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ABSTRACT
A quantitative theoretical framework has been created to model neutral beam injection and fast ion losses in the Wendelstein 7-X (W7-X)
stellarator, including a novel method to develop synthetic diagnostics for fast ion loss detectors (FILDs) of many types, such as scintillating
and Faraday Cup FILDs. This is the first time that this has been done in stellarator geometry with this level of fidelity, providing a way for
fast ion losses to be predicted more precisely in future stellarator experiments and in W7-X. Simulations of the signal seen by a Faraday Cup
FILD have been completed for multiple W7-X plasmas and show close agreement with the measured signals. This method is now applied
to an actively water-cooled, scintillator-based FILD, which is currently in development to measure the fast ion loss distribution in W7-X in
greater detail. The design makes use of a double slit to measure energy-and-pitch-angle-resolved losses of both co-going and counter-going
fast ions. The diagnostic, which can be inserted to different radial positions, has been designed to withstand steady-state heat fluxes of up to
120 kW/m2 along with additional transient heat loads of 100 kW/m2 lasting for up to 20 s at a time. Simulations of W7-X standard magnetic
configuration show up to 8 ×1013 (s−1 cm−2) ion fluxes onto the sensor from each neutral beam source and no signal from the counter-going
slit. These simulations will help inform experimental proposals for future W7-X campaigns after installation of this diagnostic.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0214788

I. INTRODUCTION

The confinement of fast ions, such as those produced by
fusion reactions or by plasma heating methods such as neutral
beam injection (NBI) or ion cyclotron resonance heating (ICRH),
is crucial to the efficient operation of a plasma device or fusion reac-
tor as well as to the protection of vessel walls and other plasma
facing components. The question of fast ion confinement is espe-
cially important for stellarators, which do not inherently confine

trapped particle orbits in the way that axisymmetric devices do and
which must, therefore, be optimized to better confine these fast
ions.1

The Wendelstein 7-X (W7-X) stellarator was numerically opti-
mized for good fast ion confinement as an important aspect of its
design.2 For this reason, confirming this good confinement is a key
scientific goal of W7-X. Measurements of lost fast ions can be made
with diagnostics such as fast ion loss detectors (FILDs), which come
in several different types.
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The two most popular FILD types are the scintillator type and
the Faraday Cup type.3–8 The former is composed of a phosphores-
cent screen onto which charged particles impinge, releasing photons,
which are then measured by a video camera and/or an array of pho-
tomultiplier tubes. The second is composed of thin metal films that
measure the flux of arriving ions as a current. Faraday Cup FILDs
tend to have higher time resolution, while scintillator FILDs have
higher spatial resolution, particularly when paired with a video cam-
era. Through the use of a pinhole and collimating structure, fast ions
arriving at the FILD can be spread out based on their gyroradius
(and thus energy) and pitch angle, meaning that spatial resolution
at the scintillator corresponds to resolution in energy and pitch
angle.

There are three FILDs either implemented on or planned for
W7-X. The two which have already been used on W7-X, referred to
in this work as the NIFS-FILD and the FC-FILD, are both Faraday
Cup types. The NIFS-FILD, provided by the National Institute for
Fusion Science in Japan, has been mounted on the multi-purpose
manipulator (MPM)9 for experiments during the first two exper-
imental campaigns on W7-X making use of NBI. It makes use of
a pinhole and collimating structure, along with an array of eight
sensors, to measure energy-and-pitch-resolved losses of fast ions.10

The FC-FILD, implemented as a permanent diagnostic in the second
NBI campaign, makes use of five sensors with varying thicknesses of
insulation in order to resolve fast ion losses in energy, without any
resolution in pitch angle.11–13

This work focuses on the development of a third FILD for
W7-X, referred to in this work as the S-FILD, which consists of
a scintillator material layered over a Faraday Cup and paired with
a video camera, which can thus measure losses with high resolu-
tion in energy and pitch angle, and measure the total arriving ion
flux with high time resolution.14,15 This method of placing a Fara-
day Cup underneath a scintillator layer for measurement of total
flux has been used in many FILDs, including on CHS,4 W7-AS,5,16

NSTX,17 ASDEX-U,6 and K-STAR.18 The S-FILD was designed
with two separate pinholes for the measurement of both co-and-
counter-going ions and will be located directly next to the FC-FILD,
allowing the two diagnostics to take complementary measurements.
The S-FILD would be the first scintillating-type FILD on W7-X and
would take measurements with much higher resolution in energy
and pitch angle than either of the currently existing FILDs are
capable of.

