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ABSTRACT
The first measurements made with a prototype Faraday cup fast ion loss detector (FC-FILD) on the Wendelstein 7-X (W7-X) device are
presented and shown to be consistent with lost neutral beam fast ions. The FC-FILD is a small form factor, energy resolving detector designed
to be mounted inside the first wall armor tiles of W7-X. Such mounting will allow for a future detector array to be installed, which has been
shown to be critical for demonstrating improved fast ion confinement with plasma beta (β = 2μ0p/B2

). The prototype diagnostic is composed
of a movable armature with a water cooled diagnostic head, mimicking the first wall armor tile cooling structure. The movement of the
armature allows for assessment of different detector positions relative to the plasma edge. Measurements of lost fast ions in the low shear
magnetic configuration are correlated with neutral beam blips and the neutral beam energy spectrum. Analysis of the rise time of the signals
presents a timescale much faster than the energy or particle confinement time and of the order of the predicted neutral beam fast ion slowing
down time. Simulations predict a larger signal amplitude than measured, and possible reasons for this are discussed. Finally, a redesigned
aperture is presented, which allows for fast ions to reach the detector in a larger set of magnetic configurations.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0223953

I. INTRODUCTION

The measurement of non-thermal ion losses in magnetically
confined fusion devices has traditionally been performed using
scintillator type fast ion loss detectors (FILDs).1–6 These detectors
provide measurements of both the pitch angle (cos α = v∥/v) and
energy of unconfined energetic ions using scintillating plates, Fara-
day screens, and camera systems. Fast ion deuterium-alpha (FIDA)
and neutral particle analyzers (NPAs) provide a means of directly
probing the fast ion distribution function but suffer at high densities
and are limited by the neutral beam geometry. The size of these sys-
tems limits the number of such detectors, which can be implemented
on a device. In three-dimensional systems such as the Wendelstein
7-X (W7-X) stellarator,7 the loss pattern can change, necessitating a
multi-point measurement system to properly discriminate changes
in the fast ion load pattern from changes in overall confinement.8

Moreover, many of the places where one would like to make such
measurements are not accessible for traditional detectors requiring
a port. In addition, scintillator type detectors suffer from a poor sig-
nal in high temperature and neutron rich environments, making
them of limited utility to study future fusion power plants, where
both high temperatures and large neutron loads are expected.9,10 To
address these needs, the Faraday cup FILD (FC-FILD) sensor has
been developed and has begun testing in the W7-X device.11,12

The FC-FILD sensor is an energy resolving sensor designed to
fit inside the existing wall structure of magnetically confined fusion
devices. The sensors themselves are small metal substrates (39 × 24
× 2 mm3) upon which layers of insulating and conductive metals
are deposited.12 Energetic ions that are incident upon the sensor will
penetrate the layer stack, with their ultimate depth being a function
of their energy and angle of incidence. In this way, each conduc-
tive layer integrates charges over a given energy band, which is a
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function of the layer’s thickness. Thin layer deposition techniques
are employed allowing for sub-micrometer layer thicknesses, which,
in turn, allow measurement of energetic protons in the few tens of
keV range, a challenge to measure with traditional FILD aperture
designs.13 The energy resolution of the sensors is a design para-
meter based on the channel number and layer thickness. The small
size of these sensors allows for an “in-wall-tile” packaging concept,
wherein individual wall tiles in an experiment can be instrumented.
In addition, they are well suited for future nuclear fusion device envi-
ronments (such as ITER), as their signal is unaffected by neutrons
(and gamma rays) by design and can tolerate high temperature oper-
ation. In this work, aluminum and aluminum oxide are used, which
only begin to become amorphous at around 700 ○C.

As a demonstration and prototyping activity, one such sen-
sor has been installed on a movable armature in the W7-X device
(Fig. 1). The head of the armature was designed to mimic the ther-
mal and packaging environment of a first wall armor tile on W7-X.
In W7-X, the first wall armor is composed of graphite tiles bolted to
CuCrZr heat sinks, which are brazed to stainless steel water cooling
pipes. The armature head is a stainless steel structure with integrated
water cooling channels. The plasma facing end of the armature
also has a CuCrZr heat sink structure, an FC-FILD sensor, and a
graphite tile. A small protrusion of the stainless steel head contains
a water cooling channel, while the CuCrZr block contains a recess
into which the protrusion fits. This feature attempts to mimic the
water pipe heat-sink interface of the first wall. Movement of the
manipulator allows different plasma wall distances to be evaluated
and avoids possible contact with the scrape-off layer for different
magnetic configurations.

