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Abstract. The effect of magnetic islands in the core region of Wendelstein 7-X
(W7-X) on fast ion confinement is explored through simulations with the BEAMS3D
code. A magnetic configuration where the n/m = 5/5 island chain is shifted to
r/a ~ 0.7 allows the exploration of core island physics in W7-X. The control coil
system on W7-X allows the tuning of the island size either increasing the island width
or decreasing it. A coupling of the BEAMS3D code to the FIELDLINES code provides
a versatile mechanism for incorporating magnetic islands and stochastic regions into
the BEAMS3D code. Collisionless simulations suggest that the presence of core islands
degrade the confinement of passing particles in the region of the island chain. Full
neutral beam simulations of W7-X show a similar behavior with confinement decreasing
as the island width is increased. Comparisons between a vacuum magnetic field and
low beta HINT?2 simulation are made showing similar fast ion behavior. Measurements
of lost fast ions in W7-X confirm this trend with the control coil suppressed island
configuration showing lower losses than that with no control coils applied. Simulations
of fast ion wall loads are performed suggesting no drastic change in loss pattern and a
slight reduction in losses with minimized islands.
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1. Introduction

In this work, fast ion confinement in the presence of magnetic islands is explored through
simulations of Wendelstein 7-X (W7-X)[1]. Magnetic islands play a ubiquitous role in
stellarators given their three dimensional nature [2]. Much effort has been spent in the
design and construction of stellarators to minimize the presence of magnetic islands [3].
More recently the topic has been explored in the plasmas of the Large Helical device
(LHD) and the TJ-II stellarator [4]. There the presence of plasma response (flows) can
play a determining role in how (and whether) islands form in stellarators. The ability
of the W7-X main coils to scan the n/m = 5/5 intrinsic island position, coupled with
auxiliary coils designed to directly modify this island chain make W7-X an excellent
place to study such physics [5, 6, 7, 8]. In particular, the role magnetic islands may play
in energetic particle confinement can be studied. To this end, the BEAMS3D code [9]
has been modified to include radial mapping of islands, allowing simulations of neutral
beam injection (NBI) to be performed. This work provides a basis for assessment of fast
ion confinement when magnetic islands are present in the confinement volume of W7-X.

The presence of magnetic islands in magnetically confined fusion devices is generally
considered detrimental as they degrade confinement. A magnetic island arrises in such
a device when a magnetic flux surface with rational rotational transform resonates with
a magnetic field normal to the surface. The transform (ratio of poloidal to toroidal
magnetic flux ¢ = d¥/d®) is considered rational when the orbit of the field lines in
that surface can be described by an integer ratio of a poloidal to toroidal transits, for
example ¢ = n/m = 1/2 implying two poloidal turns per toroidal turn. When a radial
field with equal mode structure is applied to such a flux surface, the orbits of those field
lines in the flux surface bifurcate forming a field line trajectory known as a magnetic
island. It should be noted that for a single pure perturbing field two periodic orbits in
the unperturbed flux surface will remain: one which is stable and one which is unstable.
The stable orbit is essentially unperturbed and is called the ‘o-point’. Neighboring field
lines, of the ‘o-point’, form nested surfaces around this point giving the magnetic island
its characteristic shape. The unstable orbit is know as the ‘x-point’. Neighboring field
lines, of the ‘x-point’, bifurcate forming a separatrix around the island. The degradation
in confinement comes from the volume filling nature of the island, allowing particles
moving along, and across, the field line to quickly traverse a large radial region. This
can result in a zero pressure gradient region of finite volume appearing in the plasma,
reducing the overall stored energy. The situation becomes much worse as neighboring
islands grow and form stochastic regions through overlap.

