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Abstract

Drifts affect particle, momentum, and energy transport in the scrape-off layer (SOL) of
tokamaks and stellarators, altering plasma flows and creating asymmetries between divertors. To
understand how drifts affect SOL transport in the W7-X island divertor, an experiment was
performed to compare plasmas with matched core parameters but opposite magnetic field
directions, and therefore opposite drift transport directions. Parallel flow measurements made
with coherence imaging spectroscopy are interpreted with the aid of a diagnostic forward model
and a 1D simple SOL model that includes the E x B drift. In low-density plasmas

(7. < 2 x 10! m~3), the poloidal E x B drift induces a large poloidal density asymmetry within
the island SOL, as measured by divertor Langmuir probes. This in turn causes the parallel flow
stagnation point to shift from the position halfway between targets to the X-point in the drift
direction, leading to near-unidirectional flow throughout the SOL. As density increases, the
effects of the poloidal E x B drift decrease substantially, resulting in a smaller density
asymmetry and the development of a counter-streaming flow pattern. For the entire density
range probed in this experiment (77, = 1.5 — 6 x 10! m~?), the experimental observations are
more consistent with the effects of the poloidal E x B drift than the radial E x B drift.

Supplementary material for this article is available online
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1. Introduction and motivation

A key mission of the Wendelstein 7-X (W7-X) stellarator [1, 2]
is to assess the reactor viability of the island divertor [3, 4] heat
and particle exhaust concept. To be successful in this regard,
the island divertor must (a) spread out or dissipate the heat
from the plasma enough to avoid overloading plasma-facing
components (PFCs), (b) keep erosion of the PFCs at a suffi-
ciently low level, (c) avoid excessive impurity transport into
the core plasma, and (d) build up adequate neutral pressure to
allow efficient pumping of particles. Achieving these require-
ments simultaneously is a major challenge, and doing so will
require a good understanding of the physics governing plasma
transport in the island divertor scrape-off layer (SOL).

The SOL contains magnetic field lines that are open and
intersect PFCs. Heat and particles that escape the main con-
fined plasma by crossing the last closed flux surface (LCFS)
can then reach the PFCs via parallel transport along field lines
or perpendicular transport across them. The ratio of parallel
to perpendicular transport is a key parameter that governs the
behavior of the edge plasma. It is one of the main differences
between tokamak divertors, where parallel transport tends to
dominate, and stellarator divertors, where perpendicular trans-
port plays a comparatively more important role [5]. Parallel
transport mechanisms are classical while perpendicular trans-
port consists of an ‘anomalous’ component caused by turbu-
lence and/or filaments, and an additional component arising
from the E x B and diamagnetic drifts.

Drift-induced perpendicular transport can have important
effects on the edge plasma. In tokamaks drifts contribute sub-
stantially to asymmetries of the electron temperature, dens-
ity, radiation profiles, particle fluxes, and heat fluxes between
inner and outer divertor legs [6—11] and have been shown
to affect the dynamics of the transition from the attached to
detached divertor state [12]. SOL drift effects in stellarators
are less well understood, but initial studies on LHD [13], W7-
AS [14], and W7-X [15] have observed similar drift-induced
asymmetries between otherwise symmetric divertor targets. In
W7-X, which uses toroidally discontinuous divertor targets, it
was also observed that drifts drive heat loads onto ‘shadowed’
regions of the targets that are not typically expected to receive
direct plasma heat flux [15]. Consequently, an additional prac-
tical motivation for understanding SOL drifts is that they must
be sufficiently well-understood to ensure that they do not drive
excessive heat loads onto peripheral PFCs.

Modeling the effects of drifts on the edge plasma is chal-
lenging. Two-dimensional codes applicable to the tokamak
SOL such as UEDGE [16] and SOLPS [17] include drifts, but
they are not always turned on in simulations due to computa-
tional cost, especially when drift effects are not the primary
focus of investigation. Drift modeling in stellarators is in its
infancy: there are currently no 3D SOL codes with plasma-
neutral coupling that self-consistently include drifts, although
recently a two-fluid edge turbulence code that includes drifts
but not neutrals has been developed [18]. Efforts are under-
way to add drifts to EMC3-Eirene [19], the primary SOL

code used to model W7-X, but a functional implementation
is not complete. For this reason, SOL drift investigations in
stellarators must currently be performed experimentally, with
aid from simplified models. Furthermore, experimental drift
investigations provide a dataset useful for future validation of
3D SOL codes.

In this paper, we present the results of an experimental
investigation into drift effects on SOL transport in the W7-X
island divertor. This work builds on the initial investigation in
[15] by including new flow measurements throughout the SOL
and interpreting the measurements using a simple SOL model
that includes the E x B drift. In section 2, the experimental
methodology is described and basic flow measurements are
presented. Section 3 explains the diagnostic forward model
used to help interpret the flow measurements. In section 4,
a simple SOL drift model is developed and a basic physics
picture of how drifts alter SOL parallel flows is introduced.
Section 5 presents parallel flow and density asymmetry meas-
urements and discusses how they are caused by the poloidal
E x B drift.

2. Experimental setup and basic observations

To investigate the effects of drifts on SOL transport, an exper-
iment was carried out during the OP1.2b run campaign of
W7-X where pairs of discharges were created with matched
core plasma parameters but oppositely directed magnetic
fields. Reversing the magnetic field reverses the direction of
drift-induced perpendicular transport, but does not directly
affect parallel transport or anomalous perpendicular transport.
Investigating the differences between these matched discharge
pairs elucidates the role drifts play in SOL transport. The
details of this experiment were previously described in [15];
we describe them again here for the sake of completeness.

2.1. Edge magnetic topology

The experiment was performed in the so-called ‘low-iota’
magnetic configuration (specifically the DBM configuration),
which exhibits a single edge island with toroidal mode num-
ber n=35 and poloidal mode number m =6. As depicted in
figure 1, this island surrounds the confined plasma, closing on
itself after completing six toroidal and five poloidal transits
around the machine. It is intersected by ten divertor targets
made of graphite, forming the plasma-material interface. The
low-iota magnetic configuration was chosen for this experi-
ment because (a) it has the longest connection lengths of any of
the main magnetic configurations in W7-X [20], maximizing
the impact of drifts; (b) it is the configuration least affected by
error fields, as the edge island is non-resonant with the domin-
antn = 1 and n = 2 error fields; and (c) in this configuration the
divertor Langmuir probes have good coverage of the plasma-
target interaction zone.

The edge plasma is divided into topologically separate
regions that have different transport behavior. These regions
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Figure 1. (a) W7-X plasma geometry for the low-iota magnetic configuration, showing the last closed flux surface of the main plasma (red)
surrounded by an edge magnetic island (pink) that intersects the ten divertor targets (black), forming the scrape-off layer (SOL). (b) Poloidal
cross-sections of the island at several toroidal angles. (c¢) Distribution of target-to-target connection lengths L. throughout the edge plasma at

¢ = 36°, which reveals several distinct topological regions: the island SOL, private flux region (PFR), O-point, lower target shadowed
(LTS) region, upper target shadowed (UTS) region, and outer shadowed (OS) region. (a) and (b) reproduced from [15].

© Max-Planck-Institut fuer Plasmaphysik. CC BY 4.0

are evident in figure 1(c), which shows the distribution of
target-to-target connection lengths L. at the ¢ = 36° toroidal
angle, where the island is in the gap between the toroidally
discontinuous divertor targets. The connection lengths are
calculated using the W7-X webservices field-line tracer [21]
with vacuum fields only, i.e. neglecting the effects of finite 3,
toroidal current, and magnetic-force-induced coil deformation
on the edge magnetic structure.

