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Abstract. The parallel flows in the H-mode edge of ASDEX Upgrade are stigated.
Beam-based charge-exchange recombination spectros€{iyS) provides the toroidal and
poloidal impurity flow velocities at the outboard midplanghile a deuterium-puff based
CXRS measurement provides the toroidal impurity flow velesiat the inboard midplane.
In order to more easily compare these measurements to flexdahboundary conditions, a
basic overview of flows on a flux surface is presented. The aynconditions are given by
the continuity equation and mean that the flow velocities fimxasurface must have a specific
structure in order to provide zero divergence. At first, pbimpurity density asymmetries
and radial transport are neglected. Inside of the pedegabf the electron density profile the
measurements agree with the postulated flow structureg el do not agree at the pedestal
itself. Here, an extension of the theoretical scheme, whitbws for a poloidal impurity
density asymmetry, suggests that the measured flow velsditiuld be explained by an excess
impurity density at the inboard midplane. In detail, thedald impurity density is postulated
to be at the separatrix up to a factor of 6.5 higher than intputensity at the outboard
midplane. Near the pedestal-top of the electron density,abymmetry disappears. Radial
transport is considered as an explanation for that asyngmfetronclusive disentanglement of
the driving mechanisms requires further investigation.
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1. Introduction

The flows in the plasma edge of a tokamak fusion plasma havenalmated structure and
at the same time they are an important ingredient of the phythiat rules the transport at
the plasma edge. For instance, the shear of the plasma floywsmatcular to the magnetic
field lines is closely connected to an edge transport baimidigh confinement discharges
(H-modes) [1]. The corresponding steep gradients in dessénd temperatures are self-
consistent with the flows and thus the radial electric fielcdowiver, the parallel flows are
little investigated. One basic boundary condition, whikbyt have to meet is given by the
continuity equation, which for steady state describes tiel flow o, by V- (nv) = 0,
where n is the particle density. If radial transport is assdrto be poloidally symmetric,
i.e. divergence-free, the perpendicular velocity is dpsennected to the parallel velocity
via the above equation.

When investigating the H-mode edge at ASDEX Upgrade [2],nig@surements from
charge exchange recombination spectroscopy (CXRS) gasepented rotation profiles in
between the occurrence of two edge-localized modes (ELMs)ocal minimum in the
parallel flow at the radius of the electron density pedestalwas observed. In Ref.[3] and
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in the present work, these profiles are presented. Sinceusgbsity and strong magnetic
braking of the plasma is expected only at the separatrixpited minimum in the rotation is
quite puzzling. Instead of postulating complicated tramspr torque profiles, it is attempted
to explain these profiles by shedding light on the poloidghasetry of the parallel flows.
The measurements in Ref. [3] are performed on the outboatdlarie and it is possible that
they are not representative of the full flux surface. Sucbipal asymmetries are evaluated in
the present work by applying the continuity equation to tlogvfmeasurements on a flux
surface. This work is closely connected to the work in Rgfdérformed at Alcator C-
Mod. This paper is organized as follows: In section 2, thaedsasf the flow structure on an
isolated flux surface are presented. In section 3 the exdemhich this structure is visible in
experiment and how the diagnostic measurements can be cedtpeahe theoretical scheme
are described. In section 4 the diagnostics are introdutedare detail. In section 5 the
experiment and the results are presented, while in sectibayéare discussed and compared
to the expected flow structure as described in section 3.cbiose?, the discussion is extended
to a scheme in which the impurity densities are not constamgazh flux surface. Finally, in
section 8 the effects of radial transport and its non-zererdence are discussed. Section 9 is
the summary.

2. Flow Structure on a Flux Surface

The following considerations are basic and have been preden review papers (e.g.
Ref.[5]). The equations are rewritten and reconsideredhigs work, to clarify exactly to
which terms the experimental data is compared.

The general continuity equation requires that the 3D flowoeity exhibits zero
divergence. In detail, it is required thett - (naUs) = 0, wheren,, is the density of a species
« andd,, its flow velocity. When the divergence of radial flows is ngdlle compared to
the fluxes within a flux surface, the 2D flows on a flux surface trbgsdivergence free. In
sections 2 to 7, the radial divergence of flows is assumed retzeand the structure of the 2D
flows on a flux surface are investigated, while the perpenalidlow velocities are obtained
by the radial force balance.

The radial force balance (Eg. 1) for an ion specie®lates the local velocity,, to the

local magnetic fieldB, electric fieldE and the diamagnetic term Zﬁgg , Wwherep, is the

pressureZ, the chargen, the density of the species ande the elaemaentary charge. The
radial force balance is given by
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wherer is the radial coordinatef, the radial electric fieldp, , the velocity component
perpendicular within the flux surfaceé:andBej‘ = B, wheree)| is the unity vector along a
magnetic field line. The two contributionstq ,, are theEzB velocity and the diamagentic
drift velocity. It should be noted that, , is different for the inner (high field side, HFS)
and outer (low field side, LFS) midplane, which is the basasoa for non-zero divergence
of v, o on a flux surface. This is compensated for by the parallel ¢hiSchliter flows, a
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derivation of which is presented in the following. Equatiomay be rewritten as
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With we (¥) = 92 + Zaina %L\;, where® is the electrostatic potentialy is the poloidal

magnetic flux and’, is the local unity vector tangential to the flux surface angpadicular
to the magnetic field line. The last equation assudes, andp, to be constant on the
flux surface such that,, is a pure flux function. Note that, (V) is identified below as the
angular frequency of a toroidal rigid body rotation. Usihg equality¥%xZ = £822, valid
for axisymmetric systems, wher®, is the poloidal magnetic field component aRds the

local major radius, Eq. 2 becomes:

B
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This can be further manipulated using relations betweeruttity vectors for the toroidal
(€:), poloidal €,), parallel €)) and perpendiculae] ) directions, while the same indices on
B indicate the corresponding components of the magnetic fidlate that the unity vector
along the plasma radius, € ande’; are chosen such that they form a right-handed system.
The equalitiess; = %e}, - %a ande, = %é“ + %eﬁ , may be combined to give
€ = %;6” - B%gt* which converts Eq. 3 into following form:

'UL,a 61 = —wa(\IJ)

UL,a él = wa(\ll) (Rgt — (4)
While not demonstrated here, it is known that. ¢’ is not divergence-free. It is clear that
the termx Ré; (rigid rotation) is divergence-free and thus is not resgidagor the non-zero
divergence ob, €. However, the parallel term does lead to a non-zero divexgand thus
requires a parallel flow with the same structure to compenseterefore, the parallel flows
are described by

o RB
’UH7(¥ 6” = wa(\IJ) Bt

€ + CBej ®)

where C is an undetermined constant allowing for a degreeegfdbm. A schematic
visualization of the terms is presented in Fig.1. The firsintén Eq.5 (in Fig.1 labelled
71,],o) cOmpensates for the non-zero divergence of the perpdadiegiocity v, ., and the
second term describes an additional degree of freedom,yapaaallel flow that isx B is
divergence free due - B = 0. ForC = k7 — wa (W) {43, Eq. 5 may be rewritten in the
following way

B 1 B1l., . B .,

V|,a €| = wa(\IJ)RBt |:E — @] e + ua@e” (6)
where(B?) is the flux surface average & andi,, a constant. This has the advantage that
(ﬁ”_yaﬁ) = U4, Which is of interest for radial transport consideratiohsthe following the
first term in Eq. 6 is referred to as the Pfirsch-Schluter flowsis term is labelledipg , in
Fig.1 resulting from, || o + @5 ||, Whered, || o = —wa (V) RB; 15578 -

Egs. 4 and 5 may be combined to form one equatiomfoiThis leads to a general form,
which is used in Ref. [4] to investigate the flow structure diua surface and separates the
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view of flux surface schematic top-view view of flux surface
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Figure 1. Directions of the various vectors for a typical case in ASDEpgrade on a flux
surface at aboyt,,; = 0.975. The perpendicular velocity ., of a speciesx is shown as
the sum of the diamagnetic velocity;, andvg,p at the HFS and LFS. The, , is also
represented by a sum of a toroidal and parallel vector (cf. 28qThe compensating parallel
termv) || o, is added to a termx B, which is labelledvy || . to obtain the Pfirsch-Schiiiter

flow vps, . (cf. first term in Eq. 6). With respect 5, Ups,« at the HFS has the opposite
direction fromips ., at the LFS. Please note that the length of the vectors is raatlgxup to
scale.

total flow into a rigid body rotation characterized by the alag frequencyv, and a parallel
flow.
U = wa(¥)RE; + OB @)

Equation 7, can also be used to investigate the effect of@gadlimpurity density {.,)
variation on a flux surface. A poloidal redistribution is piprovided by the second term in
Eq. 7 and thus only this part of the flow is affected by a polbiafgurity density variation.
As the particle flux isx n, the second term needs to be1/n, in order to maintain the
divergence-free structure. This was described in Ref.fd]will be used later in this work.
However, it should be noted that a poloidal change of the itlemsll also influence the
poloidal structure of the diamagnetic term in the radiat&balance. Such a change could
mean that the poloidal flow of the species or possibly everléarostatic potential may have
poloidal dependencies that are not expected.

It should also be noted that in the above the divergence ofabal transport was
considered negligible. If the divergence of the radial flexconsiderable, then it must be
included in the continuity equation and the equations alegeire an additional term. For
sections 2 to 7, the radial transport and its divergencenisried.

3. Observation of the Flow Structure

In the previous section, the cancellation of the parallghtein Eq. 4 and Eqg.5 might give
the impression that this structure, which is poloidally ragyetric, is not observable in
experiment. However, in Eq. 4 the toroidal rotation closeigtches the parallel term such
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that the perpendicular flow, € is obtained. The projection onto the LOSwf , € iS
very small (s. below). At the same time, the parallel PfirSciMiter flow structure (Eq. 5)
has no compensating term attached and thus is visible. Ifomgare numbers for the actual
geometry of the diagnostics, the angle between magnetit lfieds and the lines of sight
(LOS) for the toroidal views is smaller than 10 degrees foohlthe cases considered in
this work. The maximum values in the perpendicular rotateme in the range of 20 km/s,
thus the projection on the (approximately) toroidal LGSs{n 10°) is smaller than 3.5km/s.
The parallel flow, for which the Pfirsch-Schliter flow compates, is expected to be in
the range of 20-30km/s at the outer midplane and its pr@eainto the LOS % cos 10°)
is virtually the full flow. As 20-30km/s are much larger thametupper bound for the
observed perpendicular flow (3.5km/s), the Pfirsch-Sehlilibws dominate the toroidal flow
measurement in comparison to the perpendicular flows.