In this work, we present the first measurements of escaping fast
ions as measured using a prototype FC-FILD diagnostic in W7-X. In
Sec. II, we describe the prototype designed to mimic the installation
environment of a wall tile. In Sec. III, we document the measurement
of lost neutral beam injected ions, and in Sec. IV, we conclude the
work with an overview and future work. Detailed discussions of fast
ion confinement in W7-X are covered in previous studies.8,14–22

II. DESIGN
The prototype sensor for W7-X has gone through a series of

design changes over its development to improve manufacturability

FIG. 1. Rendering of the diagnostic head relative to the NBI beam duct (left) and
relative to the last closed flux surface (right). In the figure on the left, the last closed
magnetic surface of the standard magnetic configuration is depicted in red with the
neutral beam port depicted in dark gray. In the figure on the right, the green surface
depicts the plasma last closed flux surface with a vacuum Poincaré plot of the low
shear magnetic configuration depicting the edge island chain.

and operation. The fundamental concept of the sensor was demon-
strated using thin foils to measure losses of highly energetic alpha
particles (0.7–7 MeV) in the JET tokamak.1 The high energy of these
particles allowed the use of micrometer thick films as opposed to
the sub-micrometer thick layers needed for measuring keV particles.
The next iteration of the sensor used thin film deposition techniques
to create a sandwich of sub-micrometer alternating layers of con-
ductor and insulator.11 While demonstrated in a linear tunable beam
line, their manufacture proved to be difficult. This led to the current
version installed on W7-X, which uses conducting aluminum fingers
covered by differing thickness layers of aluminum oxide12 (Fig. 2).
This change simplified the manufacturing process while removing
the possibility of shorting between channels. Electrical contact is
made in regions where no Al2O3 overlay is present. An Al2O3 layer
between the finger and substrate provides electrical isolation of the
fingers from the rest of the structure.

Selection of the Al2O3 layer thickness was informed by sim-
ulations with the Stopping and Range of Ions in Matter (SRIM)
code.23 In Fig. 3, the sensor response for a variety of layer thicknesses
and proton energies are shown. The thicknesses used for manu-
facture of the sensor are labeled. These choices of layer thickness
attempt to capture the full, half, and third energy populations gener-
ated by the 55 kV neutral beam system on W7-X. With this choice,

FIG. 2. FC-FILD sensor with finger configuration installed on the prototype diag-
nostic head. The carbon armor has been removed showing the sensor mounted
onto the CuCrZr heat sink with electrical contacts installed. The sensor channels
are numbered, with slight differences in the finger color being attributed to dif-
ferences in the Al2O3 thickness. The white bus bar is Al2O3, and the wires are
insulated with Kapton.
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FIG. 3. FC-FILD sensor response to different energetic ion populations as a func-
tion of insulating Al2O3 layer thickness. Channel names reference channels of the
installed sensor on W7-X. Fractions in terms of total incident particles onto the
sensor. The calculations are performed with the SRIM code.23

channel 5 serves two purposes. First, it provides a control as one
would not expect a signal in channel 5 during NBI operation. Sec-
ond, W7-X plans to use ion cyclotron resonance heating both in
a three-ion scheme and along with NBI to produce particles with
energies above the W7-X NBI energies.24 The plot shows fractions of
incident particles for each layer thickness. Thus, for any given inci-
dent energy, between 60% and 70% of the particles are captured in
their respective finger.

Simulation such as these take into account the large pitch angle
scattering collisions that occur with the Al nuclei along with purely
slowing down collisions due to the electron clouds surrounding the
Al atoms. In the case of an insulating layer covering the Al sensing
layer, it is assumed that the stopping of ions in the metal translates
to signal. In a previous study, this was confirmed, as the total current
measured in the sensing layer agreed well with the measured beam
line current.11 However, in that work, an additional top conducting
layer was also present. The top exposed layer indicated a measured
current two to three times higher than the beam current (∼200 nA
vs ∼80 nA in the beam line). Secondary electron emission and the
possibility of the formation of a local plasma sheath were proposed
as mechanisms for this signal.