While the above explanation of island physics is correct in the vacuum limit, the
presence of a plasma significantly modifies the picture. Pressure gradients in plasmas
result in local currents which generate their own magnetic fields giving rise to new
sources of resonant magnetic fields. While axisymmetric systems avoid the formation of
resonant field with increasing plasma pressure, in stellarators resonant magnetic fields
are formed giving rise to a form of beta-limit [10, 11]. Ion and electron orbits in the
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vicinity of an island can experience different effects. This is attributed to the difference
in their masses giving rise to different gyro radii, often experimentally seen through
a flattening of the electron temperature but not ion temperature. Finally, the finite
collisionality and local plasma flows can further influence what happens at an island. In
LHD this effect is quite dramatic resulting in so-called ‘healing’ of externally induced
magnetic islands due to neoclassical orbit effects [12, 13, 14].

The complex interplay between the three dimensionality of stellarator flux surfaces
and vacuum magnetic fields makes the reduction of magnetic islands a key topic in
stellarator optimization. To this end various techniques have been employed to reduce
and suppress island formation in stellarators. The HELIAS line of stellarators, of which
W7-X is a member, relies on low magnetic shear (dt/dp) to avoid low order rational
surfaces all together (except at the edge where a large island chain forms a divertor).
Additionally, the optimization of W7-X focused on minimizing the Shafranov shift along
with bootstrap current, thus minimizing changes in the magnetic field as beta increases.
This further helps to suppress islands. Devices such a NCSX and LHD have a high
positive shear which helps limit the size to which an island could grow. Additionally,
the coils of NCSX were re-optimized to minimize the formation of islands at finite
plasma beta [3]. The ubiquitous nature of magnetic islands in stellarators has made
their minimization a key factor in stellarator design.

Theoretical work motivated by experimental evidence from LHD and TJ-II suggests
that the issue of magnetic islands in stellarator reactors may be overstated when the
effect of the plasma is taken into account. In these devices, it was found that an
n/m = 1/1 magnetic islands could ‘heal’ itself as plasma beta and collisionality was
changed. In LHD, the magnetic island is induced by external perturbing coils and
measured as flat-spots in the electron temperature profile and via a magnetic flux loop
array [15]. This has been explained through the mechanism of neoclassical flows healing
the magnetic islands. The phenomenology is similar to that of mode penetration in
tokamaks as viewed in reverse, with flows growing to suppress islands as opposed to the
tokamak situation where already present flows suppress the penetration of modes. In
general, the data and theory suggest that at low collisionalities and high plasma betas,
islands will heal. This implies that in stellarator reactors the issue of the formation of
magnetic islands may be overstated, although they may still be present in the plasma
initiation phase if care is not taken to avoid vacuum islands. Finally, evidence from LHD
suggests that when islands are present there is not only a degradation in the thermal
plasma confinement but a significant effect on the fast ion population [16].

While the nominal W7-X configurations were designed to avoid low order rationals
in the confinement region, configurations with the ¢+ = 1 surface at mid radius are
realizable. Such configurations are achieved by energizing the planar superconducting
coils such that they produce a toroidal magnetic field and subsequently adjusting the
non-planar superconducting coil currents to maintain the required on-axis magnetic
field. In this work, the nonplanar coils were set to 13.6 kA and the planar coils to
—5 kA creating the ‘FOM’ configuration [17]. The size of the intrinsic vacuum island
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Figure 1. Vacuum Poincaré plots of the FOM WT7-X magnetic configuration with
control coil minimized (left), nominal (center), and maximized (right) n/m = 5/5
island chain.

chain (n/m = 5/5) can be modified by the 10 in-vessel island control coils. In figure
1, the island minimized, nominal and maximized configurations are visualized through
Poincaré plots. Additionally, a n/m = 1/1 and n/m = 2/2 island structure may be
superimposed via the trim coil system. In this work, focus is placed on the use of the
control coils to control island width. In this way, similar studies to those performed in
LHD can be undertaken.

One of the challenges to simulating fast ion confinement in this FOM configuration is
mapping profile information in and around islands and stochastic regions. Traditionally,
magnetic equilibrium (such as VMEC [18]) provide a mapping between flux surfaces and
the background computation grid in codes such as BEAMS3D [9]. This is advantageous
as the equilibrium pressure profile can be kept self consistent with the underlying kinetic
profiles which are needed for neutral beam simulations (temperatures, densities, and
electrostatic scalar potentials). Equilibrium codes, such as HINT [19], which include
islands and stochastic regions cannot easily provide such a mapping for profile quantities
(the same argument can be made for vacuum fields). Attempts have been made to
construct such coordinates for the edge island region in W7-X, but such work is not
well suited to a general purpose code such as BEAMS3D [20]. To this end a novel and
robust technique based on field line following has been developed and interfaced to the
BEAMS3D code. This allows the simulations of neutral beam injection using VMEC
and HINT equilibria, along with vacuum fields.