For a direct comparison between theory and experiment, weusa the equality
g—g = RLBP in order to rewrite the product af, and RB; (cf. first term on the right side
in Eq. 6):

1 \ B
waRBt_(—Er—l- ap> L

— | = 8
Zaeng Or ) B, (8)

Due to the fact that, and R B; are constants on a flux surface the corresponding terms
in Eq.6 may be evaluated at the LFS and are valid for the full $lurface. Therefore, it is
valid to rewrite Eq. 6 as

1 Opa By rrs (1 B . B
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where By rrs, Bp,Lrs, Er.Lrs and ‘98’;7? denote the toroidal and poloidal magnetic

field, the radial electric field and presLsFure gradient of tlestigle speciesa at one
location on the LFS. This means that for the interpretatibthe experimental data, the
LFS measurements and the information about the magnetititegum (from magnetic
equilibrium reconstruction) can be used to obtain the RfiSchluter flowsvpg , on the
full flux surface. Note that Eq. 9 is an implicit Definition fops , and exactly corresponds
to vpg,. that was introduced earlier, e.g. in Fig. 1.

In Fig. 2 the structure of the Pfirsch-Schliter flow for a rgabmetry at the radius
ppoi = 0.975 is indicated for the conditior-E, + Zaina %L;* > 0kV/m. This condition
refers to the typical situation inside of the separatrixeréthe radial electric field is negative
and the absolute value is larger than the diamagnetic tertheoimpurities, which is also
negative. Blue (red) regions indicate flows directed outimb] the plane of the paper. The
thickness of the region indicates the absolute size of the flid should be noted that the
Pfirsch-Schluter flows are a property of a flux surface, ang the values ofr,. and the
diamagnetic term of the speciesat the considered radius are of importance. In Fig. 2, the
measurement locations of the toroidal and poloidal (nendyalled) rotation at the LFS are
indicated along with the newly installed diagnostics forotdal rotation at the HFS. The
locations are well suited to see effects of Pfirsch-Schiigers.

In order to compare the flows as evaluated in Eq. 9 to the meamnts, we evaluate
vps,o IN EQ.9 from the experimental data at the LFS. We then use Enod®termine the
constanti,,, as we knowps,, from the LFS measurements and we knay, at the LFS,
which is to good accuracy equal to our measured toroidalcitylat the LFS (denoted as
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Figure 2. Structure of Pfirsch-Schliiter flows at,; = 0.975 for —E; + Zaina agf >

0kV/m and diagnostic locations for the beam and gas puff based GYRBms.

exrp

Ul L FS in the following). After that we have all of the necessary ingredients to predict the
paraIIeI flow at the measurement locations on the HFS. Thusrevable to test the prediction
by comparing to the measurement at the HFS (denoteﬁfﬁ%m in the following). It should
be noted that this procedure is equivalent to testing Eqtfi ali three flow measurement
(i.e. both toroidal and one poloidal flow measurement). Tdugvalence is maybe unclear,
because for the test of Eq. 7 only flow measurements are eztjuirhile for the evaluation
of the Pfirsch-Schluter flow&, and the diamagnetic term is required. HoweverEif is
evaluated from the radial force balance of speeieds, contains exactly the diamagnetic
term, which is subtracted for the evaluation of the Pfirschi&er flows. In that case, Eq.9
may be evaluated by knowing only the three flow measuremeltshee two procedures (i.e.
exploiting Eq. 7 or Eq. 9) are also equivalent in terms of utaisties. Note, that in this work
Eq. 9 is also analyzed using the diamagnetic term of deungrithile the flow measurements
from impurities are used. This comparison is only possiiegiEq. 9 and the uncertainties
of the diamagnetic terms of the impurity species and of dauteenter.

4. Flow Diagnostic at HFS and LFS

For the investigated discharges, the LFS and HFS rotatidineaplasma edge are recorded
with 2-4 ms time resolution. The rotation measurementset #6S are performed via CXRS
at a heating beam [6]. Atthe HFS, a D gas puffis applied whaell$ to CX reactions between
the penetrating D gas cloud and the plasma impurities. Withrhethod, information about
rotation is obtained only in the outermost plasma region imhich the neutrals penetrate,
i.e a few cm. A top-view of the edge diagnostics is providedHny. 3. Please note that
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the 'S’ and 'B’ LOS, which are visible in the poloidal view @i 2), are exactly overlaid in
the top-view. For the CXRS reaction between the thermalatauh gas cloud and the fully

~ toroidal CXRS

Figure 3. Top-view of the beam and gas puff based CXRS systems for #iggdsis of the LFS
and HFS plasma edge. ‘B’ and 'S’ stand for background ancasig®S, which are described
in the text.

