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Simulations of the edge of a Quasi-Helically Symmetric (QHS) stellarator with geometry based on
the Helically Symmetric eXperiment (HSX) are performed using the coupled codes EMC3-EIRENE.
The standard configuration of HSX has an island structure outside the separatrix, corresponding to
the 8/7 resonance. In addition to the standard configuration, two other configurations are examined:
one with small islands outside the separatrix corresponding to the 16/15 resonance, and one with
large islands corresponding to the 4/4 resonance. Using EMC3-EIRENE, density scans are employed,
while scaling input power linearly with density, in order to determine the transition point from a low
to a high recycling regime. The small island and the standard cases show markedly similar behavior,
but the large island configuration transitions to high-recycling and detached regimes at significantly
lower plasma densities. Reducing the perpendicular viscosity creates behavior more consistent with
2-point model predictions by reducing the role of perpendicular transport through edge islands and
reducing friction loss from counter-streaming parallel flows. When carbon impurities are added, the
large island configuration exhibits a large increase in radiated power, while the two configurations

with smaller islands do not.

I. INTRODUCTION

Controlling the plasma edge is critical for the successful operation of next-step stellarator devices. The edge needs
to provide a large enough temperature gradient between the targets and the last closed flux surface (LCFS) of the
plasma to protect the plasma facing components from melting and to protect the confined plasma from impurities and
cold neutrals entering from the edge. These requirements necessitate the move to diverted plasmas [1, 2]. However
stellarator divertors are not as straightforward as tokamak divertors and may take various forms such as island
divertors in W7-AS [3] and W7X [4], and the Helical Divertor [5] and Local Island Divertor configurations in LHD
[6]. Simulation capabilities from the coupled codes EMC3-EIRENE have been developed to assist in determining the

relevant physics in the fully 3D stellarator geometries [7].



This work represents the first dedicated study of the edge properties of quasi-helically symmetric (QHS) configura-
tions through numerical simulations using EMC3-EIRENE. Different divertor operating regimes on geometries found
in the Helically Symmetric eXperiment (HSX) Stellarator [8] are explored. In order to examine divertor regimes
of interest, a fictional device is considered that has the HSX magnetic geometry, but is capable of confining much
hotter and denser plasmas than are currently available in the experiment. Of particular interest to edge physics in
stellarators is the transition from low recycling to high recycling and detached divertor regimes. Islands in the edge
may support counter-streaming flow structures. These are posited to modify the momentum balance by introducing
additional friction forces, preventing attainment of a high recycling regime [9]. The effects of edge islands and the
resulting flow structures on the transition to the high recycling and detached regimes is a major focus area in stellara-
tor edges and this paper. Specifically, several magnetic configurations with different edge properties are considered.
The configurations differ in the magnetic island structures in the edge and allow for the investigation of the effect of
island number and size on edge physics. Additionally, comparisons are made between a normal sized device and one
with double-size. Increasing the device size, increases the perpendicular distance between the counter-streaming flow
structures, thus modifying momentum balance. A consequence of the increased perpendicular distance is a reduction
of friction from the counter-streaming flows allowing for the attainment of a high-recycling regime, as predicted for
W7X [10] and for some of the configurations explored in this paper.

Simulation work by Feng et al suggests that in stellarator configurations, energy balance along a field line can be
described by [10],

Tq L Tx (nu + na)
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Here, T}, and n,, represent the temperature and density at the separatrix or upstream, Ty and ng represent the target
or downstream temperature and density, L is the length along a field line between upstream and downstream points,

and k. is the parallel electron thermal conductivity. The parallel heat flux, g, is given by,

q = ynaTacs, (2)

where + is a constant representing the sheath power transmission coefficient, ng is the downstream density, and c; is
the sound speed. The final term on the right hand side of 1, accounts for the competition between cross-field transport

and equilibration processes along a field line, through a magnetic pitch parameter ©. For tokamaks, © is defined as



the ratio of the poloidal to toroidal field strengths and typically has values in the edge of about 0.1 - 0.2. However,
for stellarators, © represents the ratio of the resonant radial field to the background field and can be significantly
lower, reaching values of ~1072 for W7-AS. Therefore the additional term is usually neglected in tokamaks, but plays
a much larger role in stellarators. This additional term accounts for finite perpendicular transport processes with
the perpendicular thermal diffusivity given by x = x. + x;. Low values of x should result in a more tokamak-like
behavior.

