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Abstract
Impurity profiles have been measured with the edge high field side (HFS) and low field side
(LFS) charge exchange recombination spectroscopy suite at ASDEX Upgrade enabling the
study of the poloidal structure of the edge parallel flow in H-mode, L-mode and I-mode. In
H-mode, asymmetries in the impurity density, toroidal and poloidal rotations are found. In
I-mode, only toroidal rotation asymmetries have been measured while in L-mode no
asymmetries have been observed. The measured parallel flow can be divided in two
components, the Pfirsch–Schlüter (PS) flow and the symmetric flow. Two different methods
have been followed to determine both contributions to the parallel flow. The first method is
based on the calculation of the PS flow at the HFS and LFS from the radial electric field. The
second method directly provides the symmetric flow from the flux surface average (FSA) of the
parallel flow. In H-mode, the methods provide different results, while in L-mode and I-mode
they agree. The differences observed in H-mode between the two methods could be explained
by the existence of asymmetries in the impurity density, by the non-negligible particle sources
and radial losses, or by the approximations made in the calculation of the FSA of the parallel
flow from measurements in two poloidal positions (midplane HFS and LFS) only.
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1. Introduction

Plasma rotation will play a major role in future fusion devices
as it is one of the key elements for the suppression of differ-
ent plasma instabilities [1–7]. The nature of the edge flow, and
how it couples to the plasma core, is important for accurately
modelling the rotation profile in present and future devices
from first principles. Furthermore, plasma rotation is one of
the ingredients of particle transport, which governs the con-
finement of the plasma. In particular, understanding the impur-
ity transport is mandatory to prevent fuel dilution and disrup-
tions in future fusion devices. Impurities are also important for
diagnosing the plasma, as, compared to main ions, these spe-
cies can be measured more easily [8]. The most common tech-
nique to obtain the impurity rotation, temperature and dens-
ity is Charge eXchange Recombination Spectroscopy (CXRS)
[9]. It is based on the charge transfer between injected neutral
atoms (D) and ionized impurities (AZ+) that are present in the
plasma:

AZ
+

+D→ A(Z−1)+∗
+D+ → A(Z−1)+ +D+ + hν.

After the charge transfer, the impurities emit light, which is
analysed with a spectrometer. The Doppler width and shift are
related to the temperature and rotation, respectively, while the
intensity of the signal is proportional to the impurity density.
The CXRS technique provides measurements at specific pos-
itions in the plasma, normally at the Low Field Side (LFS).
However, previous studies have shown that the impurity prop-
erties vary poloidally [10–17]. Hence, to fully understand the
poloidal impurity distribution, measurements at different pol-
oidal positions are desirable. At ASDEX Upgrade (AUG), a
gas puff based CXRS diagnostic measures at the High Field
Side (HFS)midplane edge [18]which, combinedwith the edge
LFS suite of CXRS diagnostics [19, 20], enable edge impurity
asymmetry studies between LFS and HFS.

This work is focussed on the study of the poloidal struc-
ture of the edge parallel flow in different confinement regimes.
In neoclassical theory, the parallel flow can be divided in two
contributions: the Pfirsch–Schlüter (PS) flow and the symmet-
ric flow. The PS flow is a parallel flow that compensates the
charge separation produced by the perpendicular flow while
the symmetric flow is a consequence of the particle continuity
equation, as will be shown later in section 2. Two methods are
used to calculate both contributions: one is based on the radial
electric field and the other on the flux surface average (FSA) of
the total parallel flow. The methodology followed to determ-
ine the two contributions to the parallel flow is described in
section 2. To experimentally address this, edge HFS and LFS
CXRS measurements are presented in H-mode [21], L-mode
and I-mode [22, 23]. These measurements are described in
section 3 and they allow us to obtain the two contributions
to the parallel flow. In section 4, it is shown how the use of
two different methods to experimentally obtain the two con-
tributions of the parallel flow allow us to explore the limits of
neoclassical theory. A summary and an outlook are given in
section 5.