There are four main topological regions distinguished by
stark differences in L.: the island SOL, O-point, private flux
region (PFR), and shadowed region. The island SOL is the
part of the island in contact with the main confined plasma
and is characterized by L. = 450—1700 m. The PFR is out-
side the island and characterized by intermediate L. values of
60—400 m. The shadowed region is the portion of the island
that is cut by the divertor targets and has the shortest con-
nection lengths in the edge. The shadowed region is further
subdivided based on which divertor targets cut the island.
Moving radially away from the LCFS toward the outboard
side of the island, it is first cut by either two lower tar-
gets or two upper targets, forming the lower target shadowed
(LTS) and upper target shadowed (UTS) regions, respectively.
These regions have L, = 42 m, corresponding to L./ (2nRy) =
(42 m) /(35 m) = 1.2 toroidal transits. Moving further radi-
ally, the island is eventually cut by both an upper and lower tar-
get, forming the outer shadowed (OS) region, which has L, ~

20 m (0.6 toroidal transits). Finally, there is a small region of
closed field lines around the island O-point.

Each topological region is magnetically isolated from its
neighbors, so heat and particles can only cross between regions
via perpendicular transport. Being in contact with the main
plasma, the island SOL receives most of the heat and particle
exhaust. Its boundary has the largest connection lengths, L, ~
1000 m (=30 toroidal transits), and forms the parallel heat
exhaust channel. The PFR only contacts the main plasma at
the X-points, so perpendicular transport from the island SOL
is an important source for the PFR. The O-point and shad-
owed regions do not contact the main plasma at all, so per-
pendicular transport from the island SOL and PFR are their
only source of heat and particles. Therefore, any field-reversal-
induced plasma parameter changes in the shadowed region or
the zone where it intersects the divertors are highly likely to
be caused by drifts.

2.2. Methodology

The experiment was performed by creating pairs of dis-
charges with opposite magnetic field direction but otherwise
as closely matched as possible. Note that in W7-X, revers-
ing the field direction does not change the SOL magnetic
topology, unlike in a tokamak, where reversing the field
direction alters the SOL magnetic topology unless the plasma


https://creativecommons.org/licenses/by/4.0/

Nucl. Fusion 63 (2023) 026022

D.M. Kriete et al

current is also reversed. The line-averaged electron density
n. and electron cyclotron resonance heating power Pgcru
were scanned on a discharge-to-discharge basis to investigate
drift effects over a broad SOL parameter range. The scan
covered 7i. = 1.5—6.0 x 10" m—3 and Pgcrg =2—-35 MW.
Within each discharge, the plasma parameters were ramped up
during the first second and then held constant to the best extent
possible throughout the remainder of the discharge, typically
4s.

Example time traces of matched forward and reverse field
discharges for low and high density cases with high power are
shown in figure 2. The core plasma parameters 7z, and diamag-
netic stored energy Wy;, are matched to better than 20% dur-
ing the stationary phase (marked by the shaded regions), with
deviations resulting from slow oscillations of 7. about its set-
point. The toroidal current I, is not as well-matched, and it
increases continuously throughout the discharge, never reach-
ing the full bootstrap current because the discharge length is
shorter than the ~10 s decay time of the shielding current [22].
In contrast to the core plasma parameters, the C>* impurity
flow velocity vc2+ measured in the SOL near one of the island
X-points changes dramatically upon field reversal, indicating
that drifts have a substantive impact on SOL parameters.

For each discharge in the experiment, an analysis time win-
dow with stationary plasma conditions is selected. For most
discharges, this time window is 1—4 s, as marked by the
shaded regions in figure 2. Some discharges are not station-
ary during this full period, so a more restrictive analysis time
window is used. For example, in the reverse field, high dens-
ity case in figure 2, ve2+ takes longer than 1 s to settle down
to a stationary value due to 7 overshoot, so the time window
is 2.5—4 s (marked by the right half of the shaded regions in
figure 2). A list of all discharges used in this work is given in
the appendix.

The focus of this work is on drift effects in the SOL with
attached divertor conditions. The radiated power fraction f,q
was typically below 20%, and discharges with f;,q > 40% are
not included in the analysis to avoid cases where the plasma
begins to detach [23, 24].

Due to ramp-rate limitations of the superconducting coils,
as well as programmatic constraints, the forward and reverse
field discharges were executed on separate days, about 5 weeks
apart. The forward field experiment occurred three weeks after
a boronization, while the reverse field experiment occurred
immediately after a boronization. The wall conditions were
thus cleaner for the reverse field discharges, leading to lower
overall impurity concentrations and radiated power, especially
in the high density cases [25]. This does not affect the results
of this paper but does preclude detailed investigation into how
drifts affect the SOL impurity distribution.

2.3. Diagnostics

The primary edge diagnostic used in this work is coherence
imaging spectroscopy (CIS), a technique that uses polarization
interferometry to provide high-spatial-resolution 2D images
of impurity ion flow velocities throughout the SOL [26].
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Figure 2. Time evolution of measured parameters for matched
forward and reverse field discharges at low and high density:

(a) electron cyclotron resonance heating power Pgcru,

(b) line-averaged electron density 7., (¢) diamagnetic stored energy
Wiia, (d) toroidal current fio;, and (e) C** flow velocity v+
measured by coherence imaging spectroscopy (CIS) near one of the
island X-points (see figure 3 for region). The shaded regions denote
the stationary period used for diagnostic analysis.

The W7-X CIS system [27] has two views: one looking in
the toroidal direction and one viewing vertically through the
plasma onto a small portion of a lower divertor target. For this
work, only the toroidal viewing system is used since it has a
much wider field of view that captures SOL flows through-
out multiple islands. Typical exposure times during this
experiment were 50—80 ms, providing many tens of images
throughout the analysis time window of each discharge. CIS
velocity measurements have a systematic uncertainty of
+1-2 km s~! due to the effects of Zeeman splitting and cal-
ibration imprecision [27].

During this experiment, CIS was configured to meas-
ure emission from the C III line at 465 nm, which is
comparatively intense since most of the PFCs are made
of graphite. For the SOL parameter range in W7-X, the
emission from this line, as calculated via the collisional
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Figure 3. Effect of magnetic field reversal on C2* impurity flow measured by CIS in low-density (a), (b) and high-density (c), (d) plasmas.
The trajectories of the island O-points (X-points) are overplotted as solid (dashed) black lines, and a CAD view of the in-vessel components
is shown in the background. The image axes are labeled by camera pixel number. The black dotted box denotes the region used for the
velocity time trace in figure 2(e). At low density the flow is largely unidirectional and reverses direction upon field reversal, while at high
density counter-streaming flow structures that change upon field reversal are observed.

radiative modeling code ColRadPy [28], is dominated by
excitation of C** (contributions from recombination of C3+
and charge-exchange of C3* with hydrogen neutrals are
negligible). The measured velocity then corresponds to the
velocity of C?>* ions. The emission occurs in regions where
the electron temperature 7. is in the range of 3—20 eV, with
the detailed distribution depending on charge-exchange and
transport effects [29]. T, at the LCFS is always well above this
range, so no emission comes from the confined plasma [30]. It
has recently been shown that the C>* ion parallel velocity is
strongly coupled to the main ion parallel velocity by the fric-
tion force throughout most of the SOL parameter range access-
ible in W7-X [24]. The E x B drift is independent of species
charge and mass, so the perpendicular velocity of C>* closely
matches the main ion perpendicular velocity. Thus, the CIS-
measured velocity is a good proxy for the main ion velocity.
Two arrays of target-embedded Langmuir probes are used
to measure n, and 7T, at the divertor targets [31, 32]. One
array is on an upper target, and the other is in the stellarator-
symmetric position on the lower target in the same module.
The probes cover the plasma-target interaction zone in the
island SOL, PFR, and target shadowed regions. Thomson scat-
tering is used to measure n. and 7. just inside the LCFS
[33, 34]. The line-averaged density is measured by a disper-
sion interferometer with 1.33 m path length through the plasma
[35]. The diamagnetic energy is measured by diamagnetic

loops located at two of the up/down symmetry planes [36].
The radiated power is measured by bolometers [37].