stripped impurity ions, the dominant electron donor is thpydation of the n=2 state in atomic
deuterium. The cross section at thermal energies has ondak energy dependence and thus
the temperature dependence of the effective reaction catificient is weak. Therefore, the
Doppler shift of the CX spectral lines allows the direct detimation of the impurity flow,
while corrections due to cross section effects (cf. e.g..[Rfare negligible. However,
the CX spectral line (active signal) is blended with pass&w@ssions and special effort is
required to isolate the active signal. Two toroidal arrals@S have been implemented at the
HFS. One is looking directly at the gas puff and gathers thatqts from the CX reactions
(these LOS are labeled with 'S’, for signal, in Fig. 2) alondghabackground photons that
are emitted at the plasma edge elsewhere on the paths of tBe i@ LOS of the second
array run parallel to those, but miss the gas cloud (labd&gdor background, in Fig. 2) and
thus provide equivalent spectra but without the CX signahstinat the background signal
in the active spectra (measured on the 'S’ set of LOS) can berated off. For the HFS
measurement, a diagnostic gas puff is applied at a time efast. A few milliseconds before
the gas puff, the calibrations of the 'B’ channels are refined relative calibration factors are
obtained with respect to the corresponding 'S’ channelsiri@uhe gas puff the spectra from
the 'B’ channels are subtracted from those on the 'S’ chanuagihg the previously obtained
calibration refinement. In order to provide good diagnosticerage of the plasma edge, the
plasma is swept by 2 cm such that the edge pedestal is slowgartbrough the view of the
LOS (cf. Ref. [6]).

It should be noted that in the following the flow measuremdrds the LFS and
HFS @ﬁﬁ’_’ws and Uﬁif,HFS) are denoted as toroidal rotation. However, the differsnce
between parallel and toroidal velocities are very small tlughe field line geometry.
This systematic difference is typically smaller than theoebars which represent only the
statistical uncertainty and hence, have been neglectedwatielength calibration is obtained
by inter-shot measurements using a Ne lamp and is bettertkamis.
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5. Experiment

The data from two discharge phases are presented in theviogo In the first discharge,
Ne-seeding leads to improved confinement and fast small Ei8Msvhile in the other case
a type-l ELMy H-mode [9] is investigated. Both plasma disgjes are performed with a
toroidal magnetic field of 2.5T, a plasma current of 1 M@s(= 4.5), neutral beam heating
of 5MW, an additional 1.5 MW of ECRH and a density of appréxL0'm=3. The H98(y,2)-
confinement-factor is 1.05 for the Ne-seeded case and Oc8bddype-I ELMy H-mode.

At the LFS, the poloidal and toroidal CXRS measurements aeel tio obtain a profile
of E,.. The alignment of the toroidal and poloidal CXRS data at tRSlis performed by a
comparison of thg;-profiles. The position of the separatrix is found by alignthe CXRS
data to the electron temperature profiles for which the sgpaposition is known from power
balance analyses. The procedure is described in Refs.110Q2].

The HFS flow measurementsﬂ?ﬁ’_’HFS are aligned to the LFS flow measurements

exrp

V| 0 LFS (thus also to theF,. data) using thél;-profiles. The accuracy of the process is
estimated to be better than 2—3mm. In Fig. 4(a), an alignroktite HFST;-profile with
respect to the LFJ;-profile is presented. In Fig. 4(b), the toroidal rotationffes for the
same discharge are shown. As mentioned earlier the ELMssmtbcharge are small, high-
frequency perturbations, which have little effect on thgeeglasma. The spectra obtained
during an ELM crash have been removed from the analysis. Téwsdeding allows the
rotation of Neé%*+ and C* to be derived from the same spectrum (CX-lines at 524.897 nm
(Ne) and 529.059nm (C)). The profile described by the red ¢(@jaagrees within the
uncertainties with that obtained from the green data (N&) laoth data sets exhibit an
asymmetric behavior with respect to the toroidal rotaticasured at the LFS. For the latter,
only C%* data is presented for clarity; the Ne LFS data also agreddnvtiie uncertainties of
the measurements (cf. [3]). In Fig. 4(c), the poloidal riotatprofile for C%* is depicted,
which is important for the considerations on the Pfirschl&eh flows. Please note that
a strong poloidal rotation for the impurities is observed,[a is governed by the main
ions, i.e. deuterium, while the impurities have to fullfitier species-specific radial force
balance. As the diamagnetic term of the impurities is muchlemthan that for deuterium,
a considerable perpendicular velocity and thus a strongighall velocity is required, while
the poloidal velocity of deuterium may be quite small. A danicomparison of the parallel
flow velocities is presented in Fig.5, for the inter-ELM pba¥ a type-I ELMy H-mode.
The presented data originate from the second half of the Eiblec excluding the ELM
crash. The discharge was repeated to obtain data¥or(B94.467 nm) and for €. The
shapes of the edge rotation profiles of the type-I and theedding cases are similar. For
the latter, the difference between the LFS and HFS rotati@bautp,,, = 0.975 is larger
by about 10 km/s than for the type-I case. For both cases,FiSerbtation increases and the
HFS rotation decreases towards the separatrix, such thatctioss inside of the separatrix.
These basic observations are valid even if the profiles afedlwithin the uncertainties of
2-3mm.

