blue) is now significantly

smaller compared to case 1. Note, however, that in the edge pedestal the centrifugal

force still plays an important role for driving the asymmetries, with a larger contribution

close to the separatrix at ρpol = 0.992. Increasing the thermal force also has an impact

on the flow structure and the impurity density distribution along the flux surfaces.

Since the thermal force causes an up-down asymmetry and tends to decrease an in-out

impurity asymmetry, the asymmetry factor shown in figure 8 (green curve, labelled as

‘fluid model, case 2’) is also reduced.

In summary, the comparative analysis between modelling and experiments presented

here show that in the edge transport barrier the impurity density distribution is not a
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Figure 12: Simulation for an increased thermal force contribution (multiplied by a factor

of 3 compared to case 1 shown in figure 11). The labelling of the different terms in the

parallel force balance is the same as in figure 11.

flux function and accumulates at the HFS. The simulations show that the asymmetries

in the impurity density and flow profiles are caused by the interaction between all forces

in the parallel momentum balance. Modelling using the fluid model and the kinetic

code shows a consistent picture. In the plasma edge, friction between main ions and

impurities is dominant. The inertial term emerging from the poloidal impurity flow can

become important, especially in the region where the poloidal Mach number approaches

unity, i.e. close to the separatrix. The fact that the impurity density has a poloidal

dependence has an impact on the total flow on a flux surface and is responsible for the

features of both the toroidal (parallel) and poloidal flows, as observed in experiment.

4.2. Neoclassical impurity transport with and without poloidal asymmetries

Due to a re-equilibration of the impurities on the flux surfaces, the neoclassical particle

flux has a non-linear dependence on the gradients in density and temperature [55]. The

in-out impurity density asymmetry affects the flow structure on the flux surfaces and has

an impact on the Pfirsch-Schlüter transport [43]. The neoclassical fluxes are changed

and the v and D transport coefficients, with v being the convective velocity and D

the diffusion coefficient, are affected. The in-out impurity asymmetry tends to reduce

v and D to smaller values. Figure 13 shows the impurity transport coefficients and

the impurity flux normalized to the particle density, Γ/nz, for boron determined with
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and HAGIS: (a) convective velocity v, (b) diffusion coefficient D, (c) drift parameter

v/D and (d) impurity flux normalized to the density, Γ/nz.

NEOART, which implies poloidally symmetric density profiles, in black. The magenta

curves represent the transport coefficients and the impurity flux evaluated with HAGIS,

which includes the impurity asymmetry. Here, the values for D and v are obtained from

a pair of HAGIS simulations, one of which has constant density initially in order to

get a different density gradient. The fluxes are then equated to −D∇n + nv for both

calculations. Note that there are no particle sources in the HAGIS simulations. As

shown in figure 13, the v, D and Γ/nz profiles are reduced in the edge pedestal, while

the drift parameter v/D, which determines the gradient of the particle density, is very

similar to the poloidally symmetric case calculated with NEOART.

Comparing the experimentally determined v/D to the neoclassical prediction using

NEOART shows quantitative agreement within the measurement uncertainties [10].

This demonstrates that the poloidal rearrangement of the impurities does not lead to

a significant deviation of the impurity peaking from the conventional neoclassical level,

consistent with previous studies [2].

5. Summary and Conclusions

An edge rotation database was developed at ASDEX Upgrade to study the flow

behaviour in H-mode plasmas with different collisionalities and different main ion species

(D, H and He). In the presented discharges the main ion collisionality at the pedestal

top varied between 0.18 and 11.5. Comparison of the measured poloidal flows to

neoclassical theory shows good agreement in all cases. Below a certain collisionality

threshold, neoclassical theory predicts that vθ,i flips sign from the electron to the ion

diamagnetic direction. Simultaneously, the measured edge impurity toroidal rotation

is shifted to the counter-current direction. Using radial force balance, vφ,i is derived

from the impurity measurements, the measured electron density profile and from the

neoclassically predicted vθ,i. The main ion toroidal flow shows a weak dependence on

collisionality and remains co-current, since the differential toroidal rotation between
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main ions and impurities scales with collisionality and reaches values of up to 30 km/s

at low collisionality (ν∗,i ≈ 0.2). The reason is that at low collisionality friction between

main ions and impurities becomes less efficient. The main mechanism determining vφ,i
at the plasma edge remains an open issue and is subject to future work.

Analysis of the impurity flow structure on the flux surfaces shows that the poloidal

asymmetry in the edge flow pattern is consistent with the continuity equation when

taking into account the poloidally asymmetric impurity density distribution. Direct

measurements of the impurity density at the HFS and LFS reveal the existence of an

in-out impurity asymmetry, with an impurity localization at the HFS of up to a factor of

∼3. Despite the presence of a poloidal impurity density asymmetry, the ion temperature

and the electrostatic potential are found to be simultaneous flux functions within the

measurement uncertainties. The measured flows have been compared to theoretical

predictions based on the parallel momentum balance. The in-out asymmetry is caused

by an interplay of all terms in the parallel force balance with friction between main ions

and impurities and the poloidal centrifugal force playing an important role close to the

plasma boundary. The key features of the experimental data including the shape of

the rotation profiles and the poloidal rearrangement of the impurities are reproduced

quantitatively by the model.

Including the impurity asymmetries has an impact on the neoclassical fluxes and on

the transport coefficients. The convective velocity v and the diffusion coefficient D

evaluated with NEOART, which does not take into account the asymmetries, have been

compared to those calculated with HAGIS, which includes the asymmetric impurity

distribution. The simulations show that D and v separately decrease when including

the asymmetry, however, the drift parameter v/D is at the same level as the v/D profile

calculated assuming poloidal symmetry. This demonstrates that despite the presence

of a poloidally asymmetric impurity density in the edge pedestal, the peaking of the

impurity profile can still be computed with conventional neoclassical models, which

assume poloidally symmetric impurity distributions.
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