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The edge topology of Helically Symmetric eXperiment (HSX) in the quasi-helically

symmetric configuration is characterized by an 8/7 magnetic island remnant embed-

ded in a short connection length scrape-o↵ layer (SOL) domain. A 2D mapping

of edge plasma profiles within this heterogeneous SOL has been constructed using

a movable, multi-pin Langmuir probe. Comparisons of these measurements to edge

simulations using the EMC3-EIRENE 3D plasma fluid and kinetic neutral gas trans-

port model have been performed. The measurements provide strong evidence that

particle transport is di↵usive within the island region and dominantly convective in

the SOL region. Measurements indicate that phenomenological cross-field di↵usion

coe�cients are low in the SOL region between the last closed flux surface and edge

island (i.e., D? ⇡ 0.03 m2/s). This level of transport was found to increase by a

factor of two when a limiter is inserted almost completely into the magnetic island.

A reduction in gradients of the edge electrostatic plasma potential was also measured

in this configuration, suggesting that the reduced electric field may be linked to the

increased cross-field transport observed.

I. INTRODUCTION

On HSX, 2D plasma profiles of density, plasma potential, and parallel flow provide direct

experimental evidence of complex transport in the scrape-o↵ layer domain of this optimized,

low shear stellarator. In particular, profiles show a combination of radial and poloidal

gradients that conform to the diverse magnetic field-line connection length (Lc) structure

inside a prominent n = 8, m = 7 edge island. In this paper we will examine these features in

detail and discuss the transport response that is observed when modifying the Lc structure.

Controlling the particle and heat exhaust is the generic task of divertors in any fusion de-
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vice. However, optimizing divertor heat and particle loads to satisfy engineering constraints

is a challenging task for future devices, and will require experimental data from current

machines to address the physics in the plasma edge. Prominent examples of divertors in

the stellarator community include the island divertors on W7-AS [1] and W7-X [2], and

the helical divertor on LHD [3]. Although the basic plasma edge physics are comparable

between stellarators and tokamaks [4], the mixture of magnetic islands, stochastic regions

and open field-lines in the stellarator edge presents a complicated environment for under-

standing transport [5]. In particular, it has been shown that when Lc becomes long due to

low field-line pitch (⇥), cross-field transport can actively compete with transport along open

field-lines and give rise to complex plasma features such as counter-streaming ion flows [4].

These physics are typical in stellarators (see Table I).

These counter-streaming flows impact transport in stellarator edges when the di↵usive

scale-length (�n = �ne/(dne/dr) [6]) becomes comparable to the distance between flows.

In this regime, friction from interacting flows serve as a momentum sink to the momen-

tum balance along a field-line and induce high-temperature detachment before the onset

of a high-recycling regime [4]. This behavior is consistent with experimental observations

and modeling of divertors on W7-AS [1, 7] and LHD [8, 9] where a high-recycling regime

has not been observed. Observations of these flows have been limited to measurements on

LHD [10], a device with a higher magnetic shear than HSX and W7-X. However, these

counter-streaming flows have, prior to this work, not yet been observed on low-shear stel-

larators with prominent edge islands like HSX, W7-AS and W7-X.

Transport by cross-field fluid drifts can also play a role in reshaping plasma profiles either

at the interface between the core and edge plasma, divertor target plates, or both. For

instance, on W7-AS, ~E⇥ ~B drifts within the island divertor are thought to have contributed

to the plasma asymmetries observed at the divertor target plates [11]. Although modeling

of ~E ⇥ ~B drifts yielded qualitative agreement with experiment [7], electrostatic potentials

within the island divertor were not directly measured. In addition, the impact of edge

potentials on plasma profiles at the interface between core and edge magnetic island were

not investigated.