Stellarator edges typically have complicated 3D field structures containing both stochastic regions and magnetic
islands. Connection lengths can vary greatly from short lengths in the stochastic region to infinite lengths for confined
field lines inside islands. Due to the presence of long connection lengths, and the proximity of field lines with widely
varying connection lengths, perpendicular transport processes are posited to play an important role [9].

If the last term on the right hand side of 1 is removed, the standard description of the “2-point model” is recovered
[11]. The 2-point model can be used to distinguish between low recycling and high recycling regimes. In the low
recycling regime, the thermal conductivity is greater than the product of the parallel heat flow and the connection
length, k. T7/2 > (7/2)q L. In this case, the upstream temperature, T, is roughly equivalent to the downstream
temperature, 7. The high recycling regime corresponds to the opposite limit with £.77/2 < (7/2)gy L. In this limit,
there is a difference between T, and T, as indicated in Eq. 1. Thus, there is a limitation to how much parallel heat
the plasma can conduct to the divertor targets, hence the alternate name, ‘conduction-limited regime’.

Using Eqgs. 1 and 2, along with p,, = 2p4, one can derive a relationship between the upstream and downstream
densities in the low and high recycling regime limits. In the low recycling regime, where Ty ~ T, the densities

/ 7, the edge density increases as the cube of

scale linearly with ng o n,. In the high recycling regime, ng nf’tqﬁg
the separatrix density. The point where the downstream density changes from a linear to a cubic relationship with
increasing plasma density can be viewed as the onset of the high recycling regime [12]. Additional losses of momentum,
possibly from neutral interactions or flow effects from islands can cause deviations to the two-point model. This paper
focuses mainly on the latter cause. The high recycling regime is desirable for operation because of the reduction of
Ty. If Ty is Maxwellian and significantly below the physical sputtering limit for the wall material, there will be a
significant reduction in both impurity generation and wall erosion. Also the increase in density leads to an increase
in edge radiation, providing a more even distribution of power to the wall.

If the density at the target plates gets high enough, or enough momentum is lost from other sources, the plasma

can lose all its energy through interactions with plasma ions, neutrals and impurities before reaching the target. In



this case, all energy is radiated, and the plasma enters a “detached” regime. While this may seem advantageous
for reactor operation, since power is being uniformly radiated by the neutrals, it is difficult, but not impossible, to
maintain density control in the detached regime in both stellarators and tokamaks [13].

The regimes of divertor operation have been well-studied on tokamaks [12, 14], but have only garnered attention
recently in stellarators. Results from divertor experiments on W7-AS and LHD showed an absence of a high recycling
regime and a direct transition to a detached regime [3, 15, 16]. Early modeling showed the need to include cross-field
transport, because diffusion through island structures may compete with parallel transport around island edges. Also,
modeling indicated that momentum balance along the field line was being affected by friction from counter-streaming
flows [9].

Because of the Bohm condition at the wall, strong parallel flows arise in the ionization region of both stellarators
and tokamaks. In tokamaks the flows are oppositely directed on the inner and outer divertor strike points. However,
the legs are generally well separated by the private-flux region and the flows do not interact. However, the case is
different in stellarators with island structures located near the wall. Flows arising on either side of the island are
oppositely directed and can interact with each other and with flows in adjacent islands. The adjacent islands can
either be members of the same poloidal chain, as is usual in W7-AS and W7X, or of a radially separated island chain
with a different poloidal mode number, as is the case in LHD.

Cross-field transport effects are usually negligible in tokamaks with respect to equilibration processes along a field
line, but they do play a role in the calculation of Agor, the scrape-off layer width. Small values of x imply that
heat from the plasma is confined to a very small Agor, outside the separatrix. This impacts the width of the heat
flux channel to the divertor. A global Agor, is harder to define for a stellarator. It is possible to define an analogous
value, Asor, 151 to describe the behavior for the island scrape-off layer, the region that arises when a divertor plate is
inserted into an edge island. However, this is of limited utility for the general stochastic edge case. Nevertheless, a
similar gross behavior may be observed in all stellarator geometries when considering the heat flux deposition onto
the wall. Smaller values of x lead to flux being concentrated over a smaller local area. Increasing x will lead to a
widening of the flux channel. It should be noted that x values are not well known in either tokamak or stellarator
edges. Furthermore, they may be affected by turbulent transport phenomena and may vary in both space and time.
Predictions of Asor,, particularly on ITER, are an open field of research [17, 18]. The effects of varying both D and

x are discussed later in this paper, but a calculation of their values from first principles is beyond the scope of the

paper.