In this work simulations of neutral beam generated fast ion confinement in the
presence of magnetic islands is investigated for W7-X. In the next section we review our
tools and methods for this investigation. In section 3 we present our simulation results
for both collisionless particle orbits and full neutral beam simulations. In section 4, we
place these results in the context of data so far collected on W7-X. Finally, in section 5
we provide an overview of our results and future research directions for this topic.



2. Method

The BEAMS3D code is used to model the effect of magnetic islands on neutral beam
generated fast ions in W7-X. To achieve this the BEAMS3D code has been upgrade via
an interface to the FIELDLINES code [21]. This interface provides BEAMS3D with
both magnetic fields (from a variety of sources) and a radial gridding in regions with
chaotic field line trajectories. Additionally, the FIELDLINES code itself was interfaced
to the HINT code. This allows magnetic fields from MHD equilibria which contain
magnetic islands and stochastic regions to be used in BEAMS3D. The ‘FOM’ W7-X
magnetic configuration is modeled using VMEC (no islands), HINT (MHD equilibria
with islands), and three vacuum configurations (reduced, nominal and large vacuum
islands). Collisionless test particle simulations are preformed to understand how the
magnetic islands affect specific orbits in W7-X. Full neutral beam simulations are
performed to better assess the ability to measure the effect of islands on neutral beam
generated fast ions.

2.1. Radial grids with islands and stochastic regions
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Figure 2. Schematic depiction of the field line trace (left) for grid formation and
minor radius as a function of the field line trajectory (right). Magnetic axis is plotted
in black for the field line trace, while colors indicate multiple passes for a single field
line. We can clearly see that the local distance from the magnetic axis varies over the
trajectory.

The generation of radial grids from general toroidal magnetic fields is performed
using field line tracing. A background cylindrical grid, as found in both the BEAMS3D
and FIELDLINES code, is assumed to exist on which the magnetic field is sampled. A
similar gridding of the effective minor radius is sought. To achieve this, the magnetic
axis in a symmetry plane is found using the pseudo-return map [22]. Once found, a set of
field lines is traced with starting points stretching from the magnetic axis (Ruzis, Zawis)
to the background grid maximum R extent (Rg.id, Zasis). The field lines are traced
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for approximately 500 toroidal transits with values saved at each toroidal cut in the
background grid. This essentially produces a Poincaré mapping at each toroidal cut of
the background grid. The local distance between a given field line and the magnetic
axis is then calculated for each point along the field line trajectory. This distance is
then averaged along the field line and used to label the field line. At each point in
the background grid the field lines passing near said grid point are identified. Here,
near is defined as £0.5AR and £0.5AZ where AR is the distance between radial grid
points and AZ is the distance between vertical grid points. The labels (being the
average distance from the magnetic axis) are then averaged and this value stored at the
evaluated grid point. In this way a radial grid can be generated from the magnetic field
lines. A poloidal angle can be defined in a similar fashion. In figure 2, we depict this
scheme in a schematic diagram and plot the value of the minor radius for a sample field
line in the nominal vacuum magnetic field case for the ‘FOM’ magnetic configuration.

2.2, The FIELDLINES code

An algorithm for the generation of such a coordinate set has been implemented in the
FIELDLINES code. The FIELDLINES code is designed to take a variety of magnetic
field sources (coils[23], EQDSK equilibria [24], vacuum grid files, and VMEC equilibria
[25]), place them on a cylindrical background grid, and solve the toroidal field line

equations
dR Bgr
—=R— =0 1
az By

where the cylindrical coordinates are (R, ¢, Z) and the cylindrical components of the
magnetic field are (Bg, By, Bz). It should be noted that this code is the predecessor of
the BEAMS3D code, sharing much of its underlying structure.