As W7-X has recently begun long-pulse operation, with plas-
mas lasting for more than eight minutes, with more than 1 GJ of
injected energy achieved and 18 GJ injected energy planned, it was
necessary to design the S-FILD with active water-cooling to with-
stand heat fluxes of up to 120 kW/m2 in steady-state operation, with
an additional 100 kW/m2 for up to 20 s at a time (see Ref. 15).
The S-FILD will be mounted on a reciprocating structure so that it
can be inserted in and out of the vessel to minimize transient heat
loads.

This paper will first describe the completed design of the
S-FILD, with a focus on the physics aspects. Following this, simu-
lations of fast ion losses in the standard magnetic configuration of
W7-X are presented, making use of the simulation method first out-
lined in Ref. 19, including a synthetic signal to the Faraday Cup of
fast ion flux over time and the spatial pattern of fast ion strikes on
the scintillator plate.

II. DESIGN OF THE S-FILD SYSTEM
A. Probe head

The S-FILD probe head will consist of a 3D-printed stainless
steel structure covered with graphite tiles for thermal protection, as
shown in Fig. 1. The front face of the probe head has been designed
to be parallel to the last closed flux surface (LCFS) of the standard
W7-X magnetic configuration when the probe head is fully inserted
into the vessel. There are two pinholes, one on either side of the
probe head, which allow for co-and-counter-going fast ions to enter,
where, based on their energies and pitch angles, they will either land
on the scintillator plate or be absorbed by the collimating slits inside
of the probe head.

Inside the probe head, parallel to the front face of the structure
and thus to the LCFS, will be a stainless steel plate onto which will
be deposited a layer of SrGa2S4:Eu2+ (TG-Green), a phosphorescent
material that releases light when impacted by charged particles. This
light can then be measured by using a fast video camera outside the
vessel. The layout of this plate within the probe head is shown in
Fig. 2, with the two collimating slits shown in red, and a simplified
cutaway view of the geometry of the counter-going side, showing the
pinhole and collimating slit in relation to the scintillator, is shown in
Fig. 3.

The stainless steel plate, which is electrically isolated from the
rest of the probe head, also doubles as a Faraday Cup, measuring the

FIG. 1. Probe head of the S-FILD diagnostic, composed of a stainless steel 3D-
printed piece covered with graphite tiles for thermal protection. The pinholes are
shown in red. The dimensions shown include the graphite protection tiles, and the
length is given from the end of the graphite tiles to the furthest point on the front
face.

FIG. 2. Position of the scintillator (green) within the probe head, with the collimating
slits shown in red. The scintillator is inside and parallel to the front face of the probe
head. The graphite tiles are not shown.
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FIG. 3. Cutaway view of a simplified geometry of the probe head, showing the
counter-going pinhole and collimating slit along with the corner of the scintillator.

flux of fast ions to the screen as a current. Underneath this plate is
a layer of insulating material and a second Faraday Cup, this one
meant to measure any noise, such as that produced by coupling to
the plasma so that it can be removed from the signal, a method
that has previously been employed on FILDs in ASDEX-U.6 The sig-
nal to the Faraday Cup has no spatial resolution but is expected to
have a higher time resolution than the scintillator signal. The maxi-
mum speed of the CMOS camera planned for use in this diagnostic
(the C-Blue One 1608 × 1104 pix with 9 μm/pix camera from First
Light Imaging) at full frame with 12 bits is 481 fps (Hz), while the
sampling rate of the Faraday Cup signal is limited only by the choice
of digitizer.