Because the plasma environment in the edge of HSX is conducive to Langmuir probes,

2D profiles of density, temperature, plasma potential, and ion flows can be made using the

multi-pin probe which is described in Section II. These profiles show features within the
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density and electrostatic potential profiles that can be used to identify two distinct transport

channels that follow the Lc structure inside the edge magnetic island. In addition, limiter

experiments show evidence that the edge potential structure residing on the long Lc domain

can be manipulated by changing the Lc structure within the magnetic island. Changes in

the inferred cross-field transport that developed in response to this manipulation of the edge

potential were quantified and compared using simple scrape-o↵ layer model. Comparisons

to EMC3-EIRENE [12] are also provided, as they serve as a guiding model for interpreting

measurements and as a testbed for verifying the methodology used to calculate transport

coe�cients from measurements. These results, in combination with first measurements that

show evidence of counter-streaming flows in the edge of a low-shear stellarator are provided

in Section III. Finally, an overview of major results are discussed in Section IV.

II. EXPERIMENTAL SET-UP

A. HSX Edge

HSX is a modular stellarator optimized for Quasi-Helical Symmetry (QHS) with average

major radius, Rm = 1.2 m, and minor radius, a = 0.12 m. All plasmas considered in this

work are confined by a 1 T magnetic field and heated using electron cyclotron resonance

heating for a total discharge period of 50 ms [13]. With 50 kW of launched power, HSX can

typically achieve core density and temperatures up to 5 ⇤ 1018 m�3 and 1.5 keV respectively,

and up to 8 ⇤ 1017 m�3 and 60 eV near the Last Closed Flux Surface (LCFS). Although ions

are not directly heated on HSX, ion temperatures on the order of 60 eV in the core and

25 eV in the edge have been measured using the charge exchange recombination spectroscopy

system [14].

On HSX, transport in the presence of a prominent edge magnetic island illustrated in

Figure 1a can be directly investigated. This island chain is resonant at the rotational trans-

form ◆ = 8/7 (see Figure 1b) with ◆ being defined as the ratio between the toroidal (n = 8)

and poloidal (m = 7) mode numbers, respectively. Although no divertor has been engi-

neered for the edge of HSX, the 8/7 island is intercepted by the vessel wall, forming what

can be considered a ‘natural’ divertor as described in [15]. Because the magnetic island in

this configuration intersects the vessel wall, the magnetic field structure inside the island
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features a high degree of complexity. The island consists of di↵erent magnetic flux bundles,

some of which are confined and others which connect with very di↵erent Lc to the vessel.

This is shown in Figure 2. To di↵erentiate this configuration from others described in this

paper, we will define this mixture of closed field-lines embedded in the short Lc domain as

a heterogenous SOL.

FIG. 1: a) Poincaré plot highlighting the n/m = 8/7 island chain in the edge of HSX along with

a plot of b) the rotational transform (blue) for the QHS configuration. For reference, the LCFS in

a) is highlighted in blue, and in b) rational surfaces are denoted by the dashed lines.

This diversity in Lc points towards the possibility of two coexisting transport domains

as highlighted in Figure 2. The first is a SOL transport channel characterized by parallel

transport competing on the same order as cross-field di↵usion in the open field-line domain

(i.e., where Lc < 200 m). The second is a predominately di↵usive transport channel residing

in the long Lc domain where field-lines are e↵ectively infinite. It is considered di↵usive

because the reduction in parallel losses in the long Lc domain requires that outward, cross-

field transport to be achieved by building up a gradient that drives the resulting cross-field

flux.

B. Diagnostic

To characterize the plasma edge in the region of the magnetic island in HSX, a mov-

able, multi-pin Langmuir probe system was designed and implemented to measure density,
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FIG. 2: Plot of magnetic field-line connection length (Lc) depicting two possible transport channels.

A di↵usive transport channel residing on field-lines with e↵ectively infinite Lc, and a SOL transport

channel residing along open field-lines where Lc < 200 m.

TABLE I: Geometric comparison of edge island topology in HSX to the island divertor configura-

tions of W7-AS and W7-X, and divertor geometry of ASDEX-Upgrade are presented. A listing of

machine major (R) and minor (a) radii along with the rotation transform (◆) of the edge island(s),

island radial width or target-to-core distance (�x), island poloidal width (�y), and field-line pitch

(⇥) are shown. Table modified from [16] to include values from [15, 17, 18].