2.4. Basic SOL flow observations

Figure 3 shows CIS-measured SOL flows in forward and
reverse field plasmas at low and high density. In each CIS
image, the island O-point and X-point trajectories calculated
via vacuum field line tracing are displayed as black solid and
dashed lines, respectively. The O-point marks the center of the
island and the X-point marks the boundary between neighbor-
ing passes of the island. Because it is an m = 6 island, there are
six O-point/X-point trajectories in each image. For conveni-
ence we refer to the regions between each pair of X-points as
separate islands throughout the rest of this paper, despite the
fact that technically they are sections of a single island. Four of
the six islands are fully within the field of view. A small por-
tion of one of the remaining islands passes just in front of the
plasma facing lens, but contributes negligibly to the velocity.
The bottom right island (roughly below pixel row 600 and to
the right of pixel column 800) passes in front of steel panels
and diagnostic ports, which reflect light that contaminates the
flow measurements. The other three islands (on the left side
and upper portion of the image) pass in front of the divertors,
baffles, or heat shields, which are made of graphite and have
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negligible reflectivity. Therefore, throughout this paper only
flow measurements from these three islands are used.

As seen in figure 3, reversing the magnetic field for plasmas
with similar core parameters substantially affects SOL flows.
In the low-density, forward-field case (figure 3(a)), the flow
is nearly unidirectionally counter-clockwise around the torus
when looking from above (positive, red, directed away from
the CIS lens) throughout and across multiple islands. The only
region where the flow is negative is just above the divertor
target and baffle (blue region around pixel row 1000, pixel
columns 600—900), where strong flows directed into the tar-
get are expected. When the field is reversed (figure 3(b)), the
flow direction also reverses and is still nearly unidirectional,
except above the divertor target and for half of the lower
left island. In the high-density cases (figures 3(c) and (d))
a counter-streaming flow pattern is observed instead of uni-
directional flow. This flow pattern changes in a complex way
upon field reversal, reversing in some areas while not in oth-
ers, as first reported in [38]. In all cases, there is little change
in the flow pattern just above the divertor target upon field
reversal.

The near-unidirectional flow pattern is consistently
observed only in the low-iota magnetic configuration at the
lowest densities accessible by W7-X. The vast majority of
plasmas across different magnetic configurations instead
exhibit counter-streaming flows [38], as predicted by edge
plasma simulations [3]. The fact that this unidirectional flow
pattern largely reverses with field direction implies it is some-
how caused by drifts.

3. Forward model for coherence imaging
spectroscopy

In this section we investigate the relationship between the 2D
flow images obtained by CIS and the complex, 3D flow pattern
of particles in the SOL, which includes both parallel and per-
pendicular components. The main aim is to determine to what
extent the flow reversal observation at low density reflects dir-
ect measurement of the reversing drift flow vs drifts indirectly
modifying the parallel flow.

The principal challenge with interpreting CIS velocity
measurements is that they are integrated along sightlines that
pass through multiple islands, with a relative orientation to
the magnetic field that changes along each sightline’s length.
Significant effort is required to relate the line-integrated velo-
cities to local flow velocities. For CIS diagnostics on toka-
maks, this has been accomplished using tomographic recon-
struction of the flow profile, which makes use of the fact that
the flow is axisymmetric [39, 40]. However, this approach is
not suitable for W7-X owing to the complex 3D geometry
of the edge magnetic islands. We thus employ a forward
modeling approach by starting with a physically motivated
assumed 3D flow profile, generating a synthetic CIS image
by integrating the flow profile along the diagnostic sightlines,
and then comparing the synthetic data against experimental
data.

For each pixel in a CIS image, the measured velocity is
approximately given by

[ ev-de

e (1)

vers &

where € is the emission intensity, v is the velocity of the
emitting species, ¢ is the unit vector directed along the
sightline for this pixel, and d/ is the differential length along
the sightline L. To separate drift flow from the parallel flow,
v is decomposed into components parallel and perpendicular
to the magnetic field, so evaluating v Y requires information
about the local magnetic geometry.

The sightline vector £ for each pixel is determined via geo-
metric camera calibration. The in-vessel components are illu-
minated, and an image is taken. The 3D machine coordinates
of features in this image, e.g. the edge of a divertor target or
a diagnostic port, are extracted from a CAD model of W7-X
and used to calculate £ for a small number of pixels (typic-
ally 20-30) well-distributed across the field of view. Interpol-
ation is then used to calculate £ for the rest of the pixels in the
image.

The flow velocity in the island SOL is decomposed as

V:VHIA)—%-V,f'-l-V,,IAl, 2)

where b =B/ |B|, £, and f are the unit vectors in the paral-
lel, island radial, and island binormal directions, respectively.
The island radial direction is perpendicular to island flux sur-
faces, pointing away from the island O-point toward the island
separatrix. Note that it is not equivalent to the main plasma
radial direction, which points away from the magnetic axis.
The island binormal direction is perpendicular to both b and
r. Due to the small field line pitch, it is close, but not equal, to
the poloidal direction. The W7-X webservices field line tracer
[21] is used to compute b throughout the SOL. Computing ¢
and n is more involved and is accomplished using a recently
developed technique based on poloidal sorting of dense Poin-
caré maps [41].

Using these vectors, the sensitivity of CIS to each flow com-
ponent is calculated throughout the island SOL. The sensitiv-
ities are defined as S = b- Z, S, =r- @, and S, =n- @, so that
equation (1) can be written as

fLE (VHS” +v,.S,+ VnS,,) d/
fLed€ '

To determine the region along each sightline that is within the
island SOL, a filter based on the connection length is used:
points having finite L. > 365 m are in the island SOL, while
those with L, < 365 m are in the PFR or target shadowed
region. This 365 m cutoff value is determined from the edge
connection length map (figure 1(c)) by taking the minimum L,
in the island SOL. The SOL-averaged sensitivity for each flow
component is shown in figure 4. For most sightlines, the vari-
ation of these flow sensitivities throughout the SOL is small,
less than 10%, so SOL-averaged values are representative of

3

veis &
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Figure 4. CIS sensitivity to (a) parallel, (b) island radial, and (c) island binormal flows in the island SOL. The trajectories of the island
O-points (X-points) are overplotted as solid (dashed) black lines. CIS is most sensitive to parallel flows, and has weaker, non-uniform

sensitivity to radial and binormal flows.

the whole SOL. However, near the X-points there is substantial
variation, which manifests as the noisier regions in figure 4.

CIS is by far most sensitive to v, with nearly uniform
S| > 0.9 over the entire image (figure 4(a)). The positive
sign of § indicates that a positive parallel flow (counter-
clockwise around the torus) will contribute positively to the
CIS-measured flow. CIS is much less sensitive to v, and v,,: the
average absolute values of the flow sensitivities are |S,| ~ 0.2
and |S,| 2 0.15. The radial flow sensitivity (figure 4(b)) is zero
near the X-points and negative around the O-points, indicat-
ing that a positive radial flow (outward from the island O-
points) will contribute negatively to the CIS-measured flow.
The binormal flow sensitivity (figure 4(c)) flips sign at the X-
points and again within each island, but the location where
this happens varies from island to island due to variation of
the sightline trajectories and path lengths through different
islands.

We now turn to the question of whether the unidirectional
flow reversal observed at low density (figures 3(a) and (b))
reflects direct measurement of the reversing perpendicular
drift flow or reversal of the parallel flow caused indirectly by
drifts. S I is ~5 times larger than S, and S}, so the drift flow
would have to be about 5 times larger in magnitude than the
parallel flow to make a similar contribution to CIS measure-
ments. Because S, flips sign within each island, it is highly
unlikely that a binormal drift flow could directly produce a
unidirectional flow image. To do so, the drift would have to
also reverse within each island in such a way as to cancel the
reversal of S,,. As will be discussed in section 4.1, this would
require the radial 7T, gradient to flip direction within the island,
which is physically implausible. In addition, the radial flow
sensitivity has the same sign throughout most of the image but
shows strong variation near the X-points, which is not reflec-
ted in the flow measurements. Thus, it also seems unlikely
that radial drift flows could directly produce the observed uni-
directional flow pattern. In contrast, S is nearly uniform over
the entire image, so a uniform v could readily produce a uni-
directional flow pattern. Taken together, this evidence implies
that in the low density cases where flow reversal is observed,

CIS primarily measures the parallel flow, not the perpendicular
drift flow.