The spatial resolution of the camera signal is important
because, due to the collimating structure, the location of the light
on the scintillator plate gives information about the gyroradii (and
thus energies) and pitch angles of the fast ions arriving at the
plate. Figure 4 shows the strike maps of the average strike location,
for a given pitch angle [cos−1( v∥

v ), given in units of degrees] and
“gyroscalar,”20 a quantity related to the gyroradius ( mv

∣q∣B =
v

v�
rgyro,

where rgyro is the gyroradius, given in units of cm), of markers
arriving onto the sensor from each of the two pinholes. It should
be noted that while the W7-X NBI system can only produce ions
with gyroscalars up to 1.5 cm, the S-FILD is capable of measur-
ing those with higher values and thus higher energies. This may be

FIG. 4. Strike maps showing the average strike location on the scintillator for co-
and-counter-going fast ions. Each point corresponds to a pitch angle, gyroscalar
pair. These were produced using the FILDSIM code21 and excluding from consid-
eration any markers that were shadowed by the exterior of the probe head when
moving backward in time from the pinholes.

important in future campaigns, which, by making use of combined
NBI-ICRH heating, may produce fast ions with energies greater than
those produced by the W7-X NBI system alone.

B. Manipulator arm
The S-FILD probe head, such as the FC-FILD, will be mounted

on a reciprocating arm and inserted into the port AEN21, in the
same W7-X module as the neutral beam ports. The FC-FILD is
located on the central flange in this port, while the S-FILD will be
located on the flange directly below it. The manipulator arm, con-
trolled by a pneumatic motion drive system, will be able to insert the
S-FILD from a parked position flush with the vacuum vessel wall up
to a fully inserted position of about 26 cm toward the plasma from
the parked position. The position of the probe head with respect to
the plasma can be chosen by changing the position of a hard stop
plate controlled by a stepper motor between plasma shots.

The manipulator arm, in addition to allowing for insertion of
the probe head, will also contain an optical system consisting of a
series of lenses, mirrors, and vacuum windows to relay the light pro-
duced by the scintillator to the CMOS camera mounted outside the
vacuum vessel, mounted on a sliding rail to keep a fixed optical dis-
tance between the camera and scintillator plate as the probe head
is inserted. It will also contain tubes for active water cooling of the
probe head and arm to avoid overheating of the diagnostic; a ther-
mocouple for measuring the temperature of the probe head; co-axial
cables carrying the signal from the Faraday Cup; and a fiber optic
cable for illumination of the scintillator plate so that the camera
image can be spatially calibrated.

The steady-state nature of the W7-X device makes cooling, and
careful measurement of the probe head temperature, a necessity.
The scintillator material, TG-Green, shows inhibited response even
at temperatures of 200 ○C, with very little signal once temperatures
reach 400 ○C or above.22 In addition, it must be guaranteed that the
temperature rise will not cause structural damage to the probe head
and manipulator arm. For thermal analysis, it was assumed that the
steel probe head will absorb up to 20 kW/m2 of stray ECRH radiation
and that the heat flux from exposure to the plasma will be around 100
kW/m2, with an additional 100 kW/m2 of fast ion heat loads when
the NBI is in operation, for up to 20 s at a time, meaning that the
diagnostic must withstand stationary heat loads of 120 kW/m2 and
transient heat loads of 220 kW/m2.