2. Determination of the parallel velocity
components

The neoclassical expressions for the parallel and perpendicular
velocities applied in this work follow the reasoning described
in [11], which is based on [10]. The important equations
needed to properly discuss the results shown in section 4 are
derived again here. The conservation of the particle flux is
described by the particle continuity equation:

∂nα
∂t

+∇· (nαvα) = S (1)

where nα and vα are the density and the total velocity of the
species α, respectively, and S accounts for particle sources and
sinks. The studies carried out here are not transient and no
sources are considered. This reduces equation (1) to:

∇· (nαvα) = 0. (2)

In neoclassical theory it is assumed that the impurity density is
a flux function, which means that the 3D flow has to be diver-
gence free. In the following, the divergence of the radial flow
is considered to be negligible and the structure of the flow on
a flux surface is studied. The 2D divergence free flow can be
expressed as:

vα = ωα (ψ)Reϕ +Kα (ψ)Be∥ (3)

whereR is themajor radius,ψ is the poloidal magnetic flux and
ωα(ψ) and Kα(ψ) are considered to be flux functions, which
means that they take the same value for every point contained
in a given flux surface. ωα(ψ) is identified as the angular fre-
quency of a toroidal rigid body rotator and is given by:

ωα (ψ) =−∂Φ(ψ)

∂ψ
− 1
qαnα (ψ)

∂pα (ψ)
∂ψ

(4)

with Φ(ψ) being the electrostatic potential and qα and pα(ψ)
the charge and the pressure of the species α, respectively.
Note that nα(ψ), Φ(ψ) and pα(ψ) are considered to be flux
functions. The flux function Kα(ψ) accounts for a degree of
freedom given by the fact that any term proportional to the
magnetic field B is also divergence free as ∇·B= 0. From
equation (3), expressions for the perpendicular (⊥) and paral-
lel (∥) velocities can be derived:

v⊥,α = ωα (ψ)
RBθ
B

e⊥ (5)

v∥,α = ωα (ψ)
RBϕ
B

e∥ +Kα (ψ)Be∥ (6)

where eϕ =
Bϕ

B e∥ +
Bθ

B e⊥ has been used. Knowing that e⊥ =

−Bϕ

B eθ + Bθ

B eϕ and eθ =−Bϕ

B e⊥ + Bθ

B e∥ with ϕ representing
the toroidal direction and θ the poloidal direction, equation (5)
becomes:

v⊥,α = ωα (ψ)

(
−RBϕ

B
e∥ +Reϕ

)
. (7)
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The first terms of equations (6) and (7) only differ in the sign
and are not divergence free as ∇· ( 1Be∥) ̸= 0. However, when
summing both equations to obtain the total velocity vα, these
terms cancel each other. The remaining terms are divergence
free as∇· (Be∥) = 0 and∇· (Reϕ) = 0. Considering now the

particular case of Kα(ψ) =−ωα(ψ) RBϕ

⟨B2⟩ +
uα
⟨B2⟩ , equation (6)

can be rewritten in the following way:

v∥,α = ωα (ψ)RBϕ

(
1
B
− B

⟨B2⟩

)
e∥ + uα

B
⟨B2⟩

e∥ (8)

where ⟨. . .⟩ defines the FSA and uα is defined as uα = ⟨v∥B⟩,
which is of interest for future calculations (see section 2.2).
The second term of equation (8) is the symmetric flow while
the first term is the PS flow:

vPS,αe∥ = ωα (ψ)RBϕ

(
1
B
− B

⟨B2⟩

)
e∥. (9)

The structure of the PS flow is different between HFS and LFS
due to the change of sign at the radial position that satisfies
B2 = ⟨B2⟩.

The objective of this work is to experimentally determine
the two components of equation (8) following two different
methods. These two methods are described in detail in [24,
25] and are applied here to tokamak plasmas. The agreement
or disagreement between the methods will be analysed for the
H-mode, L-mode and I-mode plasmas described in section 3
and conclusions will be extracted.

2.1. Method based on the radial electric field Er

The radial electric field Er can be calculated using the radial
force balance equation:

Er =
1

nα (ψ)qα

∂pα (ψ)
∂r

− vθ,αBϕ + vϕ,αBθ (10)

where r is the minor radius. The PS flows at the LFS and at
the HFS are derived from ωα(ψ) = (Er− 1

qαnα(ψ)
∂pα(ψ)
∂r ) 1

RBθ

using:

vLPS = (ωα (ψ)RBϕ )
L
(
1
B
− B

⟨B2⟩

)L

(11)

vHPS = (ωα (ψ)RBϕ )
L
(
1
B
− B

⟨B2⟩

)H

(12)

where the superscripts L and H stand for LFS and HFS,
respectively. Note that this method assumes that ω(ψ) is a flux
function and, then, the differences between vLPS and vHPS come

only from the factor
(

1
B −

B
⟨B2⟩

)
, asRBϕ is a constant. Once the

PS flows are calculated, uα is obtained following equation (8):

uα =

[(
v∥ − vPS

) 1
B

]L
⟨B2⟩. (13)