4. Modeling the effects of SOL drifts on parallel
flows

The SOL flow measurements at low density imply that drift-
induced perpendicular transport alters parallel flows, causing
the usual counter-streaming flow pattern to become a near-
unidirectional flow pattern. The flow pattern then reverses dir-
ection when the field reverses. Motivated by this observation,
in this section we develop a simple SOL transport model that
includes the effects of drifts in order to understand how they
affect parallel flows. This model will be used to help interpret
the experimental measurements.

4.1. SOL drifts

The relevant fluid drifts are the E x B drift, v = E x B /Bz,
and the diamagnetic drift, vgi, = —Vp x B/ (qgnB?). The E x
B drift components in the radial and binormal directions arise
for different reasons and have different effects on SOL trans-
port, so they are treated separately. Throughout the rest of this
paper we will refer to the binormal component as the ‘poloidal
E x B drift’ to be consistent with existing drift literature [7].
The basic flow patterns of these drifts are depicted in figure 5.

4.1.1. Poloidal E x B drift. =~ The poloidal E x B drift arises
from the radial electric field: vg g = E./B. The direction of
E, is governed by the radial variation of the plasma poten-
tial, which largely depends on the 7. distribution since the
plasma potential relative to the equipotential divertor surfaces
is V), = 3T givertor/€ [7]. Within the islands, T is largest at the
island separatrix and decreases moving radially inward, reach-
ing a minimum near the O-point [42]. In the PFR, T, decays
moving radially away from the LCFS [43]. Thus, E, points
toward the O-point within the islands and points away from
the LCFS in the PFR.
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Vdia,ion

Figure 5. Directions of the poloidal E x B drift vg ¢ (cyan), radial
E x B drift vg,, (red), and ion diamagnetic drift vgia jon (Orange) in
the W7-X edge. The magnetic field B points into the page (forward
direction); reversing B reverses the direction of all the drifts. The
gray region in each island marks the target shadowed region. vg ¢
transports particles poloidally clockwise about the O-point of each
island. vg,, transports particles from island to island, effectively
forming a counter-clockwise poloidal flow loop passing through the
PFR around the main plasma. vgi, has a more complex pattern than
shown here, but its net effect is largely vertical.

The poloidal E x B drift flow pattern arising from E, for
forward field direction is depicted by the blue arrows in
figure 5. In the island SOL, vg ¢ is clockwise about the O-point

of each island. The direction of vg ¢ flips across the boundary
between the island SOL and PFR. The drift velocity can
be estimated as vg g ~ 3T givertor/ (€BAr,), Where Az, is the
radial 7, decay length. At low density the SOL plasma is in
the sheath-limited regime and T giverior = T¢,1.CFS» SO VE,9 1S
large. As density increases and the plasma transitions to the
conduction-limited and eventually detached regimes, T divertor
decreases substantially, so the poloidal E x B drift becomes
weaker.

4.12. Radial E x Bdrift. Theradial E x B drift arises from a
combination of the pre-sheath parallel electric field £} and tor-
oidicity. Moving along a field line, the parallel potential gradi-
ent associated with £ results in a poloidal potential difference
between neighboring passes of the field line. This creates a pol-
oidal electric field Eg = ©'E, where © is the internal field
line pitch of the island, which represents the distance the field
line moves poloidally about the island O-point per unit parallel
distance moved along the field line. The resulting drift is then
VE, = @_IEH/B.
From Ohm’s law [44],

= e @

where j is the parallel current density, o) is the parallel
electrical conductivity, and s is parallel distance. Assum-
ing that there are no currents, in the sheath-limited regime
oT./ 8s|| =0, so there is only a weak E| associated with the
~ pe/2 pressure drop along the SOL, and vg , is small. With
increasing density, strong parallel 7. gradients develop and
vg,» becomes larger. Therefore, one expects the poloidal E x B
drift to be dominant at low density and the radial E x B drift
to be dominant at high density.

The flow pattern expected from vg , for forward field dir-
ection is shown in figure 5. Generally, £} points toward the
closest target and is largest for the flux tubes near the sep-
aratrix in the region between the target and X-point. vg , then
points from the island SOL to the PFR beyond one of the
X-points and from the PFR to the island SOL beyond the
other X-point. The radial E x B drift can also cause transport
within the island either toward or away from the O-point, but
this effect is expected to be weaker because E|| decays rapidly
moving away from the island separatrix. Interestingly, the net
effect of vg , and vg ¢ is to transport particles and heat from
island to island counter-clockwise poloidally around the main
plasma.

4.1.3. Diamagnetic drift. ~ The diamagnetic drift flux is com-
posed of the plasma magnetization flux, VB drift flux, and
curvature drift flux [8]. The magnetization flux is the domin-
ant component but is divergence-free, so it cannot lead to any
accumulation or dispersal of particles or energy and therefore
has no effect on the SOL plasma distribution [45]. It also has
no effect on fluxes to the divertors, as the flux pattern forms
a closed loop within the plasma. The VB and curvature drift
fluxes have non-zero divergence, so they can alter the SOL
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plasma distribution and divertor fluxes. However, their impact
is mitigated because these drifts are largely vertical and are
hence averaged out by the helical twist of the island chain [14].
Therefore, the diamagnetic drift is expected to have a weaker
direct effect on particle and heat transport than the E x B
drift.

An important difference between the diamagnetic and E x
B drifts is that the diamagnetic drift has opposite directions
for ions and electrons, so it produces a current. For forward
field, the non-divergence-free components of the ion diamag-
netic drift are vertically upwards (see figure 5), so one would
expect a positive current into the upper divertors. As evident
from equation (4), this current can alter E|; and thereby modify
the radial E x B drift. In this way, the diamagnetic drift can
indirectly affect particle and heat transport in the SOL.

4.2. Simple SOL model with E x B drifts

The simplest model of the SOL applies to low-density plas-
mas in the sheath-limited regime, which assumes the plasma
is isothermal along each individual flux tube [44]. This cor-
responds to the regime where CIS observations imply drifts
substantially alter parallel flows. To model the effects of drifts
on SOL parallel flows, we modify the simple SOL model along
similar lines as was done in [7] for tokamaks.

The usual simple SOL model is one-dimensional in the
parallel direction. Since drifts by definition have no paral-
lel component, we instead use a 1D model in the island pol-
oidal direction, the geometry of which is shown in figure 6(a).
The island poloidal coordinate y represents poloidal dis-
tance along an island flux surface. It is zero at the posi-
tion halfway between the upper and lower target shadowed
regions, and increases moving toward the upper target shad-
owed region. The net flow in the island poloidal direction
is v, = sin(6p)v|| +cos(0p)vE,0, Where 6, is the internal field
line pitch angle. For the low-iota configuration of W7-X, © =
sin(6,) ~ 0.001, so v, ~ Ov| +vg .

The model is symmetric in the helical direction of the
islands, i.e. it assumes the divertor targets are helically con-
tinuous and does not include the shadowed regions. Effects
on the island SOL plasma distribution related to the discon-
tinuous nature of the divertor targets are thus neglected. These
effects are expected to be stronger close to the targets and less
important in the region between X-points. We assume © and
vi,¢ do not vary poloidally around each island flux surface.
The steady-state 1D island poloidal particle transport equation
is then

di [n (@VH + VE79)] =S, ®))
y

where S, is the total particle source and n = n; = n. has been
assumed (this is the island divertor analogue to equation (26)
in [7]).