Experiment R (m) a (m) ◆ �x (cm) �y (cm) ⇥ (10�3)

W7-AS 2.0 0.13 5/9 ⇠ 3� 4 ⇠ 10 ⇠ 1� 1.5

W7-X 5.5 0.5 5/5 ⇠ 7� 8 ⇠ 60 ⇠ 2� 3

HSX 1.2 0.15 8/7 ⇠ 2 ⇠ 13 ⇠ 2

ASDEX-Upgrade 1.65 0.5 ⇠ 20 ⇠ 100

temperature, plasma potential, and parallel flows. To achieve these measurements, the pin

configuration was chosen to combine aspects of a Mach probe with a single Langmuir probe

as illustrated in Figure 3. Given the two degrees of freedom that have been built into the

probe, a significant portion of the edge plasma that encompasses both the SOL and di↵u-

sive transport channels illustrated in Figure 2 can be measured. This 2D mapping of edge

plasma properties provides a comprehensive view of the edge of HSX, and is ideal for making
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comparisons to the 3D plasma-fluid and kinetic-neutral code EMC3-EIRENE.

FIG. 3: Picture of the probe showing the pin configuration. The direction of motion of the probe

is indicated by the yellow arrows.

III. RESULTS

A. Experimental evidence for multiple edge transport channels

We will first examine the electron density and electrostatic potential profiles for features

that can be used to characterize the di↵erent transport channels within the heterogenous

SOL of HSX. For example, by comparing the density profile (red) through the island O-point

to the corresponding Lc calculations (black) shown in the right hand plots of Figure 4a, it

can be shown that a decaying density profile characteristic of SOL transport is visible when

progressing from the core confinement region out to the edge.

Additionally, the right hand plot of Figure 4a shows that the density peak within the

island O-point is well-correlated with the long Lc domain. This buildup in density and

corresponding change in gradient present on both sides of the long Lc domain in Figure 4a

can be inferred to correspond to the di↵usive transport channel, assuming di↵usion is present

and dominates over parallel losses. In addition, in order for the di↵usive transport channel

to be observed within the density profile, the di↵usive scale-length (�n) must be less than

the width of the transport channel. By inspection of Figure 4a, the width of the di↵usive

transport channel where Lc > 200 m is on the order of a 1 cm, according to the Lc calculation.

Therefore, �n must be on the order of a 1 cm or less in order for the density peak to be
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observed.

A similar correlation between the measured electrostatic potential profile and long Lc

domain is shown in Figure 4b. The impact of this prominent edge potential is examined in

more detail in the following sections. However, it should be noted that radial and poloidal

variations in both the density and potential profiles that are correlated with the Lc structure

within the magnetic island are similar to those observed on the TEXTOR-DED tokamak [19,

20]. These comparable findings show that the treatment of transport in such complicated 3D

edge layers can be well-represented by simple SOL approaches. However, we will demonstrate

limitations and point towards the use of full 3D models which can capture both the neutral

as well as plasma transport self-consistently.

B. Framework for data analysis based on the simple SOL model

In order to interpret the data obtained with this probe system in a complex 3D magnetic

field topology, we adapted the simple SOL model for calculating paticle di↵usivity (D?)

from Stangeby (i.e., D? = 0.5Cs�2

n/Lst

where L
st

is the distance between stagnation point

to target and Cs =
p

k(Ti + Te)/mi|LCFS

is the sound speed) [6] to the 3D HSX geometry

and use this analysis as a guideline approach. The analysis ultimately points to the need for

a complete 3D edge model to completely include the e↵ects of neutral sources. However, for

initial analysis, we will use EMC3-EIRENE and compare to the adapted simple SOL model

discussed here.