2.2. Method based on the FSA of the parallel flow

This method takes advantage of the fact that:

uα = ⟨v∥B⟩ (14)

which means that uα can be directly obtained from the FSA
of the parallel flow and the magnetic field. This FSA can be
calculated from the LFS and HFS measurements. Note that
the FSA can be understood as an average over the poloidal
direction. In this case, it is considered that the full poloidal
plane can be described by the HFS and LFS midplane profiles.
This is an approximation as the parallel rotation could vary
dramatically between HFS and LFS. Taking this into account,
the PS flows at the LFS and HFS can be calculated following
equations (8) and (9) as:

vLPS = vL∥ − uα
BL

⟨B2⟩
(15)

vHPS = vH∥ − uα
BH

⟨B2⟩
. (16)

In summary, the first method uses the experimental meas-
urements to calculate the PS flows at the HFS and LFS and
applies equation (8) to determine uα, while the second method
takes advantage of having measurements at two poloidal pos-
itions to compute uα from a FSA (equation (14)) and the
PS flows are determined using equation (8). The difference
between the methods is which term from equation (8) is
determined from experimental measurements and which one
is determined imposing equation (8), considering that the total
parallel flow v∥,α is known at the LFS and HFS. If the assump-
tions made are correct the methods should agree.

3. Edge impurity asymmetries in H-mode, L-mode
and I-mode

In this section, the measured LFS and HFS edge impurity pro-
files are discussed. Figure 1 shows the impurity temperature
(upper row), toroidal rotation (middle row) and poloidal rota-
tion (lower row) obtained in H-mode (left column), L-mode
(middle column) and I-mode (right column) plasmas. Both
plasma discharges, #37529 (H-mode) and #38905 (L-mode
and I-mode) were operated with a toroidal magnetic field of
−2.5 T and a plasma current of 1.0 MA. Note that the H-mode
discharge was performed in lower single null with favourable
∇B drift while the discharge with L-mode and I-mode phases
was executed in upper single null with unfavourable∇B drift.
LFS and HFS measurements are taken at different radial posi-
tions but they are mapped to the normalized poloidal magnetic
flux coordinate ρpol.

The H-mode profiles (left column of figure 1) correspond
to the profiles discussed in [17]. They are shown here with the
purpose of studying the poloidal structure of the parallel flow
and to compare to the L-mode and I-mode cases. In H-mode,
asymmetries in both the poloidal (vθ,α) and the toroidal (vϕ,α)
impurity rotations are observed while the impurity temperat-
ure (Tα) is poloidally symmetric [10, 11, 14, 17]. The toroidal
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H-mode #37529 [2.0,4.5]s

]Vek[
T α

]s/
m k[

v
α,θ

]s /
mk [

v φ
α,

#38905 [3.5,6.0]sI-mode
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mk[

v
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α,
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T α

#38905 [2.0,2.9]sL-mode
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mk[

v
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]Vek[
T αLFS toroidal (NBI)

LFS poloidal (NBI)
LFS poloidal (GP)
HFS toroidal (GP)
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LFS toroidal (NBI)
HFS toroidal (GP)

LFS poloidal (NBI)
LFS poloidal (GP)
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Figure 1. Impurity temperature (upper row), toroidal rotation (middle row) and poloidal rotation (lower row) of H-mode (left column),
L-mode (middle column) and I-mode (right column) plasmas. (left) Adapted from [17]. © IOP Publishing Ltd. All rights reserved.

rotation shows a different shape at the HFS compared to the
LFS. While it shows a minimum close to the separatrix at the
LFS, a maximum is observed at the HFS. At both poloidal loc-
ations, the toroidal rotation is co-current. The poloidal impur-
ity rotation is close to zero towards the plasma core at both the
LFS and HFS, but towards the separatrix, it increases in mag-
nitude at both locations. However, it is larger in magnitude
at the LFS compared to the HFS. Even if the magnitudes are
different between HFS and LFS, both go in the electron dia-
magnetic direction (poloidally upwards at the LFS and down-
wards at the HFS). Note that, due to the different magnetic
field strengths between HFS and LFS, different poloidal velo-
cities between these regions are expected. However, the differ-
ences between the HFS and LFS poloidal velocities are larger
than the expected changes due to the different HFS and LFS
magnetic fields. This implies that impurity density asymmet-
ries exist. The asymmetry factor, which is defined as the ratio
between HFS and LFS impurity densities, can be estimated
from [10, 11, 17]:

nHα
nLα

≈
vLθ,αB

H
θ

vHθ,αB
L
θ

. (17)

This particular plasma was analysed in detail in [17] it was
found that the edge HFS impurity density was up to three times
larger compared to the edge LFS impurity density. The asym-
metry factors obtained from the ratio between the impurity
densities and using equation (17) matched well.