6. Comparison of Experimental Flows with the Pfirsch-Schlter Prediction

In the following, the question of whether or not the obserfled velocities are consistent

with a divergence free flow structure on a flux surface will ddr@ssed. This comparison is
the most important result of the present work. For this,fheneasurement, i.e. the toroidal
and poloidal rotation measurement, performed at the LFSisgd. For the Ne-seeding case,
E, (black) is presented in Fig. 6(a). In Fig. 6(b) the PfirsciiBer-termvpg , and thei,
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Figure 4. (a) HFS/LFS measurements ©f to accomplish the alignment of the rotation
profiles. (b) Toroidal/parallel rotation at HFS/LFS. (c)léldal rotation of €+ as measured

via an independent, poloidal viewing geometry. (d) The tetec density as measured by
Thomson scattering is provided as an independent idetidficaf the density pedestal region.
The lines are spline fits to the data.
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Figure 5. Toroidal/parallel rotation at HFS/LFS forS¢ in #27148 and toroidal/parallel
rotation at HFS for Bt in #27145.

term at the LFS as derived from the measurements are prdsémtrder to predic; , (cf.
Eq.9) at the HFS, the measured parallel flq?fg_ws at the LFS is compared tg, ,, at the

LFS from Eqg. 9 and the difference is attributedaQngf, which determines the constant
Uy Thusﬁa“% at the HFS is known using the local B. This allows for the eatin of
v|,o atthe HFES (Eq.9). In Fig. 6(c), the predicted HFS rotatioofife (green) is plotted and
compared to the measuremeﬂﬁcﬁﬂj\,e10+ nrs (-6 the spline fit (blue) to the experimental
data), which corresponds to that in Fig.4(b). The greenrdvans indicate the propagated
error due to an uncertainty af5km/s in Uﬁ?CpGJr/NelOtLFS (at the LFS). The uncertainty
+5km/s corresponds approx. to the scatter of the data around time $ppl The measurement
agrees with the prediction up to a radius of abeyt = 0.98. Outside ofp,,; = 0.98 strong
discrepancies in the values of the flow velocity and alscsirdtlial gradient appear. While the
measured, parallel flow velocity decreases towards theagpethe prediction increases. At
the separatrix the parallel flow velocity is measured to bmuab km/s, while the prediction
is in the range of 70 km/s. For the inter-ELM phase in the typ¢M case (Fig. 6(d), 6(e)
and 6(f)) similar observations are made. Due to the lowettescm the data, the Ne-seeding
case is better suited to argue about the HFS flows, howevéiedagpe-1 ELMy H-mode is
a more common scenario it is presented along with the Neisgeldta. When looking at
Fig. 6, a consistent match of the LFS and HFS velocities wonllg be possible, if at the
pedestal regioti’,. was more closely matched by the diamagnetic term and, assegoance,
the calculated p g , would be closer to 0; this is the case for deuterium.

Thus the idea is to investigate the following hypothesis:e Tarallel flows of the
impurities are more strongly influenced by the parallel dgutm flow than neoclassical
theory accounts for. This might lead to a non-zero divergesfadhe impurities. The latter
implies a systematic, poloidal density variation, a paddiglasymmetric radial transport (i.e.
radial transport with non-zero divergence) or both. Not this hypothesis would be in
disagreement with the neoclassical picture, where the iitypilows exhibit no divergence
and the difference in the Pfirsch-Schliter flows is closelgnected to neoclassical radial
transport. However, indications that the impurities asgdied along in the parallel deuterium
flows have been observed in Ref. [3]. If this hypothesis hdlts measured parallel impurity
flows would give us the parallel deuterium flows and we can tekether the deuterium
flows agree with Eq.9, i.e. are divergence-free. In ordeesb the hypothesis, we evaluate
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Figure 6. (a) E- and diamagnetic terms ofi C°t for #26599. (b) The two terms in Eq. 9
are presented as evaluated at the LFS measurement positignigreen) is determined from
E, and diamagnetic term (cf part (a9). (red) is determined such that the measurement (blue)
is obtained by Eq. 9. (c) The fit to the measuremeza)‘?’fgG T Nel0+ HEPS (blue) is compared

to v evaluated by Eq.9 at the HFS (green). The red curve corréspinthe model curve,
whenvpg is evaluated with the diamagnetic term of deuterium. Furgik@lanation is in the
text. The parts (d),(e) and(f) are the corresponding figtmedischarge #27145.

vps,q for deuterium using Eq. 9, under the assumption that the Léwsfbf deuterium and
impurity flows are equal. For deuterium the match betwEgiand the diamagnetic term (cf.
Fig. 6(a)) is very close and, thus the agreement of the HFS dlediction (red in Fig. 6(c))
and the measuremevﬁng/NethFS (performed on the impurity) is indeed slightly better
betweerp,,; = 0.98 and the separatrix. However, the description is still ntis&ectory and
does not seem to catch all of the important physics.

On top of that, inside op,,; = 0.98 the measurement of the®C/Ne!’*-flows at
the HFS are clearly different from the expectations for D 8owror the type-l ELM case
(cf. Fig. 6(f)) the measured flows are not described by thectieulated parallel flows, too.
Both studied cases show that the D-flow and the Ne/C/B-floevgliffierent, which also means
that there should be a difference between the flows of thewaimpurities. This difference
is estimated to be relatively small compared to the scattdre measurement and, therefore,
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it is not visible. Future investigations will try to bettenantify that difference.

The discrepancy of the flow prediction and the measured flaggests that one of the
assumptions made for deriving Eq.9 is violated. The assiomptare that the divergence
of radial transport is negligible compared to parallel sf@ort and that the impurity density
is constant on a flux surface. In principle, there is a clogeramnnection between the
two, because the divergence of radial transport will mosbably influence the poloidal
asymmetry of the impurity density and the flow structure orua 8urface. For negligible
divergence of the radial transport, an impurity densitynasetry is sufficient to alter the
flow structure. For that case the impurity flux density, itee flow velocities times the local
impurity density, need to be divergence free, as demanddakbgontinuity equation.