In order to determine the magnetic axis, the FIELDLINES code makes use of the
pseudo-return map. A slightly extended set of equations is followed for one transit in
field periodicity,
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where the initial condition for ¢ = (Ry, Zy, 1,0,0,1). We can easily see that the first
two equations are simply the ODE for the field line trajectory. The other four integrals
provide information on the pseudo-return map, which are then used to calculate an

updated guess for the magnetic axis. This is written
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where the initial position of the axis is (Ry, Zy), the position after one full integration
is (Ry,Z1), Aq is the change in ¢ over one field period, and « is a smoothing factor.
It is essentially a Newton method and converges within a few iterations to machine
precision. It should be noted that this method may be used for finding any ‘periodic’
field line orbit should the toroidal periodicity of the field line be known. In order to
discriminate the magnetic axis the field line is only followed over one field period. In the
absence of symmetry breaking error fields, only the magnetic axis will be found using
this algorithm. It should be noted that when using an algorithm such as this for finding
other periodic orbits, the pseudo-return map provides stability information allowing
X- (unstable) and O-points (stable) to be discriminated. Additionally, for X-Points
the map provide information for helping to trace the stable (separatrix) and unstable
(homoclinic tangle) manifolds. In this work, only the axis finding aspect is utilized.

Once an axis is found, the code traces a set of field lines from the axis to the
background grid outboard edge. Data is saved toroidally at each location in the
cylindrical background grid. This mostly fills the space of the background grid with
field line data. However, it is possible that the interior of an island may not be filled if
its phase does not match the initial condition for the trace. To address this the code
counts the number of field lines which pass near each grid point. Grid points where no
field lines pass and neighboring grid points are then used to initialize field line traces.
Doing this helps to fill the space sufficiently given a fixed background grid resolution.
Figure 3 depicts the radial grid for the five cases considered in this work. In such
simulations we have normalized the radial grid to a value of 0.66 m. We note that for
the VMEC case, the traditional method of inverse lookup mapping with extrapolation
outside the VMEC simulation domain was utilized. The extrapolation treats the even
modes as linear in toroidal flux while the odd modes are treated as linear in r/a.

In order to extend the utility of the FIELDLINES and BEAMS3D codes, an
interface was developed to the HINT2 code. HINT?2 is a three dimensional equilibrium
code employing islands and stochastic regions with a background cylindrical grid.
Magnetic field information is stored on this background grid making the interfacing
of such fields a trivial matter. However, no explicit radial grid exists in HINT2 with
pressure and current stored on the background grid as well. Initial attempts to use
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Figure 3. Radial coordinate mapping in the toroidal plane of the NI21 neutral beam
box for the five cases considered here. A red isocontour has been added at the r/a =1
surface in each plot. Dashed white lines indicate the vertical extent of neutral beam
injection and direction of beam injection is indicated with a white arrow.

the pressure as a radial quantity made interpretation of results difficult. This method
would require that the radial grid as a function of pressure be known. Development
of the above method of coordinate construction was found to be a better choice (and
extendable to other equilibrium codes as well).



2.8. The BEAMS3D code

The BEAMS3D code is a Monte-Carlo neutral beam injection Fokker-Planck code
capable of treating three dimensional equilibria and three-dimensional walls. The code
calculates neutral beam injection for W7-X using a beamlet model for the sources, full
port model for beam scraping, and Suzuki model for hydrogen isotope beam deposition
[26]. This aspect of the code has been validated against data from both W7-X and
ASDEX-U [27, 28, 29]. The code stores data on a cylindrical background grid and
pushes both gyro center and full orbit particles with slowing down and pitch angle
scattering operators. Efforts to validate these models continue with various aspects of
the fast ion distribution function being tested. The code also models the loss of fast
ions to a fully three-dimensional wall [30]. In this way the BEAMS3D code provides
a complete package for modeling neutral beam injected fast ions in stellarators and
tokamaks with 3D fields.