In L-mode and I-mode (see middle and right column of
figure 1, respectively) good agreement is observed in the
impurity temperature measured with the different diagnostics.
Note the different temperature scales between both regimes.
As the injected power is increased during the I-mode, the
temperature is higher in this phase. Different behaviours are
observed in the toroidal impurity rotation between the two
regimes. The L-mode regime is the only regime where no clear
poloidal asymmetry is found in the toroidal impurity rota-
tion. In I-mode, toroidal impurity velocity asymmetries, sim-
ilar to the ones found in H-mode (see left column of figure 1),
are measured with the difference that, in I-mode, no clear
minimum is observed in the LFS toroidal velocity. The pol-
oidal impurity velocity behaves similarly in L-mode and I-
mode. It is close to zero at both the LFS and HFS with a
slight increase towards the separatrix. Taking into account
equation (17) and considering that the poloidal rotations are
similar at the HFS and LFS, no poloidal impurity density
asymmetries are expected in L-mode and I-mode. Note that the
ratio of poloidal magnetic fields betweenHFS and LFS is close
to one (BHθ /B

L
θ ≈ 1.2–1.3) in this discharge. Unfortunately, no

impurity density measurements are available at the HFS in this
specific discharge. However, as commented for the H-mode
case, equation (17) should describe accurately the asymmetry
factor. The absence of impurity density asymmetries in L-
mode and I-mode is in agreement with observations at Alcator
C-Mod [26]. In summary, no asymmetries in the impurity tem-
perature, toroidal rotation, poloidal rotation and density are
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Figure 2. PS flow at the LFS (upper row), at the HFS (middle row) and uα constant (lower row) in H-mode (left column), L-mode (middle
column) and I-mode (right column) obtained with the described methods.

found in L-mode. In I-mode, only toroidal impurity rotation
asymmetries are found.

4. The parallel flow structure in H-mode, L-mode
and I-mode

Figure 2 shows the PS flow at the LFS (upper row), at the
HFS (middle row) and the FSA uα (lower row) in H-mode (left
column), L-mode (middle column) and I-mode (right column)
obtained with the two methods described in section 2.

In H-mode, the methods provide different results, espe-
cially in the region where the impurity density asym-
metry exists (0.985< ρpol < 1.000 in this particular discharge
according to [17]). Note that the equations derived in section 2
assume that the impurity density is a flux function, which is not
the case here. Note also that the second method calculates the
FSA uα = ⟨v∥B⟩ from only two poloidal positions (LFS and
HFS). This implies that the poloidal dependence of the par-
allel rotation in regions which are not the HFS midplane and
LFS midplane are neglected. In order to calculate this FSA in
a more accurate way, measurements of the impurity flows in
more poloidal positions would be required.

The L-mode (middle column) and I-mode (right column)
calculations show good agreement between the methods, con-
trary to the H-mode case. Please note the different radial
ranges analysed in L-mode and I-mode due to the reduced
radial range with experimental data in the I-mode case (see

figure 1). As a consequence of the different vertical axes of
figure 2, the error bars of the L-mode and I-mode cases seem
to be bigger than the ones of the H-mode case, but they are
similar or even smaller depending on the radial position. The
major differences between the two methods are found in the
outer part of the LFS L-mode calculations. However, even
if in this specific region the methods do not match within
the uncertainties, both curves are close and follow the same
trend.

The agreement between themethods in L-mode and I-mode
supports the idea that the impurity density asymmetries might
be playing a role in the differences found in H-mode. In L-
mode and I-mode, no impurity density asymmetries are found
and the methods provide the same results. Note, however, that
the second method does not provide a change of sign between
the PS flow at the HFS and at the LFS in the I-mode case. This
might be related to the fact that the FSA uα = ⟨v∥B⟩ is calcu-
lated considering only two poloidal positions (HFS and LFS
midplanes). Note also the larger contribution of the PS flow in
the H-mode case compared to the L-mode and I-mode cases.
This is related to the fact that the edge transport barrier (ETB)
developed in H-mode is reflected in a larger impurity poloidal
velocity at the edge (see figure 1), which is one of the contribu-
tions to the PS flow. This bigger contribution to the PS flow due
to the ETB in H-mode might be responsible for the differences
observed between the two methods in this regime. In H-mode,
the ETB is linked to a large Er well [27] which implies a large
edge impurity poloidal velocity at the LFS (see figure 1). At
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Figure 3. ωα at the LFS and HFS in H-mode (left), L-mode (middle) and I-mode (right).

the HFS, the edge impurity poloidal velocity is much smaller
in absolute valuewhich, according to equation (17), means that
edge impurity density asymmetries exist [17]. In L-mode and
I-mode, no ETB and no impurity density asymmetries exist, so
the two methods coincide. The existence of an ETB might be
linked to the disagreement between the two methods observed
in H-mode.