In a 1D model, S, has two components: true particle
sources/sinks (e.g. ionization and recombination) and effect-
ive sources/sinks due to cross-field transport. The total particle
source is then the sum of the ionization source Sy, joniz, recOm-
bination sink S, recom, transport from the main plasma Sp main,

Model geometry v, without drifts

(b)

Ylower X-point v"

Ylower divertor

y upper divertor

Ll
Y upper X-point

v with poloidal drift
(c)

v with radial drift
(d)

Figure 6. (a) Geometry of the simple SOL drift model, which is
one-dimensional in the island poloidal direction. (b) Distribution of
v (red: positive flow, counter-clockwise around torus, blue:
negative flow, clockwise around torus) throughout the island SOL
when no drifts are present. Arrows denote the poloidal component
of v. (¢) v) distribution when there exists a poloidal E x B drift
clockwise about the O-point (the expected direction for forward
field). (d) v distribution when there exists a radial E x B drift in the
expected direction for forward field.

and transport into or out of the SOL by the radial E x B drift
Spvi,- Atlow density, Sy main is important because a substantial
number of the recycling neutrals make it to the main plasma
before being ionized. For example, for an average SOL density
of 1 x 10" m~3, the neutral penetration length is ~33 cm [3],
which is larger than the ~10 cm island width. The helical
twist of the islands around the main plasma reduces any pol-
oidal or toroidal asymmetries of the particle transport across
the LCFS, so we take S, main to be constant between the X-
points and zero beyond the X-points, where there is no direct
contact with the LCFS. At low density, Sp recom is completely
negligible, and Sp joniz is weaker than Sp main, SO we neglect
its effect on the SOL plasma distribution. In general, S, ,, . =
—4 [n©~'E| /B]. Atlow density, Ej = —©(dp/dy)/(en), so

d|[1dp 1 dp
Somp, = — | =Ll x =P 6
PYEST dr Lde} eBr; dy ©

where r; =~ 10 cm is the radial island size.
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The steady-state 1D island poloidal momentum transport

equation is
d vV
[n (Vﬁ H@Eﬂ )}

mj a
where m; is the ion mass (this is the island divertor analogue to
equation (36) in [7]). The terms on the left-hand side repres-
ent the divergence of the island poloidal momentum flux car-
ried by both v|| and vg g, and the term on the right-hand side
represents the pressure gradient force. Equation (7) neglects
the effects of currents, viscosity, plasma-neutral friction, and
momentum sources/sinks (e.g. charge-exchange reactions).
Thus, while the model captures the qualitative effects of drifts
on parallel flows, it will generally overestimate the magnitude
of V.

With the appropriate boundary conditions, equations (5)
and (7) form a coupled set that can be solved numerically
for the poloidal n and v profiles. The boundary condition for
v) at the magnetic pre-sheath entrance (MPSE) is v mpsg =
+cs — vE,9 /O, where ¢ = /T, + T /m; is the ion sound speed
and the £ denotes sign reversal between the condition at the
upper (+) and lower (—) divertors. This is a modified version
of the Bohm-Chodura condition that includes an approxim-
ate correction for the poloidal E x B drift [46, 47]. Note that
at one set of divertors v and vg g are in the same direction,
SO |v”| < ¢s, while for the opposite set of divertors v and
vE,9 oppose each other, so v becomes supersonic before the
MPSE.

dp
dy ’

(M

4.3. Expected drift effects on parallel flow

The simple SOL drift model gives insight into how drifts are
expected to affect the density and parallel flow distribution
throughout the island SOL. When there are no drifts, the dens-
ity peaks at the center of the island, halfway between targets.
At this point, called the stagnation point, the pressure is max-
imum, and the pressure gradient force and parallel flow are
zero. The pressure decreases moving away from the stagnation
point due to the particle sink at the divertor targets. The result-
ing pressure gradient force then drives a parallel flow toward
the closest target. This situation is depicted in figure 6(b),
where the red/blue color denotes the direction of v|. Note that
the internal field line pitch has left-handed helicity, so if the
poloidal component of v is clockwise about the O-point, then
the toroidal component of v is clockwise around the torus
(blue color). Since the flow direction is governed entirely by
the geometry of which target is closest, v is in one direction
over half the island and the opposite direction over the other
half.

Figure 6(c) shows how this basic picture is modified by
the poloidal E x B drift for forward field. The drift transports
particles poloidally about the O-point, creating a density asym-
metry in the island with higher density in the drift direction.
This causes the pressure to peak not at the island center but
at a location closer to the X-point in the direction of the drift.
The stagnation point then also moves toward the X-point in

the direction of the drift. Most of the island is now ‘below’
the stagnation point, so throughout most of the island v now
points in the counter-clockwise (red) direction. Only in the
small portion of the island above the stagnation point does v
still point in the clockwise (blue) direction.

The expected effect of the radial E x B drift on v for
forward field is depicted in figure 6(d). Between the lower
X-point and lower divertor, vg, transports particles out of
the island SOL and into the PFR (note that the lower X-
point/divertor is at the top of the island as depicted in
figure 6(d)). Between the upper X-point and upper divertor,
Vg, instead acts as a particle source into the island SOL. This
creates a density asymmetry with higher density near the upper
X-point/divertor than the lower X-point/divertor. The stagna-
tion point then shifts toward the upper X-point, so throughout
most of the island SOL v is directed toward the lower diver-
tor, corresponding to clockwise flow around the torus (blue
color). The radial E x B drift is thus expected to produce a
density asymmetry and stagnation point shift opposite that of
the poloidal E x B drift.

As discussed in section 4.1.3, the diamagnetic drift is not
expected to directly have a strong effect on the SOL plasma
distribution. However, the currents produced by vg;, can alter
the poloidal electric field, thereby modifying the density asym-
metry and stagnation point shift caused by the radial E x B
drift. For forward field, vqi, is expected to a create a current
into the upper divertors and out of the lower divertors. From
equation (4), this current enhances E) between the upper X-
point and upper divertor but reduces it between the lower X-
point and lower divertor. This increases vg -driven particle
transport into the island SOL beyond the upper X-point and
reduces the particle transport out of the island SOL beyond
the lower X-point. Diamagnetic-drift-driven currents are thus
expected to increase the density asymmetry and stagnation
point shift caused by the radial E x B drift. Note that when the
field direction reverses both the diamagnetic and radial E x B
drifts reverse, so the diamagnetic drift still enhances the asym-
metries caused by the radial E x B drift (although the asym-
metries are in the opposite direction).

4.4. Simple SOL drift model quantitative insights

Figure 7 displays poloidal profiles of n, v||, and v, determined
by the simple SOL drift model for a case with forward field
(ve,¢ pointing toward the lower X-point as in figure 6(c)). The
profiles are calculated by numerically solving the particle and
momentum transport equations for the simplest case where the
radial E x B drift is negligible. In this case there is no radial
transport beyond the X-points, so the profiles are flat in these
regions. The density profile peaks between the island center
and lower X-point, and the density at the lower divertor is
larger than at the upper divertor. The stagnation point (where
v| = 0) is near the lower X-point.

The total poloidal velocity v, is shown scaled by o=
1000 so it can be displayed on the same y-axis scale as v). The
location where v, = 0 is of interest as it represents the poloidal
position in the island where particles have no net movement
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Figure 7. Profiles of n (red solid line), v (blue dashed line), and vy
(blue dotted line) predicted by the simple SOL model when there is
a poloidal E x B drift with normalized strength v = 0.25 pointing
towards the lower X-point as in figure 6(c) (clockwise about
O-point, corresponding to the expected direction for forward field).

toward the targets because the drift motion exactly cancels the
parallel motion. This location can be thought of as the ‘pol-
oidal flow stagnation point’, in an analogous fashion to the
usual parallel flow stagnation point. Interestingly, the v, =0
location is not at the island center, but shifts towards the upper
X-point, in the opposite direction as the drift. This shift may
have implications for impurity transport, as recent modeling
work shows that the v, = 0 zone forms a channel for impurit-
ies to leak from the divertor region into the main plasma [48].

The density and flow asymmetries in the island can be
quantitatively related to the magnitude of the drift velocity vg ¢
by analytically solving equations (5) and (7) (again for the case
with the radial E x B drift neglected). Doing so yields the fol-
lowing coupled implicit equations

v—1, below lower X-point,

ny (M) +27) = 37+« between X-points, (8)
v+ 1, above upper X-point,

ne (M +29M) +1) =12, ©)

where we have introduced the normalized density n.
1/Nmax, parallel Mach number M| = v/c,, and normalized
poloidal position y, = y/yx—poin- A key parameter in the solu-
tion is the normalized drift strength v = vg g/ (2¢,©). The drift
velocity only enters the solution through «, and y captures the
fact that drift effects become stronger in configurations with
smaller field line pitch. The magnitude of + is restricted to
|7| < 0.5 in this version of the model. At this point, M| at one
of the divertors becomes zero, causing a singularity due to the
simplified Bohm-Chodura condition used by the model.
Substituting the Bohm-Chodura condition, M| upper/lower =
41 — 27 (4 at the upper divertor, — at the lower divertor), into

equation (8) gives an expression for the upper/lower divertor
density asymmetry:

Nupper 1+

Ny (10)
Njower 11—

For reverse field, the drift direction is toward the upper X-
point, s0 v>0 and nypper > Miower- The inequalities reverse
when the field reverses.