7. Interpretation of the Discrepancies as an Impurity Densiy Asymmetry

In this section we assume that the divergence of radial pan$..v,-¢,.) is negligible and
we derive a density asymmetry which, in combination with m#&asured flows, results in a
divergence-free situation on each flux surface. We follosvabncept presented in Ref.[4] to
derive that asymmetry, which means that we alter Eq. 7 toranuadate a poloidal impurity
density variation. As the toroidal term in Eq. 7 does not maAdy redistribute the particles,
we need to introduce the impurity asymmetry only in the sddenm. We get

To = wa(V)RE; + QB(?H (10)
Ne

The first part in Eg.10 corresponds to the toroidal compomérthe perpendicular
velocity. Thus usmg the local field line inclination anglethe LFSé.rs the expression

may be replaced b fn‘g Py R— wherev (" | s is the perpendicular velocity at the LFS,
which is determined mostly by the poI0|daI velocity, aRd s is the the large radius at
the same position on the LFS. The te%& is necessary, to maintain the validity of the
replacement expression for the full flux Surface. The sifigaliion that the toroidal and the
parallel direction are indistinguishable for the used wgpgeometries at LFS and HFS has

two consequences. First, the measured (toroidally) ptiojes of v, at LFS and HFS, i.e.

” P LFS andvﬁ”” nrs are not sensitive to the perpendicular nor to the poloidat @f v, .
Second, the measuremeﬁfp .rs atthe LFS, may be compared to
T es R C
UH,g ~ 1l,a,LFS —B, (11)

sindrrs Rors Mo

(corresponding to Eqg. 10) when evaluated at the LFS. Notdhkdoroidal viewing geometry
cannot distinguish between the first and second term in Ecdphdtithe additional poloidal
rotation measurement at the LFS allows for the determinatio "), ; .o and thus of the
first term. Note that on the right hand side the first term OUQMe multiplied bycos €;
and the second term s €5, wheree, is the angle between LOS aagdande; is the angle
between the LOS and,. This has been omitted for simplicity and the introducedeis
negligible, because the cosine of both angles is greaterQés.

The second term on the right hand side of Eq. 11 (%B) is determined by setting

Vo = vﬁm” . Thus it is equal to the difference between the measurenferft®, s,

and la.Lrs In order to obtainy ,, on the full flux surface, this term must be scaled with

sindpps

and "5 wheren,, L rgs is the impurity density at the LFS position. Thas =

BLFS
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exp
Bo.Lbs [”ﬁﬁms - M} Using the considerations above, Eq. 11 may be rewritten to

Brrs SINLFS
give
Tp exp
65P UL o,LFs RuFs 1 LETP V1 a,LFs | Burs (12)
HO‘HFS SlnéLFS RLFS FHFS HO‘LFS SlnéLFS BLFS

whereFHFs = DoHPS g the impurity asymmetry factor between the LFS and HFS itypu

Na,LFS

density. Thus‘«“HFs may be determined by:

TFS

exp
ezp Yi,a,LFS | Burs
IlocLFS sin5LFs BLFS
Furs ~ ezp (13)
LFS LE%P _ Yi,a,LFS Rurs

||,a HFS ~ sindrrs RLrs

The evaluation of Eq.13 is presented in Fig.7 for both ingestd discharges. The
discrepancies between the predicted and measured toveidaities on the HFS (cf. Fig. 6)
translate into impurity density asymmetries factors of @@ 6.5 at the separatrix. For the
presented impurity asymmetries a perfect match of all measilow velocities is obtained.
Inside of the pedestal-top (of the electron density), theeobed velocities do not require a
density asymmetry and the presented curves approach 1.aehed lines indicate the error
interval due to an uncertainty of 5 km/s in the toroidal vitlpmeasurements and 1 km/s in the
poloidal velocity measurements. We consider the postillagymmetry in impurity density
quite large and thus emphasize that an independent testtoEtbult is necessary.

5

#26599, small ELMs, Ne-seeded #27145,type-| ELMs, inter ELM A

4F s 3

derived from flows

Fres

N LFSw
T

0.96 ppol 0.98 1.0 0.96 ppol 0.98 1.0

Figure 7. The postulated impurity density asymmetries, as derivaanfrthe flow
measurements on LFS and HFS (black), is compared to the aslyynas derived in Ref. [4]
using the neoclassical scheme from Ref. [13] (red). Theeath$hes indicate the uncertainty
intervals.

In Ref. [4], it was found that the impurity density asymmetgnnot be described by
a neoclassical scheme (cf. Ref.[13]), which allows for imifguasymmetries in regions
with strong gradients in ion densities and ion temperatufBse same result is found for
the analyzed discharges in the present work. Using the sehnegre as in Refs. [4, 13], the
experimental gradient lengths of ion densities (deriveanfithe measured electron density
profiles) and ion temperatures are used to evaluate theassichl asymmetry. The result is
presented in red in Fig. 7. The uncertainty in the red cunabigined by assuming a 40 %
uncertainty in the ratio of the ion density and ion tempeefyradient lengths. The largest
neoclassical asymmetries are found close to the separatitixhey are less than a factor of
two for both cases.
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Independently of that finding, a clear correlation betwed®n magnitude of impurity
asymmetry and the magnitude of poloidal velocity of the iniiies is found in Ref.[4]. In
the present work, the magnitude of the density asymmetmglades with the distance to the
separatrix, which is equivalent with the magnitude of thiojtal rotation (cf. Fig. 4(c)).