A detailed thermomechanical analysis of the diagnostic can be
found in Ref. 15. It is found that in the steady-state case with the
most conservative estimates of heat flux, the graphite tiles reach
a maximum temperature of 775 ○C, and in the case of transient
NBI loads, 985 ○C, both far less than the sublimation temperature
of graphite. The temperature reached by the stainless steel struc-
ture is even less than that, and the interior face of the probe head,
on which the scintillator plate rests, reaches a maximum of 245 ○C
in the transient (highest heat load) case, which is still within the
operating limits for the TG-Green material. While the scintillator
response would be inhibited at this temperature, the signal would
still be measurable and the scintillator would not be damaged. This
transient case is a worst-case scenario, which would require four
NBI sources to be operated back-to-back for 5 s each, something
that has not yet been performed on W7-X and is not planned. Even
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in this scenario, the temperature rise of the probe head is not pre-
dicted to lead to untenable physical stresses on the structure.15 In
addition, much of the design of the S-FILD diagnostic was based
on that of the neighboring FC-FILD, which never exceeded 100○

measured by its thermocouple within normal operation13 and only
reached temperatures of around 180○ in one unusual magnetic field
configuration.

III. METHOD FOR SIMULATING S-FILD SIGNAL
Simulation of signal to the FILD is performed using a method

similar to that first outlined in Ref. 19, which was used to simulate
a Faraday Cup type FILD, the NIFS-FILD, previously used in exper-
iments in W7-X,10 finding the first quantitative agreement between
the simulation and measurement of fast ion losses on W7-X.19 The
method aims to compensate for the large difference in scale between
the last closed flux surface (LCFS) of the plasma and the entrance
pinholes to the FILD by making use of multiple expansions around
the ion guiding centers and intermediate virtual detection planes.
For this work, the method, which was developed to calculate the
total fast ion flux to a Faraday plate, has been extended to include
spatial information at the plate, allowing for the determination of a
spatially resolved signal for comparison with the camera image of
the scintillator.

First, the equilibrium solver code VMEC (in free-boundary
mode) and neoclassical code NEOTRANSP,23 which, in turn, uses
the DKES (drift kinetic equation solver) code,24 are used to find
a self-consistent magnetic equilibrium based on the coil currents
for the standard magnetic configuration of W7-X and prescribed
density and temperature profiles. Following this, the validated depo-
sition model25 of the Monte Carlo orbit following the BEAMS3D26

code is used to simulate injection of the four neutral beams already
commissioned for use in W7-X.27,28 “Markers” representing fast
ions produced by the NBI are then followed using the drift kinetic
equations,

dR⃗
dt
= b̂

qB
×
⎛
⎝

μ∇B +
mv2
∥

B
(b̂ ⋅ ∇)B⃗

⎞
⎠
+ v∥b̂ +

E⃗ × B⃗
B2 , (1)

dv∥
dt
= − μ

m
b̂ ⋅ (∇B), (2)

where R⃗ is the ion’s guiding center position, b̂ = B⃗
B is the direction of

the magnetic field, μ = 1
2

mv2
�

B is the magnetic moment, v∥ = dR⃗
dt ⋅ b̂(R⃗)

is the component of the velocity parallel to the magnetic field, and
E⃗ = −∇Φ is the electric field, which is assumed to only point per-
pendicular to b̂.26 The effects of collisions and pitch angle scattering
are included between integration time steps.29 The markers repre-
senting fast ions are followed until they thermalize or reach the last
closed flux surface (LCFS) as defined by the VMEC equilibrium, at
which point they are considered lost.

The lost markers are used as input for the Monte Carlo orbit-
following code ASCOT530 in a workflow similar to that described in
Refs. 19 and 31. These lost markers are multiplied to create 60 new
markers for each one lost through the LCFS. Each new marker has
the same guiding center location and energy as the original one but is
given a random gyrophase and a random perturbation between −1%

and 1% to the pitch (defined as v∥
v ). These new markers are followed

using ASCOT5 in full-orbit mode without collisions or radial elec-
tric field until they hit the wall, defined from a 3D triangular mesh
created from CAD models of the W7-X vacuum vessel, ports, and
the S-FILD diagnostic at full insertion.