Utilizing simple SOL approximations and modeling, the particle flux through the LCFS

can be equated to the flux arriving at the vessel wall from particle continuity (i.e., 0 =

r · (�? + �k)). By integrating the continuity equation over the SOL volume, the radial

flux through the LCFS (�? = D?ne/�n(✓)) can be equated to the flux at the wall (�k =

0.5neCse�r/�n(✓w)) as shown in equation (1) [21].

Z
2⇡

0

2⇡R(✓)D?
ner(✓)

�n(✓)
d✓ = 4⇡RmneCs⇥�n(✓w) (1)

where the major R(✓) and minor radii r(✓) are expressed as a functions of poloidal angle

✓ measured from the outboard mid-plane within a helical plane, ✓w is the poloidal angle of

the wall strike point, ⇥ ⇡ 0.002 [15] is the pitch angle of ~B at the wall, �n(✓) is the density

scale length, ne is the density at the LCFS, and Rm is the average major radius. Because
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FIG. 4: Plots comparing the density (a) and potential (b) profiles shown in red against Lc from Biot-

Savart calculations in black through the island O-point. These plots show that both the density

peak and potential hill within the island are well-correlated with the Lc structure. Additionally,

the decaying density profile characteristic of SOL transport is visible at the LCFS interface.

the strike-point pattern of magnetic field-lines on the vessel wall is similar to a double null

divertor in a tokamak, the total plasma wetted area projected orthogonal to ~B was estimated

to be A
proj

= 8⇡Rm�n(✓w) sin(⇥) in equation (1). The total surface area of the LCFS was

also approximated as A
LCFS

= 4⇡2Rma. In addition, the relation nse

e = ne/2 from [6] was

used to connect upstream density measurements (ne) to density at the sheath entrance (nse

e )

along with the approximation sin(⇥) ⇡ ⇥ because ⇥ ⌧ 1.

Because the poloidal cross-section is non-circular, the density scale length �n(✓) may vary
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poloidally within the LCFS due to magnetic compression as described by equation (2) [21].

�n(✓)

�n(0)
=

�r(✓)

�r(0)
=

R(0)B✓(0)

R(✓)B✓(✓)
(2)

where �r(✓) denotes the separation distance between poloidal surfaces in a helical plane

for r/a � 0.9 where probe measurements are made. By substituting equation (2) into

equation (1), we calculate from the density gradient a phenomenological cross-field transport

coe�cient, D?, using equation (3). The value of D? is phenomenological since we make no

attempt to evaluate what contributes to the apparent density gradient, but we use it to

constrain an upper bound on the level of cross-field di↵usion.

D? =
Cs⇥

⇡r(0)

Rm

R(0)

�n(0)2

f(0)
= 6.14 ⇤ 10�3Cs�n(0)

2 (3)

where f(0) is described by equation (4).

f(0) =
1

2⇡

Z
2⇡

0

R(✓)

R(0)

�r(0)

�r(✓)

r(✓)

r(0)
d✓ (4)

Within the helical plane of the probe, the quantity ⇥Rm/(⇡r(0)R(0)f(0)) = 6.14 ⇤

10�3 m�1, which allows the right hand side of equation (3) to be simplified. In addition,

because the field-line pitch of diverting field-lines is assumed to be constant, the relation

B�(✓w)/B✓(✓w) ⇡ B�(0)/B✓(0) was used along with taking B�(✓)R(✓) ⇡ constant.

The simple model assumes all ionization occurs in the core. It does not include any

e↵ects from neutral sourcing in the open field-line region. Nor does it include any e↵ects

from other factors such as magnetic field line di↵usion. Therefore, the applicability of this

model to the 3D edge deserves extra scrutiny. We test the simple model on synthetic EMC3-

EIRENE simulations which do include the full neutral physics and 3D geometry. We apply

equation (3) to EMC3-EIRENE simulations and verify that the value ofD? from simulations

agrees with the user supplied input ofD? which is uniform over the entire simulation domain.

Three cases were tested. The first is the simulation result presented in this paper in which

the user-input D? in EMC3-EIRENE is 0.5 m2/s.