It may be possible to operate a reactor-relevant diverted stellarator in the detached regime if it can be operated
stably or in the high recycling regime if it is obtainable. A detached regime can only be stable if the neutrals are
prevented from entering the separatrix. If neutral penetration into the core plasma is high, it will lead to a loss
of density control and radiative collapse [19]. Unfortunately, it is not possible to fully model the stability of any
operating regime in EMC3-EIRENE, and stability analysis is beyond the scope of this paper. However, the role that
impurities play in transitioning from a high (or low ) recycling regime to a detached regime are examined.

The layout of the rest of the paper is as follows. Section II introduces the EMC3 code that is used for the analysis.
Section IIT introduces the HSX device and discusses three separate magnetic configurations that are used for the
simulations. Section IV provides the results indicating the transitions from a low recycling to a high recycling regime.
The roles played by perpendicular transport coefficients and parallel viscosity are also discussed. Additionally it
touches on the transition into a detached regime through the addition of a carbon impurity. Section V summarizes

the paper and describes future work.

II. EMCS3-EIRENE MODEL

To model the HSX plasma, the Edge Monte Carlo code EMC3 is coupled with the neutral transport code EIRENE.
EMC3 solves for plasma properties in a user-supplied magnetic mesh representing a fully 3D geometry. This geometry
can include both open field lines that terminate on target surfaces, and closed field lines that exist inside the plasma
core and in closed islands. Thus it is ideal for use in the complicated 3D geometries found in stellarators. Particle
following is accomplished by a novel reversible field line mapping technique [20].

EMCS3 solves for the plasma temperature and density profiles in the arbitrary magnetic geometry using locally field-
aligned fluid equations (see Egs. 3-6)[7]. The magnetic grid is pre-computed, and does not evolve through plasma
effects. EIRENE handles neutrals that are recycled at target-plasma interfaces or neutrals that are sourced through
gas puffs or neutral beams. EMC3-EIRENE has previously been used to model edge parameters on the stellarators
W7-AS, W7X and LHD [9, 16, 21]. It has also been used to model the 3-D edges that occur when resonant magnetic
perturbation coils are used on tokamaks [22—-25].

EMCS3 solves for the following field-aligned fluid equations,

V- (Vb - Db1bL - Vi) = S, (3)
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Eq. 3 represents the conservation of mass, Eq. 4 represents the conservation of momentum along 5, and Egs. 5
and 6 represent the conservation of energy for electrons and ions respectively. b is the unit vector along the magnetic
field and bj_bj_ = <7> — bb. The perpendicular transport parameters. D;, x;, and x. represent the cross-field particle
diffusion, the thermal diffusivity for ions and the thermal diffusivity for electrons, respectively. The perpendicular
transport parameters are user-supplied and global, so that they represent a single value over the entire computational
domain. Vj is the parallel ion velocity, p1 is the perpendicular viscosity, 7 is the parallel Braginskii viscosity, and
k = 3neveme/m;. In EMC3, py = D; for simplicity. (From here forward, we drop the subscript ¢ when referring to
D.) For all calculations presented here, x; = xe = 3D. The four source terms, Sp, Sp, See, and Se; represent the
particle, momentum and energy sources from neutrals. In addition the energy source from electrons can also include
losses from impurity radiation (see Section IV C).

EMC3-EIRENE solves for equilibrium through an iteration scheme, solving for momentum, energy and neutral
transport separately. For the simulations in this paper a simulation is converged in a statistical sense if the absolute
differences between one iteration and several preceding ones are below 2%. This can take anywhere from 30 to 100
iterations.

In order to make simulations over the fully 3-D regions tractable, EMC3 makes a number of assumptions about the
plasma model in the edge. No perpendicular flows are allowed and hence, cross-field effects are solely controlled by
the user defined diffusion coefficients. The equilibrium magnetic field is fixed throughout the simulations. No finite-3
or flow induced changes to magnetic structures are allowed, despite that these are known to affect core resonant
islands [26, 27]. All cross-field transport coefficients are constant throughout the computational domain with no
distinction made between the confinement region and the edge. Interior boundary conditions are generally defined
on a topologically toroidal magnetic structure in the plasma confinement region, usually close to the separatrix.

Power flow through this surface is proscribed along with the plasma density at the surface. The outer boundary is



determined either by material walls or a vacuum region. A Bohm boundary condition is required for the parallel flow
at the material walls. In the simulations in this paper, the domain extends out to the vessel wall in all directions, so

there are no vacuum regions present.