Using the “Poincaré” function of ASCOT5, two transparent
planes at two constant values of the toroidal angle ϕ are set up such
that all ions reaching each of the two pinholes will have to pass
through them, and the information for each marker is saved as it
passes through the plane. These markers are sorted into bins in the
spatial coordinates, R and Z, along with pitch angle, gyroscalar, and
gyrophase, defined here as

χ = cos−1(v∥
v
), (3)

ρL =
mv
∣q∣B =

v
v�

rgyro, (4)

ζ = tan−1(−v̂� ⋅ (b̂ × ẑ)
v̂� ⋅ ẑ

), (5)

where m is the mass, ∣q∣ is the absolute value of the particle’s charge,
B is the magnitude of the magnetic field strength ∣B⃗∣, b̂ is the direc-
tion of the magnetic field B⃗

B , v is the magnitude of the total marker
velocity ∣v⃗∣, v∥ is the parallel velocity v⃗ ⋅ b̂, v� is the magnitude of
the perpendicular velocity vector ∣v⃗�∣ = ∣v⃗ − v∥b̂∣, v̂� is the direction
of this vector v⃗�

v�
, ẑ is the direction of the Z axis, and rgyro is the

gyroradius.
For each marker saved at the virtual plane, the guiding cen-

ter is found and an expansion around it is performed, creating
1000 new markers with the same χ and ρL, but with ζ evenly dis-
tributed between 0 and 2π and (R, Z) determined accordingly. If
any of these 1000 markers is determined to have any probability of
making it to the scintillator, all 1000 are then traced backward for
10 gyro-orbits. Those markers that intersect the side of the probe
head within this time are removed from consideration, and the
weight is redistributed among the remaining markers.

Separate simulations are performed, for each of the two pin-
holes, following markers, in sets of constant (χ, ρL, ζ), backward and
forward from the pinhole in full-orbit, collisionless ASCOT5 simu-
lations until they reach the virtual plane (when running backward)
or the scintillator plate (when running forward), or else are stopped
by intersecting parts of the probe head. As described in Ref. 19, for
each (χ, ρL, ζ) set, markers are found that have one specified value
of gyrophase at the virtual plane, ζ′. Contours of constant ζ′ at the
planes form straight lines at the planes and in the pinholes, so that
only two markers are necessary.

For each combination of (χ, ρL, ζ, ζ′), the two markers are
found that form a line in both the (R, Z) plane and the pinhole. This
is repeated for multiple values of ζ at the pinhole, forming a quadri-
lateral, as shown in Fig. 5. Here, the blue and orange lines within the
pinhole and at the plane correspond to markers that begin in the pin-
hole with (χ, ρL, ζ1) and (χ, ρL, ζ2), respectively, and reach the plane
with our desired ζ′. To separate into the (R, Z) bins, the fragment
of the (R, Z) grid within this quadrilateral is then mapped into the
pinhole based on the relative position of the blue and orange lines.
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FIG. 5. Position on the virtual plane and within the pinhole for markers that, beginning from the virtual plane with a specific value of (χ, ρL, ζ′), arrive at the pinhole with a
gyrophase ζ ∈ [ζ1, ζ2]. The division of the (R, Z) plane into bins is mapped to the pinhole for this set as well.

FIG. 6. Overlap between the plane-to-pinhole mapping found in the previous step and the markers that, beginning as an evenly spaced grid within the pinhole with (χ, ρL, ζ1)

and (χ, ρL, ζ2), pass through to the scintillator surface. This is used to then find a mapping between the plane and the scintillator.

Meanwhile, markers are also traced forward from the pinhole
to the scintillator for each ζ = ζ1, ζ2, . . . in an evenly spaced grid,
in order to give us a spatial mapping between the pinhole and the
scintillator. This is shown for two values of ζ in Fig. 6, with the
mapping of the (R, Z) grid from the previous step overlaid onto the
pinhole. Only the grid points that can pass from the pinhole onto the

scintillator are shown; the other points correspond to markers that
are blocked by the slits. For each value of ζ, the parts of the line
from the previous step that overlap the grid of forward-passing
points are found, and the result, shown in the pinhole as a set of
green lines, shows the markers that can go both backward (to the
virtual plane) and forward (to the scintillator). On the right, the