A quantitative evaluation of the impurity densities at LFBdaHFS by CXRS is
desireable acting as an independent confirmation of the lasymmetry postulated from
the flow measurements. However, this requires a quite a;ugaantitative model for
the penetration and excitation of the gas puff, which is natilable at present. Further
investigations into that direction are planned.

8. Considerations on Radial Transport and Its Divergence

All considerations in this chapter investigate the positybdf a non-negligible influence of
poloidal asymmetric transport, i.e. radial transport véittonsiderable divergencewfv,-¢,.,
whereuw,. is the radial flow velocity.

8.1. Time Scales

In Fig. 8, typical time scales of the processes that mightianfte the flow equilibrium on a
flux surface are presented versus normalized radius. Fdollbe/ing considerations the Ne-
seeded case was chosen. The processes for which the tines acalestimated are radial
transport, redistribution on a flux surface along the fiettedi with ion sound speed and
redistribution on a flux surface perpendicular to the fieteé4 according to the perpendicular
flows. The idea of the comparison is that radial transporticcanterfere with the flow
equilibrium on a flux surface, by transporting impuritiesrfr an erosion location to the
flux surface of interest. This would mean that the divergesfce,v,.¢, is non-zero and
could explain the flow structure, a poloidal asymmetry inithpurity density or both. The
parallel flows on a flux surface will try to equilibrate thesymmetries and if they manage,
the divergence of the radial transport might be considemsallsvith respect to the parallel
flows, which is the assumption that we used to derive the 2D $koucture in section 2. The
role of the perpendicular velocity is not quite clear, astodne hand it provides a poloidal
redistribution but on the other hand it drives up-down aswtries that lead to the parallel
Pfirsch-Schluter flows. This ambiguity will be discussetbe

For the radial transport, the time scale is assessed in twa:wBor radial particle
transport, the typical time scate ,,, may be estimated by, ,, = L2/D (grey), whereL,,
is the gradient length of the impurity densitﬁ( = %%) and D is the local diffusion
coefficient. In Ref.[12] the radial transport of impurities AUG has been investigated
and for carbonD ~ 0.2m?/s was found in agreement with neoclassical values. Thus
D = 0.2m?/s is used here. For simplicity, we ignore the inward corieectwhich is also
determined in Ref. [12].

The time scale for the radial momentum transport is not adyezeculated, because
gradient lengths are not well defined for rotation velositi&t the same time it is known that
E. is strongly changing within a few millimeters around the agrix, as a few millimeters
inside of the separatrik,. exhibits a global minimum at negative values fgr, while in the
SOL E, is positive. In order to accommodate these boundary camdftir the estimate,
a diffusion process is assumed for the momentum transpsitdy = D, x being the
momentum diffusivity), where instead &f, the distance to the separatrid£) is used. The
associated typical time scale is denoted,as= Ax?/x (black). For the parallel time scale,
the connection length along the magnetic field lines betwde® and HFS is evaluated and
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Figure 8. Comparison of radial, poloidal and parallel time scales.r&dial regions where the
parallel time scales are short compared to radial time s¢aé&flows within a flux surface are
expected to form a divergence free, 2D flow equilibrium. Femtiirgreater thamp,,; = 0.98
the assumption is not quite valid.

divided by the ion sound speed. The latter is evaluated fur Bo(red) and for C (orange).
The differences, however, are small, because for the irfypacorrection due to the drag of
electrons is included, which accelerates the impurities.id-or the perpendicular time scale
(blue), the poloidal connection length via a flux surfacenaetn HFS and LFS is calculated
(i.e. of the order 2.0 m) and divided by tliex B velocity.

When approaching the separatrix (i.e. outsidgnf = 0.98), the time scale of radial
transport to/from the SOL (black, grey) becomes compartbtbe parallel transit time of
D and the C ions. The radial density transport (grey,) is estimated to be slower than
the momentum transport (black, ), which might be an artefact of the way the time scales
were estimated. Regardless, both estimates indicatentttet pedestal region radial transport
is comparable to parallel redistribution and poloidal asetries of particle and momentum
sources might be carried to these radial positions. Thus linderstandable that the flow
structure described by Eq. 9 is violated outsid@gj; = 0.98 as particle and/or momentum
transport from neighboring flux surfaces might become sriéwia radial transport. This
could either transport poloidal asymmetries to the fluxaeefof interest or influence the flow
structure via a non-zero divergence. The importance oataw@insport outside gf,,; = 0.98
is also acknowledged in Refs.[14, 15], where an influencédefscrape-off layer flows on
the pedestal flows via viscosity is postulated. The respe@P modeling in Refs. [14, 15]
exhibits similar structures of parallel flows as measurddeh [3].