III. THE HSX STELLARATOR AND ITS MAGNETIC GEOMETRY

The geometry of the Helically Symmetric eXperiment (HSX) is chosen in order to examine edge properties for
possible next step stellarator devices with quasi-helical symmetry (QHS). HSX is a stellarator with four periods,
major radius of ~1.2 m and minor radius ~0.12 m. In this paper, many of the simulations use a “double-size” HSX,
in which all physical dimensions are multiplied by 2. However, some results from the normal size HSX are included
for comparison. In the standard configuration, the rotational transform varies from 1.04 at the center to 1.2 at the
edge. Also in this configuration the LCFS is bounded by a magnetic island chain with toroidal number (n = 8) and
poloidal number (m = 7) that is resonant at the 8/7 surface outside the confinement region, island chain. Because
some of these islands intersect the vessel wall, it is possible to consider HSX as having an unoptimized island divertor
or “natural divertor.” It is considered unoptimized because currently there is no divertor structure, either physical
or magnetic, to guide the plasma flux to specific places on the vessel in order to either maximize the plasma wetted
area on targets, or direct it to specific locations.

In order to model the edge plasma with EMC-EIRENE, a fairly comprehensive magnetic grid is required for the
entire 3D edge region in the simulation domain. HSX has four field periods, each of which possess typical stellarator
symmetry in that the coils are mirrored in the toroidal (¢) direction about the midpoint, with Z being replaced with
—Z in the mirrored half (Here R, ¢, Z refers to cylindrical coordinates). The grid is generated by starting with a mesh
of points on one toroidal slice. These points are then followed along field lines in order to generate grids at other
toroidal values. In this way the code can easily advance particles along field lines using the reversible field line mapping
and does not require any field line calculations after the grid has been generated. From geometrical considerations,
it is sufficient to model a toroidal region spanning 7 /4 radians and invoke stellarator symmetry at either boundary.
Field following for these simulations uses only vacuum fields, however any magnetic field that satisfies V - B =0
throughout the domain can be used.

As a grid is moved toroidally along field lines, it deforms due to magnetic shear. Shear in the edge of all the HSX
geometries in this paper is mostly small. However, in the unconfined plasma, gross deformation can be produced

over short toroidal transits. These deformities impose a limit to how far toroidally a grid can be moved. For HSX,



the grids can be moved along field lines toroidally about 7/40 radians, after which they exhibit large deformities in
specific areas. To accommodate this limitation the full 7/4 simulation domain is broken up into 5 toroidal zones, each
spanning 7/20 radians. Grids are generated at the center of each region, at locations /40, 37/40, 57 /40, 77 /40,
and 97/40. As mentioned above, at 0 and 7/4, stellarator symmetry is invoked. At the interfaces located at, 2w /40,
47 /40, 67/40, and 87/40, the particles are mapped across the zone boundary. Grid resolution at these boundaries
determines the errors for particle following.

Because the edge region is the area of focus for this paper, for computational reasons, the grid does not extend
deep into the confined region of the plasma. Therefore, there is an innermost flux surface that is very close to the
separatrix. The density and input power to electrons and ions at a specific flux surface is set by the user, and EMC3
calculates the appropriate recycling flux so that the density is maintained at this surface.

HSX is surrounded by a vessel of roughly the same shape as the LCFS in the standard configuration. The ex-
perimental device has various diagnostics protruding from the vessel wall that effectively serve as limiting devices
in the edge, but these structures are not included in this paper for simplicity. In order to properly model the HSX
geometry, the magnetic grid extends beyond the wall throughout the entire computational domain. Cells behind the
wall are treated as target cells and serve as both plasma sinks and sources for recycling and reflected neutrals. The
grid resolution determines the boundary resolution for the plasma. However it is possible to supply detailed plates
to refine the neutral interaction region. The HSX domain is unique with respect to other EMC3 simulation domains
because the domain extends out to the wall in all directions. Other domains typically include divertor or limiter
structures that protrude from the vessel wall, and the domain only extends some nominal distance into the shadowed
regions of these structures.

In addition to the standard configuration, auxiliary coils can be used to break the quasi-helical symmetry and
significantly alter the edge properties. Three separate magnetic configurations are considered in order to explore the
role of magnetic island structures in a stellarator edge. Poincaré plots for these configurations are shown in Figure 1.
The three configurations are: a standard configuration with medium sized islands, a configuration with small islands,
and a configuration with large islands. The standard configuration has a LCFS that is bounded by an 8/7 island
structure that intersects the wall. To make the small island configuration, current is added into the auxiliary coils
which breaks the quasi-helical symmetry by a small amount. This alters the rotational transform profile, moving the
8/7 further into the edge. A 16/15 structure with very small islands is introduced between the LCFS and the 8/7

structure. It is possible to see the 8/7 resonance in both this configuration and the standard configuration in the plots
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FIG. 1: Poincaré plots for standard, small island and large island configurations at the up-down symmetric toroidal cut at ¢
= m/4 radians. The red line indicates the position of the vessel wall

of n.Vj (see e.g. Figure 2). The 16/15 island chain is too small to be seen.