The procedure followed in section 2, which is based on
neoclassical theory, assumes that ωα is a flux function and it
uses its value at the LFS to obtain vLPS and v

H
PS. It is, therefore,

important to check whether this assumption might be respons-
ible for the different behaviours observed between H-mode
and L/I-modes. Figure 3 shows ωα at the LFS and HFS for
the three regimes. It can be seen that they agree in almost the
whole radial range analysed for the three regimes, so we can
conclude that the assumption of ωα being a flux function can
not explain the agreement or disagreement between the two
methods. Note that the behaviours shown in figure 2 do not
change if ωHα is used to calculate vHPS in equation (12) instead
of ωLα.

Several explanations can describe the discrepancies
observed between the two methods in H-mode. The first is
that the presence of impurity density asymmetries can affect
the parallel velocity. These impurity density asymmetries
might be linked to the existence of an ETB, as mentioned
above. This explanation is in agreement with the fact that
in L-mode and I-mode no impurity density asymmetry exist
and the methods coincide. The second possible explanation
could be that impurity sources and radial flows might not be
negligible [28] . This assumption was made to get equation (3)
from equation (1). The third possible explanation is that the
method based on the FSA of the parallel flow is simplifying
the poloidal dependence of the parallel flow as it is only con-
sidering HFS and LFS midplane profiles to evaluate the FSA.
If the first or (and) the second explanation(s) is (are) true, it
might be an indication of the limitations of neoclassical the-
ory at the very edge of the plasma. If the third explanation is
correct, the discrepancies between the methods would come
from the inaccuracy of the FSA calculation and neoclassical
theory might still be applicable in this region of the plasma.

To answer the question of which method is best suited to
calculate the components of the parallel flow, the results of
the L-mode and I-mode cases are considered. Even if in these

two regimes, the methods agree within the uncertainties, the
method based on the FSA of the parallel velocities does not
provide a change of sign between the PS flow at the HFS and
LFS. Thismight be due to the fact that the poloidal dependence
of the parallel flow is approximated using only midplane HFS
and LFS profiles, as explained above. According to this, the
method based on the Er profile is more accurate when only few
measurement positions are available along the poloidal plane.

5. Summary and outlook

The poloidal structure of the parallel flow has been studied
using the HFS edge CXRS diagnostic [18] and the LFS edge
CXRS suite [19, 20] at AUG. Dedicated experiments have
been performed in H-mode, L-mode and I-mode. Two differ-
ent methods have been employed to determine the two com-
ponents of the parallel flow: the PS flow and the symmetric
flow. The first method is based on the calculation of the PS
flow at the HFS and LFS from the radial electric field. Then,
the FSA uα is calculated using the general expression of the
parallel velocity. The second method calculates the symmetric
flow computing the FSA of the parallel flow using the HFS and
LFS measured velocities. Once the symmetric flow is known,
the PS flows at the HFS and LFS are calculated using the gen-
eral expression for the parallel velocities.

In H-mode, where edge asymmetries in the impurity dens-
ity, toroidal and poloidal rotations are present, the methods
provide different results. These differences are enhanced in the
region where impurity density asymmetries exist. In L-mode
and I-mode, the methods agree within the uncertainties. Note
that no edge impurity density asymmetries are measured in
L-mode and I-mode. It can be concluded that L-mode and I-
mode are more similar in terms of particle transport compared
to H-mode.

Three effects could explain the discrepancies between
the two methods found in H-mode. The first one is that
impurity density asymmetries break neoclassical theory at
the edge affecting the parallel flow. This is in agreement
with the fact that discrepancies are found in H-mode but not
in L-mode and I-mode. The second possible explanation is
that impurity sources and radial flows can not be neglected
in the derivation of the parallel flow expression. The third
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explanation supports the idea that the second method is inac-
curate as it is simplifying the calculation of the FSA of the
parallel flow using experimental measurements from HFS and
LFS midplanes only. The fact that, in I-mode, the second
method does not provide a change of sign in the PS flow
betweenHFS and LFS supports this explanation. To shedmore
light on the details of this study, measurements in more pol-
oidal positions are desirable.
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