In this work, the BEAMS3D code has been interfaced to the FIELDLINES code
to provide interfaces to magnetic fields (both vacuum and equilibrium) which contain
islands and stochastic regions. As the magnetic fields of the FIELDLINES code are also
on a cylindrical grid, the BEAMS3D simulation simply inherits the background grid
resolution of the FIELDLINES code. In this case R = [4,7] m, Z = [—1.5,1.5] m, and
¢ = [0,27/5] rad, with nr = 256, nz = 256, and n¢ = 72 grid points. Generation of the
radial background grid is performed as was described in section 2.1 for the three vacuum
cases and HINT case considered here. The VMEC case uses the previously documented
interfaces. It is worthwhile to note that the presence of islands and stochastic regions
does result in two curious features.

First, when trying to construct radial fast ion profiles of various quantities, the flat-
spots in the rho coordinate result in a binning of a larger volumetric region of particles.
Thus local enhancements of the profile appear despite the volumetric density profile
being fairly smooth. Care must be taken when interpreting fast ion data in terms of 1D
profiles.

Second, the BEAMS3D code includes an electric field by taking local gradients
of the scalar potential stored on the background grid. This potential is defined as
a flux function on input, resulting in an electric field feature near the separatrix of
the magnetic island chain. The electric field used as input is based on neoclassical
simulations assuming nested flux surfaces (VMEC).

Markers are pushed either using a gyro center model or gyro orbit model. The initial
condition of the markers can either be user supplied or generated from the neutral beam
injection model. When neutral beam injection is used, markers are initialized at the
gyro-center position based on the ionization location of the neutral. For gyro orbit
models the neutral ionization location is used. The equations of motion for the gyro
center model are:

dR muj . ExB

8 ~ —
av _ 0 B+ . v\B
7 Mz X (,uV + B (b V) ) +U||b+ JE




10

dvy _ By
=——0-(VB
dt m (VB)
where b = %, = %ngi is the magnetic moment, E = —V® is the electric field, and

v = dR g(ﬁ) is the component of velocity parallel to B. Tt should be noted that a
term in the second equation is missing, which accounts for electric fields parallel to the
magnetic field. This term is explicitly missing as we assume only ‘radial’ electric fields.
Whereas the gyro orbit model equation are written
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where the Lorentz force is the right hand side of the second equation. The gyro center
model is applied to simulations up to a user specified value of normalized toroidal flux
(s = \/7% where a a minor radius), after which full orbit simulations are carried out.
Setting this parameter to zero triggers the code to use the full orbit model from birth
(or user supplied initial condition).

In this work, fully collisional neutral beam simulations are performed in addition to
collisionless simulations with user specified initial conditions. Collisional slowing down
operators and pitch angle scattering are considered in the neutral beam simulations.

2.4. The W7-X simulations

The simulations performed in this work focus on five magnetic field scenarios: no islands
(VMEC), minimized islands (vacuum), nominal islands (vacuum), nominal islands
(HINT2), and maximized islands (vacuum). For neutral beam simulations, profiles
are chosen to approximate those of experiments conducted in W7-X. Figure 4 depicts
the kinetic profiles assumed in each simulation. The choice of one set of profiles was
made to clearly highlight that any differences between configurations is attributed to the
magnetic field itself and not some temperature or density effect. The electrostatic scalar
potential is based on neoclassical calculations using VMEC equilibria. It should be noted
that while common radial kinetic profiles are utilized, changes due to the islands result
in different profiles locally. This is addressed in the neutral beam deposition simulations.

For this work the neutral beam sources 4 in neutral beam box NI20 and 7 in
neutral beam box NI21 are considered. The NI20 box geometry results in particles with
‘v”/v’ < 0, while the NI21 box geometry results in particles with ‘v”/v‘ > 0 [31]. This
choice of sources was name to allow later comparison with measurements made during
the last experimental campaign. It should be noted that source 4 generates a larger
passing population than source 7. This is attributed to the crossing of source beam
lines through the duct, with NBI sources 4 and 8 firing more tangentially, and sources
3 and 7 firing more radially. The use of both boxes allows the NI20 box to produce
a sources of fast ions while the NI21 box is used to probe that population through
measurements of FIDA [32, 33].
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Figure 4. Kinetic profiles for all simulations performed in this work. A pure
Zeffective = 1 plasma is assumed. Electric field profile and total toroidal current
from NEOTRANSP. Simple current profile shape is assumed.
3. Results