FIG. 7. By considering all possible values of ζ at the pinhole, a full mapping between the plane (left) and the scintillator (right) for markers with (χ, ρL, ζ′) at the plane is
determined. The green-outlined area in the leftmost plot denotes the area within which markers can travel to the scintillator and be measured, while the green shaded box
corresponds to a specific (R, Z) bin at the plane which is then mapped to the pinhole (center) and from there to the scintillator. Each dashed line represents a specific value
of ζ at the pinhole.
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mapping of these green lines onto the scintillator is found using
the grid points of where the forward-passing markers strike the
scintillator.

Finally, combining these steps and looking at every possible
value of ζ at the pinhole, we are able to find a mapping from the
plane to the scintillator for markers at the plane with (χ, ρL, ζ′), as
shown in Fig. 7. The red lines on the plane correspond to markers
that can go from the plane to the pinhole and the green to markers
that, once at the pinhole, can pass through onto the scintillator. For
our chosen (R, Z) bin, outlined in bold on the plane and filled in
with green, we can find its footprint on the scintillator. This bin is
located entirely within the green polygon on the plane, meaning that
all markers inside of it will reach the scintillator; its probability of
transmission is thus 100%. For other (R, Z) bins, their probability is
equal to the percentage of their area that overlaps with the area con-
tained within the green lines. It can be seen that, using this method,
the area in the corners of the pinhole is cut off. This is a result of
performing simulations with a finite number of ζ values beginning
at the pinhole. In future works, it may be possible to upgrade the
analysis to extrapolate these areas, but in the meantime, the percent-
age of the overall area that is lost is not too large—for the example
shown, with ζ steps at the pinhole of 0.025 rad, only 2.6% of the total
pinhole area is lost.

To calculate the signal to the Faraday Cup (or, at least, the total
flux of fast ions reaching the scintillator plate; it is not certain that all
these ions will pass through the scintillator material into the Fara-
day Cup and be measured, although this is generally assumed5), only
this probability is needed, and the mapping to the scintillator can
be disregarded. As in Ref. 19, to find bins in (χ, ρL, ζ′), we aver-
age together all probabilities found for each value of each of these
quantities within the desired bin size.

Then, for each marker passing through the plane, we sort it into
a bin in (R, Z, χ, ρL, ζ′). We have the marker’s weight, which cor-
responds to the total flux of fast ions per second it represents. We
multiply this weight by the probability for this bin and then perform
a boxcar sum over all markers, using the arrival time of each marker
and the desired duration of the NBI, and multiply by the charge of
each particle to get the signal as a current over time,

S(t) =∑
i

qiwiP(Ri, Zi, χi, ρLi, ζ′i )

× (H(t − ti0) −H(t − (ti0 + TNBI))). (6)

Here, i represents the marker, qi its charge, wi its weight, ti0 its arrival
time, TNBI is the duration of the NBI, and H is the Heaviside step
function. The signal can be averaged over the expected sampling
period of the digitizer; for this work, a 2 μs sampling time is assumed,
the same as the NIFS-FILD digitizer.

In order to get the spatial distribution of the flux to the scin-
tillator, the scintillator itself is divided into a grid. For each (R, Z)
bin, such as the green shaded one shown in Fig. 7, we simply find
the scintillator grid-boxes that it falls into and divide up the signal
evenly among these boxes, as shown in Fig. 8. This is done rather
than calculating the percentage of the green quadrilateral that falls
into each separate grid box to save on computational time; for a
small enough grid and a large enough number of (R, Z, χ, ρL, ζ′) sets,
the differences should average out.

FIG. 8. Green quadrilateral, representing an (R, Z) bin mapped from the plane to
the scintillator, is overlaid onto the scintillator grid and the boxes that it overlaps
are found.