Adding more current into the auxiliary coils, drops the edge transform to 1.0 and a large 4/4 structure appears in
the edge of the plasma. This is the large island configuration. These large islands dominate the edge, and the volume
occupied by the main plasma is much smaller when compared to either the standard or the small island configurations.
This magnetic configuration is interesting for various reasons. Each island is a separate magnetic structure. That
is, field lines that begin in one island remain in that island or intersect the wall. This is different from bounding
structures of the other configurations, where a single field line will map out a surface across the entire island structure.
Except for the absence of divertor plates, the bounding structure of the large island configuration is similar to the

5/5 island structure at the edge of W7X.
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IV. DIVERTOR REGIMES IN THE HSX GEOMETRY

Various configurations are explored by scanning upstream or separatrix densities while scaling the input power so
that the power per particle is constant across the density scans. Power is input into the innermost flux surface, roughly
at the plasma separatrix, and equal power is applied to both electrons and ions. For the double-sized machine, at
upstream densities of 8 x 10 ' m™3, 24 MW of power are split evenly between electrons and ions. The input power
scales linearly with density through the density scan. Unless otherwise specified, D = 1 m?/s and x. = x; = 3D are
used. In these simulations, parallel viscosity is ignored (see Section IV B). Downstream parameters are calculated by

taking a pressure-weighted average for the downstream parameter, ()4, of the form,

Qd _ Zsurf QP

a Zsurflj7 (7)

where @ is the local value of the quantity to average, P is the sum of the electron and ion pressures and the summation
is taken over all volume elements adjacent to solid elements.

We keep separatrix density constant and input power constant across all three configurations, but it is difficult to
make direct comparisons between the large island case and the other two cases due to the large differences in volumes
occupied by the edge and the confined plasma. Nevertheless qualitative differences can be examined.

Simulation results for plasmas in the low recycling regime for all three double-sized configurations are presented in
Figure 2. The standard and small island configurations have separatrix densities of 2 x 10" m~3. The large island
configuration has a separatrix density of 1 x 10 m~ but reaches higher densities inside some of the edge island
structures. Almost all simulations of the large island configuration show some density build-up inside the islands
from neutrals ionizing on confined field lines. Separatrix temperature for both ions and electrons is roughly ~200
eV for all three simulations. In all these plasmas there is a significant decrease in density but only a small decrease
in temperature between the separatrix and the wall. Most of the power exiting the plasma across the separatrix is
deposited on the wall by particles and is limited only by transmission through the plasma sheath.

The plots of the n.V| on the bottom row of Figures 2 and 3 best show the differences in the island structure of
the three regimes. Edge flows are sourced by the Bohm boundary condition at the target. Since flows are directed
towards the target on both sides of the island, they are oppositely directed with respect to the magnetic field. Near
the island x-point, flows are oppositely flowing from two adjacent islands. Inside the island, flows arise due to finite

perpendicular viscosity causing momentum diffusion from the island edge. If the islands are small and close, frictional
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forces between the counter-streaming flows on either side of the same island, or between adjacent islands can be
important.

In the high recycling regime, the edge properties are very different (Figure 3). There is a build-up of density near
the plasma-wall interaction region. For the flux surface shown, this buildup is seen most strongly in the inboard side
at the tops and bottoms and to a lesser extent at the outboard midplane. The separatrix densities are 1.2 x 1020
m~3 for the standard and small island simulations and 8.0 x 10 m™3 for the large island configuration. It should be
remarked that the transition densities into the high recycling regime are higher than what has been experimentally
obtainable in stellarators of comparable size. Separatrix temperature is roughly 200 eV for all three simulations.
For all three configurations roughly 10-25% of the power is lost to radiative processes, although impurities were not
included. Both ion and electron temperatures at the wall range from 10-20 eV for the three configurations (see Table
D).