The penetration of impurity ions into the material for a given
energy would be much smaller than that for incident protons. As
the atomic number of the material, incident ion, or both goes up, the
role scattering collisions play also goes up. Simulations show that for
heavier material targets than Al2O3 (and Al), the penetration depth
at a given energy decreases. However, the transverse motion (per-
pendicular to the angle of incidence) increases. The same holds for
heavier ions impinging into the existing sensor (Fig. 4). Thus, we
expect impurity ions to play a role only if accelerated to very large
velocities.

FIG. 4. Histogram of particle depths for a 3000 Å Al2O3 insulating layer exploring
different ions at a fixed 50 keV incident energy. Note that the core ion temperature
in W7-X is rarely above 1.5 keV. In each case, 100 000 markers were injected.

The prototype FC-FILD sensor on W7-X is mounted on a
movable manipulator, which mimics an in-wall tile mounting setup
(Fig. 5). The diagnostic head is composed of a stainless steel water
cooled block cladded with protective carbon tiles. The stainless steel
block was manufactured using selective laser melting. This allowed
water channels that both cool the system and mimic the water
channel–wall tile interface in W7-X. The sensor is mounted on a
CuCrZr block designed to mimic the heat-sink and water pipe sys-
tem of the W7-X first wall. A carbon tile with a 40 × 5 mm2 aperture
provides a path by which particles can reach the sensor fingers. A
support and bellows system allows the head to be pneumatically
actuated from outside the vacuum vessel. This allows the diagnos-
tic head to retract slightly behind the steel wall panels and insert
by 25 cm toward the plasma. The insertion and retraction mech-
anism is controlled using a pneumatic actuator and helper spring.
Insertion depth is controlled using a stepper motor actuated stop-
ping plate. A custom logarithm amplifier converts sensor current to
voltages, which are then digitized at 1 kHz. The overall control and
data acquisition is performed using a LabJack T6-Pro. A thermocou-
ple is located inside the CuCrZr block to monitor the detector head
temperature.

The data acquisition system and logarithmic amplifier were cal-
ibrated using a Keithley 6221 AC and DC current source (Fig. 6). The
source current was scanned from 1 nA to 100 mA, and the measured
voltage was recorded for all channels. A logarithmic function for the
voltage was fit to the data Vout = log10(I/Imin) + Voffset , where Vout is
the measured voltage, I is the source current, Imin is the minimum
current fit parameter, and Voffset is the offset voltage fit parameter.
The fit to data for all channels was very good with similar behaviors
for each channel. Only the 100 mA data point appears to be slightly
off the curve. This is attributed to it being both the upper limit of
the current source and the design upper limit of the amplifier itself.
Noise with a frequency of 50 Hz and an amplitude of 0.5 nA was
present in the 1 and 10 nA steps (a measured signal level of 2 nA
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FIG. 5. Diagnostic overview showing the inserted diagnostic head (upper left), sensor behind the front carbon tile (upper right), and entire diagnostic with support and
actuation structure (bottom). Various components of the diagnostic have been labeled.

will be shown in Sec. III). In these calibrations, current was applied
to one channel, while measurements were made on all channels to
detect cross coupling. No such coupling was detected. Capacitive
coupling between fingers is expected to be very small given the fin-
ger layout. Postmortem tests showed that all channels maintained
electrical isolation from each other and ground.

III. MEASUREMENT

The diagnostic and in-tile mounting concept proved itself over
the course of a W7-X experimental campaign. The probe head was
regularly inserted to the full depth with detector head temperatures
staying well below 100 ○C. In most configurations, this placed the

FIG. 6. Calibration data (left) and fit curve (right) for channel 3 of the diagnostic data acquisition system indicating a well calibrated system.
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detector close to the plasma but still outside the edge island scrape-
off-layer. A discharge with over 1 GJ of injected energy from electron
cyclotron resonance heating (ECRH) was conducted, and the detec-
tor saw no concerning temperature rises. Unfortunately, the slit style
aperture proved too restricting to allow measurement of any fast
ion signals in most magnetic configurations. However, the outward
shifted low shear magnetic configurations did allow for some fast
ions to reach the sensor.