In this work, both collisionless test particle simulations and neutral beam simulations
were considered. In the collisionless simulations an array of markers were initialized
just inside the 5/5 island surface, scanning pitch angle. These particles are followed in
the absence of collisions to better assess how the presence of magnetic islands affects
different orbits. In the neutral beam simulations, collisional deposition, gyro-center
slowing down and full orbit simulations are performed. The full orbit simulations begin
when the orbits cross the r/a = 1.0 radial coordinate.

3.1. Collisionless orbit tracing

Collisionless simulations following test particles scanning pitch angle in the W7-X FOM
configuration are performed. All simulations tracked particle scanning pitch angle from
the co- to counter-going direction. Simulations scanning the initial location of test
particles showed that for any effect to be seen the particles must be started in the
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vicinity of the island chain. Moreover, little difference was seen if the particles where
started in the vicinity of the x-point or o-point. Comparisons between gyro center and
gyro orbit following models also showed little difference. This is to be expected as the
2.5 T field of W7-X results in an order ~ 2 ¢m gyroradius.

Collisionless Orbit Widths
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Figure 5. Orbit widths for an ensemble of collisionless particle orbits. Orbit widths are
calculated from the difference between minimum and maximum values of normalized
toroidal flux reached in a simulation. Widths greater than 0.25 can be considered lost
particles. A smoothing has been applied to the curves to make the plots more readable.

Figure 5 shows the orbit widths for the particles based on their minimum and
maximum radial positions. These simulations indicate that the passing particle orbit
widths scale with the vacuum island width. All deeply trapped particles walk radially
outward till they are lost. It is interesting to note that in all cases the particles parallel
to the magnetic field (v|/v > 0) appear to have a slightly larger orbit widths than those
counter to the magnetic field. Examining the maximum and minimum parallel velocities
we see that particles begin to trap when ‘UH / v‘ < 0.4. Examining the toroidal motion
of the particles we find that deeply trapped particles, particles which do no leave their
initial toroidal well, are limited to ‘v” / ’U‘ < 0.18. This just highlights the complexity of
orbits in W7-X where trapping can occur due to both toroidal and poloidal variation of
magnetic fields in the device.
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Confinement of deeply trapped particles in W7-X is expected to improve with
beta through the closing of drift surfaces and the E x B drift resulting in a poloidal
precession of deeply trapped particles. A scan of the electric field strength was made to
estimate its effect on the particle orbits. In general, passing orbits were found to have
larger radial excursions in the presence of a radial electric field. The deeply trapped
particles experienced a smaller radial drift as compared to a simulation without the
radial electric field. It should be noted that since BEAMS3D prescribes the electrostatic
scalar potential (®.s) as a radial flux function, the island influences the electric field
(E = —Vd,,). In particular, strong electric fields arise at the island separatrix in the
model.
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Figure 6. Fast ion birth rates for source 7 of the five magnetic fields considered in
this work showing little difference between configurations.

3.2. Neutral beam simulations

Simulations of neutral beam injection have been performed in three steps for the five
different magnetic field variations (vacuum small island, vacuum nominal island, vacuum
large island, VMEC, HINT2). In each simulation the experimental profiles are held fixed.
Only the magnetic field, and underlying topology, change the mapping of the profiles
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to real space. Simulations begin with neutral beam deposition considering a detailed
port model. Particles which ionize in the plasma are then stepped to the gyrocenter
position and followed untill all particles have been lost or thermalized. For the VMEC
case a wall is autogenerated at the last closed flux surface (LCFS) by the BEAMS3D
code. For the other cases the VMEC boundary is expanded by 10% and used as a
wall. Particles which hit these walls are considered lost. Finally, these lost particles are
followed in gyro-orbit mode to the actual W7-X wall including the full magnetic field. In
this last step collisions and the electric field are ignored, owing to the large uncertainty
in specifying such quantities outside the LCFS. For this work sources NBI 4 and 7 are
considered. Table 1 provides an overview of simulation global quantities.