In this way, the probability for each ( j, k) box on the scintilla-
tor, where j is the position along axis 1 and k is the position along
axis 2, becomes

Pj,k(R, Z, χ, ρL, ζ′) = P(R, Z, χ, ρL, ζ′)
N(R, Z, χ, ρL, ζ′)boxes

, (7)

where N(R, Z, χ, ρL, ζ′)boxes is the total number of boxes intersected,
if this specific ( j, k) box is one of the ones intersected and zero other-
wise. For this work, a 120 × 120 grid was used for the area accessible
to markers from each pinhole, although these grid boxes can be
combined for the final calculation of the signal.

As with the total probability, once P has been separated into the
grid on the scintillator, several points can be averaged together to get
bins in (χ, ρL, ζ′) Two separate grids are used for the two pinholes, as
the areas of the scintillator accessible to them are far apart. The flux
to each gridpoint on the scintillator can be calculated using Eq. (6),
but replacing P(Ri, Zi, χi, ρLi, ζ′i ) with Pi, j(Ri, Zi, χi, ρLi, ζ′i ).

IV. RESULTS
For this work, the W7-X standard magnetic configuration was

simulated using all the four commissioned neutral beam sources.
These sources are numbered 3, 4, 7, and 8, where the former two are
located within beam box NI20, within the lower half of the W7-X
module 2, and the latter two are located within the beam box NI21,
within the upper half of the same module. Sources 3 and 7 inject at
a more radial angle to the magnetic axis, while sources 4 and 8 inject
more tangentially. A neutralized power of 1.8 MW was assumed for
all four sources, with 51%, 30%, and 19% of the power going to the
full, half, and one-third energy beam components with 55, 27.5, and
18.3 keV, respectively. The temperature and density profiles used,
which were chosen to match plausible W7-X operating conditions,
were

ne = 5e19 × (3 − s3

3
) m−3, (8)

Te = 2 × (1 −
√

s) keV, (9)
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FIG. 9. Total simulated fast ion current reaching the scintillator plate of the S-FILD
for a 70 ms injection of all four commissioned neutral beams in the W7-X standard
magnetic configuration.

Ti = min (Te, 1.6) keV, (10)

with s = (r/a)2 being the flux surface label.

A. Simulated flux to Faraday Cup
First, the total flux of fast ions to the scintillator plate is cal-

culated as a current, similar to Ref. 19, assuming an NBI duration
of 70 ms for all four beam sources. The resulting current is shown
in Fig. 9. This may not be the same as that measured by the Fara-
day Cup, as it is not certain that 100% of fast ions striking the plate

TABLE I. Percent of total neutralized energy lost via different mechanisms or
absorbed by the plasma for each neutral beam source, along with each beam’s
contribution to the steady-state ion current reaching the scintillator plate.

Beam
Port
(%)

Shine.
(%)

Lost
(%)

Absorb.
(%)

Signal
(μA)

Source 3 7.6 19.0 26.9 46.6 0.30
Source 4 15.3 12.8 18.9 53.1 0.03
Source 7 7.97 18.8 17.6 55.6 0.20
Source 8 15.3 13.1 12.5 59.1 0.38

will pass through the scintillator material and be captured by the
Faraday Cup, although this has been assumed in past studies.5 The
band represents the uncertainty introduced by the choice of bin
sizes in the analysis; the signal was calculated with several differ-
ent bin sizes to find this uncertainty. Bin sizes used were δχ = 0.5○,
δρL = 0.05 cm, δζ′ = [ 2π

450 , 2π
300 , 2π

225 ], δR = [1.17, 1.46, 1.75] mm, and
δZ = [1.21, 1.52, 1.82]mm.

In Table I, the total percentage of the energy lost to collisions
between the beam and the port, shinethrough, or losses out of the
LCFS, along with the energy absorbed by the plasma and the con-
tribution to the steady-state signal shown in Fig. 9 (averaged over
the band of values) is shown for each of the four beam sources. It
can be seen that total energy losses from the plasma alone do not
determine the flux reaching the scintillator; this is because the ions
arriving from each beam have different energies and pitch angles,
and this is the primary determinant of their contribution to the
signal.