The neutral beam system on W7-X injects 55 keV hydrogen
beams. This results in three distinct energy populations at the full,
half, and third energy components. The power fractions for these
three components are ∼49 %, ∼41 %, and ∼10 %,26 which give par-
ticle fractions of ∼31 %, ∼50 %, and ∼19 %, respectively. Figure 7
depicts BEAMS3D simulations of the neutral beam deposition and
global losses for the three energy components of source 7.25,27

Despite the beam deposition being biased toward the half energy, the
losses for the full and half energy components are similar. From this,
the expectation is for signal levels in channels 4 and 3 to be of similar
levels. However, this is based on global losses, while the FC-FILD is
positioned at one point in space.

Figure 8 depicts the co-averaged measured signal for the five
channels of the FC-FILD in the outward shifted low shear magnetic
configuration. In this discharge, the neutral beam source S7 is pulsed
at a frequency of 5 Hz (50% duty cycle) into a 4 MW ECRH plasma,
while neutral beam source S4 was fired continuously. This periodic
modulation of the beam is referred to as blipping of the beam in this
text. Source 7 fires in the direction of the magnetic field and in the
same field period as the sensor. Source 4 fires from a beam line in
the neighboring field period but anti-parallel to the toroidal mag-
netic field. The plasma core electron density and temperature were
3.5 × 1019 m−3 and 3.0 keV, respectively. Spectroscopy of the neu-
tral beam system places most of the power (neutral particles) in the
55 and 27.5 keV populations with only a small amount of the beam
in the 18.3 kV population. Signal levels in the FC-FILD follow this

FIG. 8. Signal of the Faraday cup fast ion loss detector during a neutral beam blip.
The signal is co-averaged over five NBI blips lasting 100 ms each. The shaded
region shows the timing of the neutral beam blip.

trend with channel 3 (25 kV) and channel 4 (50 kV) having similar
levels of signal and with channel 2 (12 keV) being subdominant. We
note that the core ion temperature in this discharge was measured to
be ∼1.5 keV, much too low to be detectable in channels 2 through 5.

Examination of the raw signals during NBI blips suggests that
the signal present in channel 1 is a combination of noise due to the
plasma and electronics (Fig. 9). Here, we note that between blips
of the NBI, there is a clear noise signal that decreases in amplitude
when the beam fires. A small 50 Hz oscillation can be seen in channel
1 while the beam is firing. This is most likely some form of electronic

FIG. 7. Neutral beam deposition profile (left) and loss (right) data for W7-X NBI source 7 as simulated by the BEAMS3D code.25
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FIG. 9. Current traces for FC-FILD chan-
nels 1 (top), 3 (middle), and 5 (bottom)
showing the behavior without coaverag-
ing. A shaded region on the bottom of the
plots has been added to indicate when
source 7 was firing. A shaded region
going across the plot indicates signal
levels and noise amplitude before the
discharge.

noise, as data taken before the discharge show a similar feature. It
should be noted that the amplitude of this oscillation is much smaller
than the 50 Hz oscillation seen during calibration. The other chan-
nels show a ∼17 Hz square wave like feature in the signal before the
plasma discharge, which disappears once the plasma is ignited. This
50 Hz signal is of the order of 50 pA in amplitude, much smaller
than the measured response due to the neutral beam. For channels 2
through 5, the signal was well correlated with the neutral beam blips.
It should also be noted that while source 7 is firing channel one sees
an initial decrease in the signal and then a return to the signal level
similar to that between NBI discharges. This effect can also be seen
in Fig. 8.

The signal seen in channel 5 clearly correlates with the turning
on and off of the neutral beam. However, one would not expect to
see the signal in channel 5 from escaping fast ions or fast neutrals
given the beam injection energy and plasmas parameters. Non-
perpendicular incidence of particles onto the detectors results in the
particle seeing an effective Al2O3 layer thickness, which is greater

than that over the finger. Thus, such an effect can only result in a
decrease in the measured energy of a particle and cannot explain
why a higher energy signal would be present. In addition, destructive
tests of another sample from this batch of depositions would suggest
that the layer is thicker than the design value not thinner.12 Assum-
ing the measurement to be true, the data would suggest a layer that
is thinner than the design parameter.