Solving for the poloidal position of the stagnation point by
substituting M| = 0 into equations (8) and (9) gives

an

For small drift strength, the stagnation point shifts in propor-
tion to 3+, and for strong drifts (v = 0.5) it shifts all the way to
the X-point. At this point, the drift is so strong that v becomes
unidirectional throughout the entire island SOL.

Finally, we solve for the poloidal position where the net
poloidal motion is zero. Setting v, = 0 gives M| = —2-, and
substituting this into equation (8) yields

Ystagnation /yxfpoinl = 3’7 - 473-

YV}:O/)’xfpoint =—-7. (12)

The v, = 0 position shifts in the opposite direction as the drift
with a distance linearly proportional to . The weaker scaling
of the v, = 0 position shift compared to the stagnation point
shift is reflected in figure 7 by the v, = 0 position being closer
to the island center. When v = 0.5, the v, = 0 position has shif-
ted halfway to the X-point.

These analytic model results strictly apply only to low-
density plasmas in the sheath-limited regime. At higher dens-
ity, the assumption that each flux tube in the SOL is isothermal
breaks down, and strong poloidal and parallel temperature
gradients develop. To model drift effects in the conduction-
limited or detached regimes, energy transport equations must
then be included to calculate the poloidal 7; and T, profiles.
These equations are highly nonlinear, which precludes ana-
Iytic solution and makes numerical solution more challenging.
An energy transport equation was included in previous drift
modeling of the W7-AS island divertor [14], but that work neg-
lected entirely the parallel flows, which are of central interest
for the work here.

Despite the model strictly applying only in the sheath-
limited regime, the basic physics mechanism regarding the
effect of the poloidal E x B drift on parallel flow should still
hold in higher density regimes. Rather than this mechanism
breaking down at high density, it just becomes weaker because
vg,¢ decreases and effects neglected by the model that counter
the vg g-induced asymmetry become important. For instance,
at high density the poloidal E x B drift is expected to be smal-
ler than the radial E x B and diamagnetic drifts, which induce
a density asymmetry and stagnation point shift opposite that
of vg g.

5. Drift effects on SOL transport

Guided by the predictions of the simple SOL drift model, we
now turn to interpreting the experimental data.
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Figure 8. Comparison between synthetic flow images generated by the simple SOL drift model (a)—(c) and experimental flow images
measured by CIS (d)—(f). The trajectories of the island O-points (X-points) are overplotted as solid (dashed) black lines. At low density
both the modeled and measured flow is nearly unidirectional across multiple islands, and the direction of the flow is in agreement for both
forward and reverse field. At high density counter-streaming flows are measured, similar to the modeled flow pattern without any drifts.

5.1. Shift of the parallel flow stagnation point

5.1.1. Stagnation point shift to X-points at low density. We
start with the CIS observations of unidirectional flow through-
out the SOL at low density (figures 3(a) and (b)). In this dens-
ity range (77 < 2 x 10" m™3), T, 1 cps & T diveror = 90 €V, 50
the plasma is in the sheath-limited regime. The predictions of
the simple SOL drift model are then expected to apply.
Figure 8 compares experimental CIS measurements against
synthetic flow images generated using the simple SOL drift
model. Three cases are modeled: one with a strong poloidal
E x B drift whose direction matches that expected for forward
field (figure 8(a)), one with the same drift strength but in the
reverse field direction (figure 8(b)), and one with zero drift
(figure 8(c)). The synthetic images are made by first using
the simple SOL drift model to calculate the v profile (as in
figure 7). For the no-drift case v =0 is used as an input to
the model, and for the drift cases v = 40.5 is used, which
represents the largest possible drift strength in the model and
results in the stagnation point shifting all the way to the X-
point. The v|| profile is then used as an input to the CIS for-
ward model (equation (3) neglecting the radial and binormal
components). To do so, the poloidal coordinate y in the simple
SOL drift model is mapped to the parallel coordinate z, which
represents parallel distance from the center of a field line. The
mapping is defined by z=©"'y, and a constant © = 0.001
throughout the island SOL is used. At each point along the CIS
sightlines, z is determined from connection length information

using z = (Le,— — Lc 4) /2, where L. , and L _ are the paral-
lel distances to the target in the directions counter-clockwise
and clockwise around the torus, respectively (note that L, =
L¢  + L ). The carbon emission intensity is assumed to be
uniform throughout the island SOL, but the synthetic flow
images are largely insensitive to variation of the emission dis-
tribution throughout the SOL.

For forward magnetic field, the synthetic image exhibits
near-unidirectional flow in the positive direction (figure 8(a)).
The stagnation region in each island (white band) is located
next to one of the X-points. The structure of the flow in this
image is broadly consistent with the experimental forward
field CIS flow image (figure 8(d)): both exhibit flows that are
nearly unidirectional across multiple islands. Moreover, the
flow directions in the experimental and synthetic images are
consistent in sign. Differences in the detailed structure and
magnitude of the modeled and measured flow patterns are
unsurprising given the many model simplifications.

When the field reverses, the synthetic image (figure 8(b))
has near-unidirectional flow in the negative direction because
the stagnation region has shifted to the opposite X-point
in each island. The experimental reverse field flow image
(figure 8(e)) also shows largely unidirectional negative flow,
albeit with small regions of positive flow in the lower left and
upper right islands. We note that while only two discharges are
presented in figures 8(d) and (e), nearly identical flow patterns
are observed by CIS for nine other forward field and six other
reverse field low-density discharges.
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The average flow velocities are 7 km s~! in forward field

and —4 km s~! in reverse field. These values are larger than
the +1 — 2 km s~! systematic uncertainty of CIS, so the flow
reversal with field direction cannot be attributed to measure-
ment uncertainty. The CIS measurements are thus in agree-
ment with the basic prediction of the simple SOL drift model
that the poloidal E x B drift causes the stagnation point to shift
poloidally around the island in the drift direction.

The observation of unidirectional flow implies that the
stagnation point has shifted substantially toward the divertor,
which requires ¥ = 0.5 in the simple SOL drift model. ~y can-
not exceed 0.5 in the model due to the limitations described
in section 4.4, so it is possible that |y| = 0.5 in the exper-
iment. Using T giveror = 90 €V and © = 0.001 gives vg g 2
130 m s~ !, which serves as an estimated lower bound on the
drift velocity in these low-density plasmas.

5.1.2. Substantial reduction of stagnation point shift with
increasing density.  As density increases the measured flow
structure transitions from largely unidirectional (figure 8(e))
to a counter-streaming pattern (figure 8(f)). This transition
occurs abruptly at line-averaged densities slightly above 3 x
10" m™3. The development of a counter-streaming flow
pattern implies the drift-induced stagnation point shift has
decreased substantially. This is supported by the fact that
the modeled flow image for the zero-drift-velocity case
(figure 8(c)) also exhibits a counter-streaming flow pattern.
The effects of poloidal E x B drift transport thus decrease with
increasing density, in agreement with expectations.

While the zero-drift modeled flow image (figure 8(c)) and
high-density measured flow image (figure 8(f)) both exhibit
a counter-streaming flow pattern, there is a mismatch in the
locations and sizes of the flow bundles. This is likely due to
a combination of several physics mechanisms lacking from
the model, including 1) the development of parallel T, gradi-
ents in the conduction-limited regime; 2) flows induced by
the remaining radial E x B and diamagnetic drifts; 3) move-
ment of the carbon radiation front, which affects where in the
SOL CIS measures Vs 4) flow drive from ionization within the
SOL [24]; and 5) possible magnetic topology changes due to
5 effects.