B. Spatial distribution of fast ion flux
on the scintillator surface

Next, using the probability given by Eq. (7), the spatial distri-
bution of the fast ion flux to the scintillator surface was simulated
and is shown in Fig. 10. This simulates the proton impact density on
the scintillator itself and is not the same thing as a synthetic camera
signal; in order to simulate the signal seen by the camera, it would
be necessary to also include the tilt and positioning of the scintilla-
tor with respect to the camera, the pixel size, the photon yield per
ion of the TG-Green material, and the transmission efficiency of the
optical system.

It can be seen that the entire contribution to the signal comes
from the pinhole that measures the co-going fast ions. The pin-
hole measuring the counter-going ions sees no signal in these
simulations—a result which differs from that found in Ref. 15. The
reason for this is simple: although some fast ions produced by the
NBI have higher pitch angles, the expanded markers arriving at the
virtual plane for the counter-going pinhole have a maximum pitch
angle of 101.6○, while the lowest pitch angle that has a non-zero
probability of contributing to the signal is 105○. However, it is possi-
ble that the number of fast ions that would in reality arrive at this

FIG. 10. Simulated steady-state flux of fast ions to the scintillator plate for all four neutral beams combined in the standard magnetic configuration. Only flux from co-going
fast ions is observed.
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FIG. 11. Simulated steady-state flux of fast ions to the scintillator plate from each of the separate NBI sources included in the simulation.

virtual plane with a high enough pitch angle is simply below the
resolution of the Monte Carlo simulations.

The results in Ref. 15 were found using a simpler method that
took the gyroscalars and pitch angles of the markers reaching any
part of the probe head and combined them with an “instrument
function” produced by the FILDSIM code,21,32 which gives the prob-
ability of arrival at the scintillator, as well as the location on the
scintillator and rough spatial distribution of the signal, for markers
with a specific gyroscalar and pitch angle, but with any gyrophase or
location within the pinhole. While Ref. 15 also found the 105○ limit,
some of the markers that reached the probe head in the simulations
performed in that work did have higher values of pitch angle than
those reaching the virtual plane in this work.

In Fig. 11, the separate flux from each of the four beam sources
is shown. It can be seen that ions from sources 3 and 7, which inject
more radially, have higher pitch angles than from the more tan-
gential beam sources 4 and 8. Ions arriving from sources 3 and 7
also have higher energies, although that is likely because high pitch-
angle, low gyroscalar markers have a lower probability of making
it through the pinhole. Finally, the contribution from source 4 is
very small compared to the other three sources. Fewer markers from
this beam arrive at the virtual plane, despite having similar levels of
energy losses from the LCFS, suggesting that fast ions produced by
this beam strike the wall at locations further from the S-FILD.

V. CONCLUSIONS
The first detailed simulation of fast ion fluxes into the probe

head of the S-FILD, a new diagnostic designed for steady-state
operation in W7-X, has revealed several key findings.

It can be seen that the total flux of fast ions to the detector is
comparable with that seen by the NIFS-FILD already implemented
in W7-X10 and should be measurable with this diagnostic. In addi-
tion, we observe a low signal from one of the four commissioned
neutral beam sources, suggesting that the other three sources should
likely be preferentially used for experiments making use of the
S-FILD.

Finally, no flux of counter-going ions is seen. Once the S-FILD
is implemented into the machine, measurements taken with this
magnetic field configuration and similar densities and temperatures
can determine the merits of this detailed approach to simulation:
if no counter-going ions are measured, it would suggest that the
method defined in this work is more accurate, while if they are mea-
sured, the method detailed in Ref. 15 may be more appropriate. In
addition, it may be worthwhile to use this method to simulate other
magnetic field configurations and insertion depths of the S-FILD.
Comparisons between experimental measurements and the simula-
tions presented in this paper will validate our understanding of fast
ion losses in optimized stellarators and help enable predictions of
fast ion confinement in future stellarators.
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