To determine �n(0) from the 2D density profile in EMC3-EIRENE, measurements taken

at discrete probe locations within the simulation environment were correlated to a distance

normal (r) to the LCFS by mapping to the outboard mid-plane, and fitted by an exponential

of the form ne(r) = n
0

e�r/�n with n
0

and �n treated as fitting parameters. This procedure

is illustrated in Figure 5, where it is shown that a logarithmic plot of the synthetic density

profile is well-fitted by an exponential with density scale-length of 3.2 cm.
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FIG. 5: Plot of log(ne) as a function of distance normal to LCFS of the simulated density profile.

The logarithmic profile shows a strong linear trend across the LCFS and into the SOL that is

well-described by an exponential with �n ⇡ 3.2 cm.

Using �n(0) ⇡ 3.2 cm and an average value for the sound speed around the LCFS,

Cs,EMC

⇡ 86 km/s, equation (3) produces an estimate of D? of 0.53 ± 0.04 m2/s. Two

other cases with a user supplied D? of 0.33 m2/s and 1.0 m2/s were also tested to verify the

applicability of equation (3) over a range of di↵usion coe�cients. The results from applying

equation (3) to the measured �n(0) = 2.6 ± 0.08 cm and 4.5 ± 0.2 cm taken from these

simulations yielded D? of 0.34 ± 0.02 m2/s and 1.1 ± 0.1 m2/s, respectively. It should be

noted that the uncertainty in D? is propagated from the uncertainty in fitting parameters

and Cs used to fit the density profile shown in Figure 5.

This agreement between the user supplied input and simple SOL estimate of particle

di↵usivity supports the conclusion that other e↵ects such as neutral sourcing and magnetic

field line di↵usion are small compared toD? values on the scale of approximately 0.33 m2/s or

larger. This agreement supports the assumption that the fluid modeling of EMC3-EIRENE

is still applicable for interpreting experimental results in HSX, despite the possibility of the

fluid approximations being marginally satisfied for HSX edge parameters. It also indicates

that any e↵ects from neutral sourcing or magnetic field line di↵usion are approximately on
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the order of 0.05 m2/s according to uncertainty estimates in D?.

C. Experimental estimate of D?

Estimates of cross-field particle transport can be determined by analyzing the density

profile within the SOL transport domain using equation (3). Following the procedure out-

lined in Section III B for plotting the measured density profile as a function of distance

normal to the LCFS, it can be shown by inspection of Figure 6 that the logarithmic plot

of the density profile is well-fitted by an exponential across the LCFS into the SOL. This

agrees with the observation of a rapidly decaying density profile within the SOL transport

region illustrated in Figure 4. Furthermore, the density scale-length determined from fitting

an exponential to the 1D profile was found to be �n(0) ⇡ 0.8 cm, which is comparable to

the width of the di↵usive transport channel of 1 cm estimated from Biot-Savart calculations

of Lc.

FIG. 6: Plot of log(ne) as a function of distance normal to LCFS of the measured density profile.

The logarithmic profile shows a strong linear trend across the LCFS and into the SOL that is

well-described by an exponential with �n ⇡ 0.8 cm.

Using equation (3) given �n(0) ⇡ 0.8 cm and Cs ⇡ 85 km/s, the local value of particle
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di↵usivity in the SOL region between the LCFS and edge island is calculated to be on the

order of D? <⇠ 0.031±0.004 m2/s. Because D? is so low, and below the level that is available

from EMC3-EIRENE simulation, we cannot conclude whether the e↵ect is due to cross field

particle di↵usion, or other e↵ects such as magnetic field line di↵usion. Nevertheless, we

can use this calculation as an upper bound for the particle di↵usion. Furthermore, the

value of D? is local because measurements show a broadening in �n on the inboard side

of the measured data set. Because this broadening in �n is believed to be indicative of a

local plasma source as discussed in Section III E, the simple SOL model cannot be applied

globally since the presence of local neutral source invalidates the underlying assumptions

used to derive equation (3). It should also be noted that because simulations with lower

values ofD? were not possible due to numerical di�culties, comparisons between experiment

and simulation with D? ⇡ 0.03 m2/s are not provided for this analysis. Furthermore,

the presence of a prominent edge potential may a↵ect the local measurement �n which is

examined in more detail in the following section.