Plots of ng/n,, as a function of upstream density for different configurations are shown in Figure 4. From these plots
it can be seen that in the range of densities simulated, all three configurations of the large size devices transitioned
to the high recycling regime. A signature of the transition is when n4/n,, is above one. Using this criteria, the large
size, large island configuration transitions to a high recycling regime at an upstream density of ~2.0 x 10'. The
two other configurations in the large size device and the large island configuration in the small device transition at
upstream densities between 6.0 and 8.0 x 10'%. n, is calculated as the density at the innermost flux surface and
is usually very similar to the separatrix density. ng is calculated by taking a pressure-weighted average over the
boundary, as described above (Eq. 7). Only the large island configuration transitions into a high recycling regime for
the normal HSX size, and generally displays markedly different behavior from the other two configurations. Again it
is important to note that a quantitative comparison between the configurations is made difficult by the fact that the
volume occupied by the confined plasma is very different between the large island configuration and the other two.

Somewhat surprisingly, there is little noticeable difference between the standard configuration and the small island,
configuration with respect to high recycling transitions. This occurs despite the differences in magnitude of the flows
associated with the 8/7 structure. There are several possible explanations. In the small island case, the largest values
of n.V| occur near the three strike points. In these regions counter-streaming flows are visible and are of comparable
magnitude to those in the standard case. These are shown in detail in the top plot of Figure 5. It is possible that the
interactions in this region are the dominant forces in the edge behavior for both configurations. Another possibility is

analogous to that found in LHD, where friction arises from counter-streaming flows found in radially separated island
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chains of different poloidal numbers. Often these interacting regions can be very large, compensating for the fact that
the flow magnitude is smaller. In the small island case additional resonant structures appear and these may provide
enough friction to modify the edge momentum transport. The additional structures are shown in the bottom plot of
Figure 5, where additional flow structures inside the edge island chain are visible.

Nevertheless, it appears from Figure 4 that the large island configuration provides favorable divertor qualities,
transitioning to a high recycling region at a lower upstream density for a given amount of input power. This is in
qualitative agreement with simulations on W7-AS and W7X which concluded that the perpendicular scale length
increases with island size and mitigates the contribution from the cross-field transport in the momentum balance
equation. However, there is reason for caution in interpreting these results as favoring a reactor geometry similar to
the large island configuration. First, these simulations are calculated assuming that there is no plasma contribution
to the magnetic field, and the vacuum field is the sole important field. Admittedly, this is a poor assumption, so
the results are really dependent on the ability to impose the magnetic configuration in the presence of finite-5 and
plasma flows. The second drawback is more obvious. The large island configuration has a much smaller core plasma
region than the other two configurations. The islands, which are in general colder than the core plasma, take up much
of the room in the vacuum vessel. In reality, there is a trade-off between the size of the edge islands and the core
plasma, with larger islands providing for better power exhaust to the wall but leaving less room for a fusing plasma.
Nevertheless, the large island configurations provides opportunities to examine the role of large islands in the edge of

a QHS device.

A. Varying the Diffusion Coefficients

The physical mechanism and the magnitude of the perpendicular diffusion in the edge of both tokamak and stellara-
tor plasmas is not known. The simulations presented so far assume perpendicular diffusion and viscosity coefficient
values of D = p; = 1 m?/s. The effects of lowering D, 11, and y by a factor of 4 to D = uy = 0.25 m?/s are explored.
As before, x;.. = 3D, and the total power injected into the plasma is constant.

Reducing D and y contracts the channels that carry heat flux to the wall. The wetted area where heat flux intersects
the wall is reduced. For these simulations, the resulting reduction in wetted area is highly dependent on magnetic
geometry. However, a decrease in p also reduces the magnitude of the cross-field transport in Eq 4. This will produce
behavior closer to that expected from the two-point model [10]. In other words, density at the wall should go up as

perpendicular diffusion decreases.
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FIG. 2: Low recycling regime plots of T (top) n. = n; (middle) and ion flow (n.V; ) (bottom) for standard (left) small island
(middle) and large island (right) configurations.

This is precisely the behavior that is seen in the small island configuration. The ratio of P.aq to Pio; remains
roughly the same, but the power is deposited over a much smaller wetted area. The contraction occurs in the poloidal
direction, as might be expected from a comparison with tokamaks, but also in the toroidal direction, which is unique
to the 3D stellarator geometry. This yields both higher densities and higher peak temperatures at the wall (Figure
6). The higher densities arise from the reduction of the perpendicular viscosity in the parallel momentum equation
yielding a result more akin to a high recycling regime, and the higher temperatures arise from a reduction in the
width of the heat flux deposition.

Similar behavior is seen in the standard case, however a much more modest temperature rise at the wall is seen.

This is in agreement with a much smaller toroidal localization of the heat flux.
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FIG. 3: High recycling regime plots of Tt (top) n. = n; (middle) and ion flow (n.V;|) (bottom) for standard (left) small island
(middle) and large island (right) configurations.