Additionally, the perpendicular velocity is large at thedpstal such that the drift time
from LFS to HFS (blue) becomes comparable or even faster tthemadial (black, grey)
and the parallel transport time (red, orange). For a stetatg situation this might not be
important, because an equilibrium will form including c@tent £, and Pfirsch-Schltter
flows. However, in combination with radial transport and signasymmetries the obtained
effect is rather unclear.
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8.2. Non-Zero Divergence due to Poloidally Asymmetric Radial Transport of Impurities

Poloidal Asymmetries in transport (i.e. particle fluxesjsexnaturally in turbulent and
collisional transport models. At the plasma edge, thesenasstries could lead to density
asymmetries because of the comparable time scales of autigbarallel transport. These
effects could be taken account of in the presented equatipircluding a source and a sink
term of the particle fluxes on a flux surface, which corresgdondhe transport asymmetries.

Even for poloidally symmetric radial flow velocities, therpele fluxes could be
asymmetric, if there are poloidally asymmetric recyclargkion pattern of Deuterium and
Impurities. These patterns could be propagated towardsathiEnement region of the plasma
via radial transport, if parallel transport is sufficiensiyall.

In order to disentangle these possibilities more infororate.g. a poloidally resolved
impurity density measurement, is required.

8.3. Non-Zero Divergence due to an lonization Source

A polloidally localized ionization source, like the ionitzan source at the X-point region just
inside of the separatrix leads to a non-zero divergencesdldfvs on the flux surface. Such a
source leads to a parallel flow that redistributes particiea flux surface, while the particles
are also transported radially. An X-point ionization saioould support a flow that for the
used geometry is in co-direction on the LFS and in countezetion on the HFS.

The following rough estimate assumes that the impurity @sinof the plasma is
maintained by an impurity source at the edge. The magnitfideeosource is quantified
by assuming that the impurity confinement time is equal toetiergy confinement time. It
is assumed that 50% of the particles enter the plasma at theiff-and that 50% of these
particles are transported along field lines to the upperdfdtie plasma. Even if that X-point
source is a pure deuterium source the impurities will seectffof these flows via friction,
which will lead to asymmetries in the impurity density.

The estimate results in parallel flow velocities of seveealstof km/s. However, the
details of such flows depend not only on the total X-point seubut also on the radial shape
of that X-point source and on the poloidal structure of thdtaktransport in the main plasma.
Thus the estimate only motivates further investigatiords@mnot be considered meaningful
for quantitatively understanding the observations.

9. Summary

The flow structure in the H-mode edge of ASDEX Upgrade has leestigated. Three
independent measurements allowed for the investigatiatmefflows on the flux surfaces
from the separatrix to the pedestal-top. At the outboardphaitk, i.e. low-field side (LFS),
charge-exchange recombination spectroscopy (CXRS) merasats were performed on a
heating beam and provided parallel and poloidal impurityfielocities. At the inboard
midplane, i.e. high-field side (HFS), a CXRS measuremenbkas installed, which relies
on the interaction of a localized D gas puff and the impuwsitéthe plasma. This diagnostic
provides the parallel impurity flow velocities at the inbtbanidplane. The measurements
have been performed in a Ne-seeded phase, in which the edgkzénl modes (ELMs)
cause negligible perturbations and in the inter-ELM phdse type-I| ELMy H-mode. The
results/conclusions from both cases are similar. The lghfidws at the LFS and HFS have
strongly antisymmetric features. The parallel flow at theSLéxhibits a local minimum at
the pedestal-top of the electron density, while at the HF8callmaximum is observed at
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approximately the same normalized radius. At this radiesHRS flows are larger than the
LFS flows. From the pedestal-top towards the separatrix @ flow increases, while the
HFS flow decreases, such that they become equal betweendéstaletop and the separatrix.
At the separatrix, the LFS flow is larger than the HFS flow byva tiens of km/s.

The measurements are compared to a basic model of diverfreedéows on each flux
surface. This theory neglects impurity density variations flux surface and the divergence
of radial transport. The measurements are found to be densisith the model inside of the
pedestal-top of the electron density, i.e. insidg,0f = 0.98. However, at the pedestal itself it
is inconsistent. Both is considered the main result of tlesgmnt work. Further considerations
are explored to identify which of the assumptions might tapplicable at the pedestal.

First, the theoretical scheme is extended to allow for a igaloasymmetry in the
impurity density. This allowed a consistent descriptiortted measurement, but requires a
factor of 3.9/6.5 (Ne-seeded/type-1 ELMy) higher densitiethe HFS compared to the LFS at
the separatrix. This postulated factor decreases for fltfases closer to the pedestal-top and
is equal to about 1 (i.e. no asymmetry) at the pedestal-top.tBthe impressive magnitude of
the asymmetry at the pedestal an independent confirmatiqudnytitative CXRS is desireable
and planned.

Second, the importance of radial transport and its divergéds investigated. When
approaching the separatrix, the time scale of radial traridpecomes comparable to the
time scales of transport connecting different locationstlom same flux surface. This is
the case for parallel transport, where particles can dmai¢ perturbations with ion sound
speed, as well as for perpendiculdrx B convection. It is concluded that an asymmetric
source of impurities could be the reason for an impurity dgrsymmetry and, thus for the
observed flow structure. Independently, an asymmetricagliesmh source or radial momentum
transport could also lead to a similar result. For this ma@m it is in question whether the
impurities exhibit a X-point source or whether the X-poiahization source of deuterium
drives deuterium flows which drag impurities along. Both heetsms will result in impurity
density asymmetries. Further investigations are needidlyaunderstand the observed flow
velocities.
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