D. Suppression of the edge plasma potential structure yields increased radial

transport

By comparing the edge potential through the island O-point to the Lc calculation shown

in Figure 4b, it can be shown that the potential hill structure is well correlated with the

bundle of closed field lines. This correspondence between the potential hill and the di↵usive

transport domain suggests that transport within the heterogenous SOL may be contributing

to the observed potential. We therefore attempted to actively manipulate the potential

structure and infer the impact on plasma transport by changing Lc within the island using

a limiter. Furthermore, we assume that secondary e↵ects such as radiative cooling, particle

sourcing, or potential variations introduced by the limiter are not driving changes in edge

gradients since H-↵ and radiated power measurements do not show a response to the limiter.

By placing a poloidally localized limiter inside the magnetic island at a toroidal position a

field period away from the probe, it was possible to transition to a configuration characterized

only be open field lines. We will define this open field-line configuration as a ‘pure SOL’

to di↵erentiate it from the heterogenous SOL described previously. These di↵erences in Lc
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FIG. 7: Plot of the magnetic field-line connection length for the pure SOL configuration created

by positioning a poloidally localized limiter into the edge magnetic island at a toroidal position a

field period away from the probe.

between SOL configurations can be seen by comparing the Lc map of the heterogeneous

SOL configuration shown in Figure 2 to the pure SOL configuration shown in Figure 7. The

plasma profiles that develop in response to these changes in Lc are found to no longer retain

a peaked density and potential hill profile at the island O-point as shown in Figure 8.

Because edge electric fields may a↵ect transport at the interface between the core and

edge plasma, changes in D? between edge configurations (i.e., heterogenous versus pure

SOL cases) may allow for the quantification of the impact of these potential structures.

By repeating the simple SOL analysis and comparing the density profiles measured within

the heterogeneous SOL configuration (blue) to the pure SOL configuration (green) shown

in Figure 9, D? is found to increase by a factor of two. This increase in transport is not

intuitive from the perspective of particle continuity. For instance, assuming D? remains

constant between edge configurations, we would expect a steeper edge profile to develop in

response to a local sink, leading to a reduction in the measured value of �n. However, because

the measured value of �n does not decrease in response to the limiter, the increase in �n that

is observed points towards an increase in transport by an alternative mechanism. Although

the reason for the factor of two increase in transport is not yet known, these measurements

suggest that the change in �n may be linked to the change in edge electrostatic potential
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FIG. 8: Plots of the density and electrostatic potential profiles for both the heterogenous (left) and

pure SOL (right) configurations. Comparisons show that the peaked density and potential profiles

within the island are removed when transitioning to a pure SOL configuration.

shown in Figure 8 and is a subject for future investigation.

E. Particle sourcing and parallel flows

The presence of a local plasma source can lead to a plateau in the radial density profile,

broadening �n [22] and serve as a local flow source [6]. For instance, by comparing the density

profiles extracted from the inboard and outboard portions of the 2D synthetic density data
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FIG. 9: Plots of log(ne) as a function of distance normal to the LCFS for the heterogenous (blue)

and pure (green) SOL configurations. Comparisons show that when transitioning to a pure SOL

configuration, D? is increased by a factor of two.

generated by EMC3-EIRENE shown in Figure 10a, it can be shown that both profiles

maintain a constant density scale-length of 3.2 cm. This result is not unexpected since the

value of D? is modeled uniformly throughout the edge. However, when the comparison

between the inboard and outboard density profiles is repeated using the measured profile

from the heterogeneous SOL configuration, the density scale-length determined from the

outboard profile (blue) does not have the same comparable value as the density scale-length

determined from the inboard profile (green) shown in Figure 10b. This poloidal di↵erence

in the measured density scale lengths is also present in the pure SOL configuration, which

is not shown as it yields the same result.