The large island case has very different behavior. The downstream density rises only slightly, but the relative
increase in downstream temperature is similar to that of the small island configuration. The divergence of expected
behavior arises from the peculiarities of the large island configuration. In a simplified model, both particles and heat
flux can be transported either through an island by cross-field transport or around an island following field lines with
possibly long connection lengths. Particle transport time through an island is approximately t; = A%/D, where A
is the width of the island. Particle transport around an island edge is approximately ¢ = mRo/mi'Ave, where Ry
is the major radius, v; is the thermal speed, m is the poloidal island number, and ' represents the internal island
shear, that is, m¢’A represents the number of poloidal transits around an island for one toroidal transit through the

device. Therefore mRy/mi'A is the distance along a field line a particle would need to travel in order to traverse from
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FIG. 4: Plots of the ratio of downstream vs upstream densities (nq/n.) vs n. (at constant P/n) for standard (red squares),
small islands (green circles) and large islands (blue stars) at both normal (dash dot) and double (solid) sizes. The red and
green dash-dot lines overlap for most of the range.
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FIG. 5: Zoomed in plots of n.V; | for the small island configuration with enhanced contrast. The top plot shows the location
near the strike point on the upper inboard side. The bottom plot shows additional island structures in addition to the 8/7
structure on the outboard midplane.

the edge of the island near the inboard side to the edge near the outboard side. The condition for parallel transport

around an island to be dominant is,

tH 7Ry
—_ =~ —D 1 8
t. miduA3 < (8)
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FIG. 6: Comparison of the power deposition for the small island configuration for D = 1 m?/s (top) and D = 0.25 m?/s
(bottom). The poloidal angle is calculated in the lab frame. Areas with no calculated flux deposition are left white.

FIG. 7: Tllustration of the particle transport paths through and around an island, and ending on a target plate (red line)

The respective paths are illustrated in Figure 7. In the standard case with small islands m:' ~ 1/7, A ~ 2 cm and
Ry = 2.4 m for the double-sized HSX giving a value of ¢ /¢, of ~1.3 D for a 50 eV hydrogen ion (D in m?/s). In this
case, both transport through and around an island are competitive, so large differences in the momentum transport

behavior are expected with variations in D. However, in the large island configuration the islands are larger but m.’
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FIG. 8: Comparison on n.Vj for a large island simulation with D = 1 m?/s (top) and D = 0.25m?/s (bottom).

is smaller. Using A ~ 10 cm and m:’ ~ 1/24 in the island edge, yields ¢/t ~ 0.2D. In this case a reduction of D
will not affect the transport greatly because transport on parallel lines around the plasma is dominant for both values
of D that were considered.

Another aspect of the viscosity coefficient is that a larger value of p, tends to smear out flow structures in the
islands. Smaller values of ;1; produce sharper and smaller structures due to the lack of coupling between the edge
and core of the island. This is shown in Figure 8, where n.V| for two large island simulations are compared. These
simulations have all the same parameters except that the bottom figure has x4, = 0.25 m?/s and the top has u; = 1

m?/s. The lower y; simulation shows a much sharper flow structure that is confined to the edges of the islands.

B. Validity of Collisional Parallel Viscosity

The simulation results presented so far are all taken ignoring any momentum loss from parallel velocity. I.e i =0
in Eq. 4. A collisional treatment for parallel viscosity is only valid when the typical collisional length, \., is short

compared to the parallel scale length, x. In low collisionality plasmas, Braginskii parallel viscosity becomes very
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FIG. 9: Estimation of collisional length plotted against T for various plasma density values.

large and can result in an unphysical force on the plasma flow [11]. Properly accounting for the low collisionality by
providing a proper closure moment, reduces the effect of parallel viscosity on pressure balance significantly.

An improved model for parallel viscosity is beyond the scope of this paper. Instead calculations of A\. and x| are
used to determine whether parallel viscosity is likely to produce an unphysical result. For x| some information on
field line connection lengths are needed. A typical field line started 0.5 cm outside the separatrix reaches the wall in
approximately 20 m for the double sized HSX device in the standard configuration. There are field lines with very
long (up to 250 m) and very short (1-2 m) connection lengths, but the mean value for the target-to-target connection
length is roughly 2 x the average upstream-to-wall value, or approximately 40 m.

Collision lengths are plotted vs. temperature for three edge density values in Figure 9. These plots show that a
collisional treatment of viscosity is valid solely for plasmas with low temperature and high density. In the simulation
results, it is found that setting parallel viscosity to the classical value increases ng by factors of 2 or more at low
densities. At higher densities the viscosity provides roughly a 10-20% increase. We conclude that including a collisional
description of parallel viscosity is responsible for an unphysical increase in the ng for the lowest density plasmas, but
is probably valid for the highest density plasmas. Nevertheless, for consistency, parallel viscosity is not included in

any of the simulations shown in this paper.