The transition of the flow structure and accompanying
reduction of the poloidal E x B drift appears to be correlated
with the transition of the edge plasma from the sheath-
limited/low-recycling regime to the conduction-limited/
high-recycling regime. Figure 9 shows the dependence of the
divertor T, and n. on 7, (x-axis) and Pgcry (colorscale) for all
discharges from the experiment. Because the density profiles
are flat in attached W7-X ECRH discharges [49], 7 is essen-
tially a proxy for n.1crs. The divertor parameters are taken
from the average of the upper and lower Langmuir probes
inside the island SOL closest to the strike line (probe 4).

T divertor rapidly drops with increasing density until settling
at 20 eV for 7. >4 x 10" m—3. Reliable Thomson scatter-
ing measurements of 7, near the LCFS were not available for
all discharges, but the measurements that were available have
T 1crs scattered over 50-120 eV with weak dependence on
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Figure 9. Evolution of the (a) divertor electron temperature and (b)
density with increasing line-averaged density and heating power.
The rapid drop of Tt givertor and superlinear rise of n¢ divertor With
increasing 7. are signatures of the edge plasma transitioning from
the sheath-limited/low-recycling regime to the
conduction-limited/high-recycling regime.

density and heating power. The drop of T givertor is thus accom-
panied by the development of a large parallel 7, gradient in the
SOL, with T¢ 1 cps — T divertor > 30 €V forn, >4 x 10" m—3.
This signifies that the edge plasma has transitioned from the
sheath-limited regime to conduction-limited regime. n¢ givertor
also increases superlinearly with 7, in this range, suggesting
the plasma is also entering the high-recyling regime [50].

5.1.3. Small stagnation point shift at high density.  In high-
density plasmas that exhibit a counter-streaming flow pattern,
the locations of the flow bundles shift with plasma parameters
and field direction. Figure 10 shows that increasing the dens-
ity in reverse field plasmas causes the flow bundles to rotate
counter-clockwise about the image center. In figure 10(a), the
trajectories of the stagnation points at 7, = 4.5 x 10! m~3
are marked by dotted lines. In figure 10(d), the flow pattern
at m, = 6 x 10! m=3 is shown with the same lower-density
stagnation point trajectories overplotted. This makes it clear
that the flow bundles at higher density have rotated slightly
counter-clockwise about the image center. For example, the
blue flow bundle on the left side of the image has shifted
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Figure 10. Counter-streaming flow pattern measured by CIS in reverse field plasmas at (a) 7. = 4.5 X 10 m™3 and (b) 7ie = 6 x 10" m™3.
The trajectories of the stagnation points for the lower density case are traced in black dotted lines on both (@) and (), revealing that
increasing 7. causes the flow bundles to rotate counter-clockwise about the center of the image. A video version of this figure is available
that shows rotation of the flow bundles due to changing 7. for both forward and reverse field.

downward, while the vertical blue flow bundle near the top
of the image has shifted to the left.

Forward field discharges also show rotation of the flow
bundles as density varies, but here the rotation direction is
opposite: the bundles rotate clockwise about the image cen-
ter with increasing density (see video version of figure 10).
Varying the heating power also causes a similar, but less pro-
nounced, rotation of the flow bundles. The trends are opposite
that for density: increasing power causes the bundles to rotate
counter-clockwise in forward field and clockwise in reverse
field.

The fact that the rotation direction of the flow bundles
reverses with field direction implies the rotation is caused
by drifts. While the quantitative predictions of the simple
SOL drift model do not apply to these high-density plasmas,
the basic mechanism that drifts cause the stagnation point to
shift poloidally in the island should still hold. For reverse
field, the poloidal E x B drift causes the stagnation point to
shift counter-clockwise about O-point, which manifests in CIS
images as rotation of the stagnation points clockwise about the
image center. Recalling that vg g o< T¢ givertor, figure 9 implies
that vg ¢ will increase with heating power and decrease with
density. So for reverse field, increasing heating power is expec-
ted to increase the clockwise rotation of the flow bundles,
while increasing density instead causes the flow bundles to
rotate counter-clockwise. This is in agreement with the exper-
imental observations. Poloidal E x B drift transport is thus a
candidate mechanism for the small stagnation point shift in
high-density CIS images. The expected scaling of the radial
E x B drift with density and heating power is more difficult to
determine, so it remains to be seen whether it could also cause
the observed stagnation point shift.

5.2. Upper/lower divertor density asymmetry

‘We now turn to investigating density asymmetries between the
upper and lower targets. The effects of drifts on target heat
loads, electron temperature, and ion saturation current, which
together are related to density, were previously investigated
in [15]. It was found that upper/lower divertor asymmetries

in low-density plasmas were qualitatively consistent with the
poloidal E x B drift. Here we focus only on the density asym-
metry because it can be compared directly against the predic-
tions of the simple SOL drift model.

Figure 11 compares density profiles at the upper and lower
targets between forward and reverse field low-density plas-
mas. The edge magnetic topology based on the vacuum mag-
netic field is displayed in figure 11(a) and indicates for each
probe whether it contacts the island SOL, PFR, or target shad-
owed region. The three probes at largest major radius (probes
1, 2, and 3) contact the PFR. The next outermost two probes
(4 and 5) contact the island SOL, with probe 4 right next to the
strike line. The group of five probes at smallest major radius
(probes 6 through 10) all contact the target shadowed region,
but probes 6 and 7 are directly underneath the region of con-
fined field lines around the O-point.

The measured upper/lower density asymmetries are gener-
ally consistent with expectations based on the poloidal E x B
drift. In the PFR, vg ¢ points away from the lower target probes
and toward the upper target probes for forward field and vice-
versa for reverse field. One then expects density to be larger at
the upper target for forward field and larger at the lower tar-
get for reverse field, and this expectation is borne out by the
measurements. In the island SOL, the drift is instead expected
to cause the lower target density to be higher than the upper tar-
get density in forward field and vice-versa in reverse field. The
reverse field measurements are consistent with this expecta-
tion. For forward field, the density at the strike line (probe 4)
shows only a small asymmetry and not in the expected direc-
tion, although the asymmetry is small enough to be within the
measurement’s uncertainty range.

In the target shadowed region the expected drift direction
is more uncertain because the T, distribution is not as well
understood. The measurements show an upper/lower divertor
density asymmetry that flips around the location of probes 7
and 8. The probes at smaller major radius R measure higher
density at the upper target for forward field and higher dens-
ity at the lower target for reverse field. The probes at larger R,
which are close to the O-point, see the opposite. The asym-
metry observed by the probes at smaller R is consistent with
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Figure 11. (a) Edge magnetic topology near the lower divertor

(¢ = —9°) based on connection lengths calculated using the vacuum
magnetic field. The locations of the Langmuir probes are marked by
white circles and the expected poloidal E x B direction in forward
field is shown with blue arrows. (), (c) Divertor density profiles in
low-density plasmas for (b) forward field and (c) reverse field.

the poloidal E x B drift under the normal assumption that T¢
decreases moving away from the island separatrix. The oppos-
ite asymmetry observed by the probes near the O-point could
be caused by an inversion of the radial electric field, or pos-
sibly radial E x B drift transport.

5.2.1. Asymmetry scaling with density. ~ As plasma density
increases, the divertor density asymmetry scales differently in

Divertor density asymmetry in island SOL
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Figure 12. Dependence of the upper/lower divertor density
asymmetry on line-averaged density and heating power for locations
on the divertor contacting (a) the island SOL and (b) the target
shadowed region. The horizontal dashed black line denotes where
He,upper = He lower, 1.€. Where there is no asymmetry. Note that the
y-axes are logarithmic, so asymmetries with equal magnitude but
opposite direction appear the same distance from the dashed black
line.

different topological regions. Figure 12 shows how the asym-
metry, quantified by e upper/ e, lower, Varies with line-averaged
density and heating power. In the island SOL (figure 12(a))
at low density, 7 upper 1S twice as large as ne jower for reverse
field (triangular points) and about two-thirds as large for for-
ward field (circular points). For 7z, > 2 x 10'” m~3 the asym-
metry decreases substantially, and there is only a small dif-
ference between forward and reverse field discharges. The
small remaining asymmetry is still consistent with the poloidal
E x B drift, as n¢ ypper /Me lower tends to be larger in reverse field
discharges than in forward field discharges. This reduction of
poloidal E x B drift-induced asymmetry with increasing dens-
ity is consistent with both theoretical expectations and the CIS
flow measurements.