The di↵erence in the measured density scale length between the inboard and outboard

sides strongly suggests the presence of a local source or sink interaction in this region. This

source/sink is not present in the simulation, where the density scale lengths between inboard

and outboard are roughly equivalent. In addition, the presence of a local source invalidates

the usage of equation (3) for converting measurements of �n intoD? on the inboard side since

edge ionizations are not included in the simple model. These unaccounted for source/sink
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FIG. 10: Plots comparing �n extracted from the inboard and outboard density contours within

the a) EMC3-EIRENE and b) measured profiles. Comparison of the inboard and outboard density

profiles from simulation do not show asymmetries in �n in contrast with the measured profiles.

e↵ects may also lead to deviations in the parallel flow profile on the inboard side of the

machine when compared to simulation. In fact, as illustrated in the measured parallel flow

profile shown in Figure 11, a prominent flow is clearly visible near the island X-point, which

is not found in the modeling. Moreover, changes in edge electrostatic potential did not show

a corresponding change in parallel flow amplitude at the X-point after transitioning to a

pure SOL configuration. This indicates that the prominent flow feature is not coupled to

~E⇥ ~B drift e↵ects introduced by the edge electrostatic potential hill highlighted in Figure 8.
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There is currently no explanation for the lack of change in the X-point flow and this is a

subject for future investigation.

FIG. 11: Plots of the measured (left) and simulated (right) parallel flow profiles. Comparisons

show that the measured counter-streaming flows are consistent with simulation, despite a local

source/sink interaction suspected to be contributing to the measured X-point flow.

On the other hand, outside the suspected source region in the upper right hand portion

of the measured flow profile, a counter-streaming flow pattern is visible that is consistent

with modeling. Within the fluid modeling framework of EMC3-EIRENE, the origin of

these flow features can be understood by comparing the simulated pressure profile along

the field-line shown in green to the parallel flow profile shown in blue in Figure 12a. In

region (I) of Figure 12a, the direction of flow towards the vessel wall is well-correlated with

the parallel-pressure gradient (i.e., �rkP fluid force) that develops in response to the local

sink. This correlation between the parallel-pressure gradient and direction of flow along the

magnetic field can also be seen in region (II). However, unlike region (I), gradients in the

parallel-pressure profile in region (II) are due predominantly to the periodic displacement

of field-lines from the point of closest approach to the LCFS shown in red in Figure 12b.

In other words, assuming both the cross-field density and temperature profiles decay

exponentially in the SOL, it can be shown that the change in pressure �P = P
0

(1�e��r/�P )

with �P = (1/�n + 1/�Te)
�1 along a field-line can depend on the amplitude of the change

in radial position (�r) of a field-line from the point of closest approach to the LCFS where
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FIG. 12: Plots in a) comparing the simulated pressure profile (green) normalized to P

max

along

the field to the parallel Mach number (blue), and in b) comparing the pressure profile (green) to

radial displacement of the field-line from the LCFS (red) are plotted as a functions of distance

along a magnetic field-line within the 8/7 island. Comparisons show that outside of significant

particle (Sp) and momentum (Sm) sources from edge ionizations, parallel-pressure gradients that

develop in response to local particle sinks in region (I) and to the periodic displacement of magnetic

field-lines from the LCFS in region (II) are well-correlated with the direction of flow along ~

B.

the pressure (P
0

) is the largest. Given �n ⇡ 3.2 cm and �Te ⇡ 2.5 cm taken from simulation

results, good agreement can be reached between �P ⇡ 0.8 calculated from this simple model

and 0.8 Pa pressure change indicated in Figure 12b when �r = 0.6 cm and P
0

⇡ 2.3 Pa.