Table 1. Overview of neutral beam simulations for the various magnetic field
variations. Simulations assume injection via NBI sources 4 and 7, 3600 MW total
neutralized power. In each case, 380 kW is lost to the neutral beam port, and 2100
kW of power is lost as shine-through.

Magnetic Field Source | Plasma Heating [kW] | Wall Losses kW]
VMEC 960 160
Small Vacuum Islands 1020 100
Nominal Vacuum Islands 1020 100
HINT?2 920 200
Large Vacuum Islands 980 140

The neutral beam simulations begin with simulations of neutral beam deposition
including a detailed port model and experimentally relevant profiles. The simulations
assume a neutralized power of 1.8 MW for a total of 3.6MW. Before entering the torus
380 kW of power is lost to the various port structures. While small variations in shine-
through exist between the simulations, they can be all characterized as having 2100 £/
of total shine-though. Such high shine-through is consistent with the low plasma density
of these scenarios. Figure 6 depicts little variation between configurations regarding the
deposition profiles.

Figure 7 depicts the birth profile mapped to rho coordinate showing a clear spike
at the ¢« = 1 surface. This feature is geometrical in nature and not a physical effect.
Such distributions are generated by mapping flux marker locations in cylindrical space to
radial grid space using the background grid. The presence of an island creates regions of
constant radial coordinate which then map multiple points to a single point in the radial
coordinate space. Plotting the distribution against the rotational transform shows that
such a spike localizes to the « = 1 surface. A plot of the differential volume is shown in
order to demonstrate that such a feature does not arise from our volume normalization.
Additionally, we see that the location of the spike in rho scales with the island width as
one would expect since the island moves slightly radially outward with increasing size. It
can also been seen that the nominal vacuum island simulations produces a similar profile
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Figure 7. Fast ion birth profile mapped to rho (left), rotational transform (center),
and differential volume (right) showing that spikes are localized to the ¢ = 1 surface.
A dashed red line has been drawn at the VMEC iota = 1 radial grid point.

to that of the HINT2 simulation as they have very similar magnetic island structure.

W7-X FOM Particle Loss Rate
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Figure 8. Marker losses for the five simulations considered showing VMEC with the
lowest marker loss and HINT2 with the highest for gyrocenter simulations.

Gyro center slowing down simulations including pitch angle scattering were
performed for the five sources of magnetic field. Markers were initialized from the neutral
beam deposition simulations. Figure 8 depicts the time evolution of the marker loss. On
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full slowing down time scales we find the HINT2 simulation to have the largest losses
while VMEC has the lowest. On timescales less that 0.1ms we find just the opposite
with VMEC having the most prompt losses and HINT2 the least. On short timescales
we find the vacuum islands have a scaling consistent with our collisionless simulations
picture with the small island case having the lowest losses. As time progresses the
nominal and small islands cases have similar losses both in energy and particle loss.
This suggests that for those cases the losses induced by pitch angle scattering dominate
the simulations.
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Figure 9. Fast ion wall loads for a synthetic view from the fast ion wall load monitor
diagnostic. The HINT?2 simulations results are shown.

The gyro center simulations were then continued to the first wall of W7-X using the
gyro orbit capability of the BEAMS3D code [30]. Gyro center markers which reached
a bounding flux surface were used as an initial condition for the gyro orbit simulations.
These markers were duplicated 4 times each and the duplicated particles were assigned
random gyro phases. A small difference in wall loads is present with the small island
case having the lowest losses. Figure 9 shows a simulated view from the Fast Ion Wall
Load Monitor camera to be installed for the next experimental campaign on W7-X. A
clear load is present on the divertor viewing immersion tube in the AEF port. NBI



17

fast ion losses to these immersion tubes are a well established feature of many magnetic
configurations in W7-X [34, 35]. Of key interest is the lower heat load on the steel
panel. Simulations would suggest this load would be enough to damage the panels at
our current NBI duration. Despite this, no damage has been found or evidence that the
panel is getting hot. The current hypothesis is that the neglect of a scrape-off-layer,
edge electric field, and charge exchange losses of fast ions results in our current over
prediction of some fast ion wall loads.