C. Addition of Carbon Impurities

In addition to the plasma species, EMC3-EIRENE can also solve for impurity species in the plasma, which is

necessary for determining the transition to detached regimes [7]. EMC3-EIRENE solves for each ionization stage of
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a given impurity species using,

v (n;v,f”z?— Dib b, - vn;) -

Sz—l—)z - Sz—>z+1 + Rz+1—>z - Rz—>z—1; (9)

Ui (Vi) = Vay) = =5 niTi + ni Ze By +

niZ2C.b- VT, + niCib - VT, (10)

In the above equations, nj and VIZ; | are the impurity density and parallel flow velocity, respectively. The S terms
represent ionization and the R terms represent recombination processes. Uy, is the ion-impurity friction coefficient
the ion-impurity friction and Ej, the parallel electric field, is calculated from parallel momentum balance. EMC3
sources impurities using, I'; = Y;I';, the flux of impurities into the plasma at a target is directly proportional to the
ion flux to the target with a user-set multiplication factor Y; representing a sputtering coefficient. This ad-hoc model
mimics chemical sputtering, a process that is not dependent on the incoming ion energy, and one that is dominant at
low ion temperature. For all simulations in this paper Y; = 0.03, a value in the range used for W7-AS simulations [9].

Impurities in the core of a plasma radiate more strongly than the lower Z fusing species and are deleterious to good
plasma performance. However, the same process causes impurities to have a beneficial role in the edge. Namely, they
improve the fraction of the power radiated. Because impurities cause a higher radiated power fraction in the edge, their
inclusion in the simulation is important for determining when the plasma achieves detachment. It should be noted
that EMC3-EIRENE only allows ions to neutralize at the wall, so no volume recombination processes are included.
Recombination should become more important as the edge neutral density increases. Therefore, it is expected that
the power flux to the wall to be overestimated in highly radiated plasmas.

Direct comparisons between simulations with and without impurities are made for plasmas in the high recycling
regime. The fraction of radiated power to power deposited on the wall, a,,q, with and without impurities are shown
below in Table I.

In the standard configuration, the addition of impurities does not radiate enough power to transition into a detached
regime, while the large island case reaches almost 90% radiated power. The radiation fraction along with a reduction

of downstream electron temperature suggest partial detachment.
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Config. n, (m=3)|Ty (keV) Qrad Ty (keV) |araq
(w/o. Imp.)|(w/o. Imp.)|(w/ Imp.) |(w/ Imp.)
Standard 8 x 1017 [23.5 0.09 18.5 0.29
Large island|4 x 10'° |15.9 0.13 8.1 0.73
Large island|8 x 10'° 9.0 0.23 4.8 0.89

TABLE I: Downstream (electron) temperatures and radiated power fractions for simulations with and without impurities.

V. CONCLUSION

The EMC3-EIRENE code has been successfully implemented on the HSX geometry and used to explore various
magnetic configurations with different edge properties. These results represent a probing study for the use of EMC3-
EIRENE on HSX-like geometries with the aim of predicting behavior for future stellarator designs. The simulations
examine three magnetic of interest to HSX where the distinguishing feature is the presence and size of magnetic island
structures in the edge region.

Overall, larger island sizes and lower cross-field transport coefficients values yield more tokamak-like behavior with
regard to momentum transport. This is caused by the dominant transport path being around the edge islands with
path length 7 R/m:/A and suffering minimal effects from cross-field transport. Large differences are seen between the
edge behavior of the large island magnetic configuration where the edge is dominated by a large 4/4 island structure,
and the standard and small island configuration where the edges are dominated by smaller island structures.

The large island configuration reaches a high recycling regime at lower separatrix densities and temperatures than
the other two configurations. However, when impurities are added the plasma transitions into a detached regime.
The other configurations do not transition into a detached regime even at high densities. There is little noticeable
difference in performance between the small island case and the standard case, and the reason for this is currently
not fully known.

The results highlight the trade-offs that exist in edge divertor design. Large islands are desirable for their propensity
to transition to better divertor regimes at lower separatrix densities, but suffer from a reduction in fusing plasma
volume and require tight control over the plasma current to ensure that the edge structures remain in the desired
locations during the startup and flattop phases of the plasma. Smaller edge structures leave more room for a core

fusing plasma, but generally have poorer edge performance.
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