This agreement shows that the change in pressure that drives flow along a field line is

linked to the radial displacement of edge field-lines from the point of closest approach to the

LCFS. However, it should be noted that this agreement does not hold in regions containing

localized particle (Sp) and momentum (Sm) sources resulting from edge ionizations indicated

in Figure 12a. This departure from pressure-gradient driven flows to flows driven by a local

plasma source demonstrates how a local source can lead to changes in the flow profile like

those observed near the island X-point in experiment.
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IV. CONCLUSIONS

Because the magnetic field-line connection lengths in the edge of stellarators are longer by

comparison to axisymmetric tokamaks, cross-field di↵usion can actively compete with con-

vective transport along open field-lines in stellarators. As a consequence, this competition

between cross-field and parallel transport can lead to complex plasma profiles that con-

tain features such as counter-streaming ion flows and potential structures. These flows are

important because friction from these flows is believed to be responsible for causing high-

temperature detachment on stellarators. However, observations of these flows have been

limited to LHD [10] where the edge is characterized by stochastic layers and not prominent

edge islands as in the case of low shear stellarators like HSX and W7-X. In addition, the

impact of electrostatic potentials on transport within island divertors have not yet been

thoroughly investigated.

In the edge of HSX, measurements of edge plasma properties within a 2D plane of a

prominent ◆ = 8/7 magnetic island have been made. These measurements show that for

density scale-lengths less than the width of the island (i.e., �n < 1 cm), two distinct trans-

port channels become apparent which follow the heterogenous Lc structure within the edge

magnetic island. One is a SOL transport channel where transport along the magnetic field

competes with cross-field di↵usion in the open field-line domain surrounding the island. The

second is a di↵usive transport channel residing along the long Lc domain where cross-field

transport is driven by the gradients in the edge plasma profiles.

The impact of this heterogenous magnetic topology on transport was investigated using

a simple SOL model to convert measurements of �n into values of D?. The applicability

of this simple model was tested using simulation results and the user-input values of D?

were recovered. This result implies that the neutral physics e↵ects of edge ionizations are

negligible in this region, and that the edge plasma in HSX is predominately fueled by cross-

field di↵usion from the core. However, measurements also showed a significant broadening

in �n indicative of a local plasma source [22] on the inboard side of HSX, a feature that

is not replicated in simulation in which a spatially constant value of D? is maintained.

This deviation in measurements from simulations that showed identical density scale-lengths

on the inboard and outboard side of the machine points towards a local plasma source in

experiment. Since edge ionizations are not included in the simple SOL model, the application
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of the simple SOL model is restricted to the SOL region on the outboard side of HSX where

a locally low value of cross-field di↵usion was calculated (i.e., D? <⇠ 0.03 m2/s).

Limiter experiments that changed Lc within the island showed evidence for the long

field-line connection length domain serving as a region of locally increased potential. In ad-

dition, these experiments demonstrated that the edge potential structure can be modified by

changing Lc, enabling measurements to be made under conditions without a prominent edge

potential. This manipulation of the edge plasma potential may have a significant impact

on the edge transport features which is comparable to results from TEXTOR [20], point-

ing towards the fine control o↵ered by the island topology as a candidate for design and

optimization of stellarator divertors. For instance, comparisons of D? calculated between

configurations with and without prominent edge potentials using a simple SOL model indi-

cated a factor of two increase in cross-field transport relative to the case with a prominent

edge potential. This result suggests that edge electric fields are a↵ecting cross-field transport

at the interface between the core and edge plasma. However, at present this link between

the change in cross-field transport with the change in edge electrostatic potential is only

empirical and is a subject of future investigation.

Measurements of the edge parallel flow structure show, for the first time, evidence of

counter-streaming flows in the edge of a low-shear stellarator. In addition, this SOL flow

feature was shown to persist despite the presence of a prominent electrostatic edge potential

and presence of a local source interaction near the island X-point. These counter-streaming

flows are important because the momentum lost through interacting flow streams plays an

important role in the recycling behavior and detachment access in stellarator divertors.
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