4. Experimental Data

NIFS-FILD MPM Channel 23 (20230216.071) 250 NIFS-FILD MPM Channel 23 (20230216.077) 250

200 200
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Figure 10. NIFS-FILD signal for the FOM magnetic configuration with nominal
5/5 islands (left) and control coil minimized islands (right). The overall signal level
is decreased for the minimized island configuration, consistent with simulations. The
neutral beam is active from 3 s on in both discharges, with source 4 continuous and
source 7 blipped at 4 Hz and 50% duty cycle.

Experiments in this core island magnetic configuration have thus far been limited in
the W7-X dataset. Figure 10 shows traces of a single channel on the NIFS-FILD detector
for two discharges [36]. In these discharges source 4 is fired continuously while source 7
is blipped at 4 Hz and 50% duty cycle. In the figure on the left (20230216.071) no trim
or control coil currents were applied to the plasma. On the right (20230216.077), the
control coils were energized with -2500 A of current, minimizing the island width. Losses
from the S7 source are clearly reduced when the island width is minimized. Additionally,
the baseline signal from source 4 appears to also slightly reduce in magnitude. This is
consistent with expectations as source 7 populates purely passing orbits, while source
4 populates the multiply trapped orbits. For this reason one would expect island size
variation to have a larger effect on the source 7 population. In each discharge 2 MW of
ECRH heating was applied with a target line integrated density of 2 x 10* m~=2. Core
electron temperatures were approximately 3 keV and the line integrated density rises to
3 x 10* m~2 during neutral beam injection. Simulations of signals to the NIFS-FILD
detector are subject of ongoing work [37], along with FIDASIM simulations [38].
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5. Discussion

Simulations of fast ion confinement in the presence of core magnetic islands have been
performed using the BEAMS3D code for Wendelstein 7-X. A newly developed interface
based on field line tracing using the FIELDLINES code has been implemented allowing
construction of radial grids in islands and stochastic regions. Such an interface is general
and allowed for both interfacing vacuum magnetic fields in addition to HINT2 equilibria.
A magnetic configuration with the n/m = 5/5 island chain at r/a ~ 0.7 was explored.
Application of control coil fields allows control of the vacuum island width. Collisionless
test particle simulations show that confinement of passing particles is directly affected
by the island, with larger islands degrading confinement. Simulations with VMEC
equilibria had a similar character to those with the vacuum island minimized, while
HINT2 calculations showed similar behavior to that of the nominal vacuum island
configuration. Neutral beam deposition showed little response to the magnetic island
width. Slowing down simulations showed a degradation in confinement with increasing
island width. Loss patterns to the first wall were generally unaffected by changes in
island width while the amplitude of the losses tracked the degradation in confinement.
Experiments conducted in the previous experimental campaign confirm this behavior
with a reduced island configuration showing smaller losses. Such simulations open the
possibility to assessing fast ion confinement using equilibria from a variety of equilibrium
codes, capable of treating islands and stochastic regions.

With the understanding that the W7-X neutral beam system populates the passing
orbits, whose confinement is affected by the presence of core islands, NBI fast ion
confinement can be used as a probe for the existence of islands at finite beta. While
an effect on fast ion confinement was clearly seen for low beta discharges, at higher
plasma beta islands may undergo healing. In devices such as LHD, this is commonly
confirmed by the lack of a flat electron temperature region across the rational surface.
Unfortunately, the Thomson system in W7-X shoots thought the X-points of the 5/5
island chain, and as a result would not see a significant change in electron temperature
as an island healed or opened. Here changes in fast ion confinement could be used as an
indicator of island width changes. One could also use a combination of the control coils
and trim coils to minimize the 5/5 island chain while introducing a large n/m = 1/1 or
n/m = 2/2 island chain (figure 11). Such experiments would provide a comparison to,
and extension of, work already conducted on LHD.
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