In the target shadowed region, the divertor density asym-
metry instead persists as line-averaged density increases. As
shown by figure 12(b), the density asymmetry at probe 9 has
little dependence on either line-averaged density or heating
power (the reverse field discharge with 7z, = 3 x 10" m~2 and
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Pgcru = 3.5 MW appears to be an outlier). The density asym-
metry for other probes in the target shadowed region shows
a similar lack of variation with density and heating power.
For forward field 7 upper /e jower = 2 — 4, and for reverse field
nwpper/ne,]oWer =0.4—0.6. The persistence of the divertor
density asymmetry even at high 7z, implies that poloidal E x B
drift transport is still important in the target shadowed region,
even though it has diminished substantially in the island SOL.
However, we note that this conclusion is based on the topo-
logical regions determined from the vacuum magnetic field,
and the regions may change with increasing density due to 3
effects.

The simple SOL drift model predicts the density asym-
metry to scale with (1 4++) /(1 —~) (equation (10)). The drift
strength in the model is then related to the density asym-
metry by

o nupper/nlower -1
nupper/nlower +1

v (13)

In the island SOL of the low-density high-power discharges,
He upper /e jower = 0.7 for forward field and ~1.9 for reverse
field. This corresponds to a drift strength of v = —0.2 for for-
ward field and v =0.3 for reverse field. One would expect
the drift strengths to have the same magnitude in forward and
reverse field discharges with otherwise matched plasma para-
meters. The reason they differ somewhat might be related to
error fields or the lower SOL impurity content in the reverse
field discharges due to cleaner wall conditions. Based on these
drift strengths, vg g = 50 — 80 m s~1 is inferred. This range of
values is somewhat lower than the vg g > 130 m s~ ! estimate
inferred from the stagnation point shift in CIS images. Several
other estimates of vg ¢ are above this range: transport modeling
using heat flux width measurements and EMC3-Eirene gives
vee > 300 m s~! [51]; measurements of the radial Te givertor
gradient using Langmuir probes imply vg ¢ is several kilo-
meters per second [15]; and poloidal velocities measured in
the PFR using an array of fluctuation probes range from sev-
eral hundred meters per second up to 1 km s~! [15]. More
detailed modeling and measurements will be needed to under-
stand these discrepancies and is left as future work.

6. Summary and conclusions

We investigate the effects of drift-induced perpendicular trans-
port in the island divertor SOL of W7-X. Drift effects are isol-
ated experimentally by comparing measurements of parallel
flows throughout the SOL and density at the divertor targets in
discharges with opposite field direction but otherwise matched
core plasma parameters. The experiment was performed in the
low-iota magnetic configuration, which has the longest con-
nection lengths and smallest internal field line pitch of any of
the main W7-X configurations, thereby maximizing the impact
of drifts on SOL transport. The interpretation of the measure-
ments is aided by comparison to the predictions of a simple
SOL drift model.

At low density (7. <2 x 10" m™3), the parallel flow
structure measured by CIS in the island SOL is nearly

unidirectional and flips direction when the magnetic field is
reversed. This observation is found to be explained by pol-
oidal E x B drift transport. The drift induces a poloidal dens-
ity asymmetry within the islands, with higher density in the
drift direction. The resulting change in the pressure distribu-
tion alters the parallel flow structure, causing the stagnation
point to shift poloidally from the geometric center position of
the open magnetic field lines to the X-point in the drift direc-
tion. The parallel flow is then unidirectional throughout most
of the SOL, explaining the CIS observations.

As density increases, the measured flow structure trans-
itions from nearly unidirectional to a counter-streaming flow
pattern. This implies a substantial reduction in the importance
of poloidal E x B transport, as the stagnation point shifts back
toward the geometric center position between targets. Never-
theless, the drift still has a small effect on the parallel flow at
high density, as CIS measures small shifts in the stagnation
point that reverse direction upon field reversal and are consist-
ent in direction with poloidal E x B drift transport.

Upper/lower divertor density asymmetries measured by the
target Langmuir probes are consistent with poloidal E x B
drift transport. In the region of the divertor in contact with the
island SOL, the density asymmetry decreases substantially for
7ie > 2 x 10" m~3, implying the poloidal E x B drift weak-
ens. In the region of the divertor that is shadowed by other
targets, a strong density asymmetry consistent with poloidal
E x B drift transport is observed for all densities probed in this
experiment. Thus, while poloidal E x B drift transport is only
important in the island SOL at low densities, it is an important
transport mechanism in the target shadowed region for a wide
range of plasma conditions.

The parallel flow and divertor density asymmetries
observed in this work suggest that for all plasma conditions
investigated so far, the poloidal E x B drift has a stronger
effect on the SOL than the radial E x B and diamagnetic
drifts. The latter drifts are expected to induce density asym-
metries opposite those of the poloidal drift, but all observed
asymmetries are consistent with the poloidal drift. The simple
SOL drift model indicates that with increasing density the
radial E x B drift becomes stronger, so the observed decrease
in poloidal-drift-driven asymmetries with increasing dens-
ity might be caused in part by the radial drift. However, to
stringently test the radial E x B drift picture presented in this
work, future experiments that extend to higher density will be
required.

This investigation utilizes measurements exclusively from
the low-iota configuration. In other W7-X magnetic con-
figurations, such as the standard configuration, drift effects
are expected to be weaker because the connection lengths
are shorter. Future field reversal experiments will assess the
effects of drift transport in different configurations.
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Appendix. Drift experiment discharge list

Table A1. Parameters for the discharges used in this work.

Analysis

Field Ne Pgcruy  time
Discharge ID  direction 10° m™3  (MW) window (s)
20180829.005 forward 3.0 5.0 14
20180829.006 forward 2.6 5.0 14
20180829.007 forward 2.3 5.0 14
20180829.008 forward 1.9 5.0 14
20180829.009 forward 1.9 5.0 14
20180829.010 forward 1.5 3.5 14
20180829.011 forward 1.5 3.5 14
20180829.012 forward 1.5 3.5 14
20180829.013 forward 1.5 2.0 14
20180829.014 forward 1.5 2.0 14
20180829.015 forward 1.5 2.0 14
20180829.016 forward 3.0 5.0 2-4
20180829.017 forward 3.0 5.0 2-4
20180829.018 forward 3.0 3.5 14
20180829.019 forward 3.0 3.5 14
20180829.020 forward 3.0 2.5 2-4
20180829.021 forward 3.0 3.5 14
20180829.022 forward 3.0 2.0 1-3
20180829.023 forward 3.0 2.0 1-2
20180829.024 forward 4.5 5.0 14
20180829.025 forward 4.5 5.0 14
20180829.026 forward 4.5 5.0 14
20180829.027 forward 4.5 3.5 1-3
20180829.028 forward 4.5 3.5 14
20180829.029 forward 4.5 2.0 14
20180829.030 forward 4.5 2.0 14
20181002.038 reverse 1.9 4.0 2-5
20181002.046 reverse 1.5 5.0 1-4
20181002.047 reverse 1.5 5.0 14
20181002.048 reverse 1.5 3.5 14
20181002.049 reverse 1.5 3.5 14
20181002.050 reverse 1.5 1.0 14
20181002.051 reverse 1.5 2.0 14
20181002.052 reverse 3.0 2.0 34
20181002.053 reverse 3.0 3.5 14
20181002.054 reverse 4.5 5.0 2.5-4
20181002.055 reverse 4.5 3.5 1.25-2
20181002.056 reverse 6.0 3.5 2-4
20181002.057 reverse 6.0 5.0 2.254
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