Looking at the period before the plasma is ignited, one finds a
baseline value of 1.25, 1.6, 1.6, 1.5, and 1.5 nA in each channel (1–5),
respectively. Using this offset as a basis, one would conclude that
only the signal in channels 3 and 4 is significant (Fig. 8). Using the
period between pulses of S7 as an offset, one finds that channels 3
and 4 still have the largest signal with channels 2 and 5 having sim-
ilar amplitudes. Clearly, interpretation of these signals in absolute
numbers requires additional calibration, as could be provided in a
tunable beam line.

The question of coupling to the plasma is raised by the fact that
the noise in the signals itself seems well correlated between channels.
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The pure ECRH phase of the plasma shows a strong correlation with
signals between channels. This is presumably due to some coupling
mechanism between the plasma and the detector itself. Supporting
this hypothesis is a drop in the signal for all channels as the plasma is
ignited with ECRH by ∼120 mV (1 nA as calibrated). In addition, the
dominant frequency of the noise goes from ∼17 Hz to something of
the order of a few hundred Hz. While our signals show a correlation
with the neutral beam discharges, one would like to eliminate the
possibility that these signals could be attributed to changes in the
plasma itself. This can be achieved by comparing signal timescales to
the timescales associated with changes in temperature and density.

The rise time of the signals for the neutral beam blips can be
compared to simulation data to give additional confidence that we
are, in fact, measuring lost fast ions. In Fig. 10, the fit of the formula
f(t, a, b, c, d) = ae−(t−b)/c

+ d to a single pulse of source 7 for channel
4 is depicted. Here, the parameter c is of interest as it is a character-
istic time we can compare between the experiment and simulations.
Gyrocenter simulations with the BEAMS3D code18,25,27 find a value
of 3.83 ms for the S7 source and plasma parameters similar to those
of this discharge. Table I shows the fit parameters for each channel
for a single blip of source 7. All channels find fit parameters that
agree with the simulation value. A similar analysis of the diamag-
netic energy gives a value for c of 14.8 ms, and the line integrated
density shows a value of 131 ms. This gives confidence to the notion
that the detector is measuring lost fast ions and not simply seeing the
effect of changes in plasma parameters.

Electromagnetic pickup can also be ruled out as a source of the
signal. The measurement period of the sensor covers slightly before
plasma startup and during the phase before the NBI is fired, and no
significant signal is seen. Electromagnetic pickup from the NBI itself
can also be ruled out, as measurement is made during tests of the
NBI into the empty torus, and no signal is seen. In addition, if such
pickup were present, then a signal in other magnetic configurations
would have been present and it is not.

TABLE I. Fit parameters for the rise time of FC-FILD signals. The upper (cupper) and
lower (clower) 95% confidence intervals for the fit are shown. The coefficient has units
of ms.

Channel clower cfit cupper

1 −10.6 3.3 17.2
2 2.47 4.28 6.09
3 0.868 2.42 3.98
4 1.46 2.99 4.52
5 2.43 3.42 4.41

While the temporal evolution and relative signal amplitude
agree well with the notion that escaping fast ions were measured,
absolute amplitudes disagree with simulations. From the diagnostic
side, the measured signals were at the lower end of the measurable
range (being 100 pA). However, these signals were still significant
and clearly resolvable above the background signal fluctuations.
Gyro center simulations with slowing down and pitch angle scat-
tering were performed with the BEAMS3D code from NBI birth
to the equilibrium last closed flux surface. These simulations were
then continued in collisionless gyro-orbit mode from that point to
the wall of W7-X. Markers that hit the diagnostic head (in its fully
inserted position) were then followed backward in time for 60 μs,
duplicated in order to fill the gyro-orbit, and then followed forward
again to the diagnostic head. This helps improve statistics and allows
fast computation of loads to the diagnostic head at different inser-
tion depths. Figure 11 depicts the raw simulated signal to each finger
of the detector for various insertion depths of the diagnostic. This
simulation includes the full wall and detector geometry. Particles
reaching the fingers are counted and used to construct a signal. No
filtering by energy is performed in this analysis. The shadowing of
the sensor using the detector head is discussed in the Appendix.

FIG. 10. Measured data (left) and simulation (right) for a single blip of source 7 for the W7-X neutral beam system. A fit curve is applied to both signals showing similar
timescales for the rise in signal. Simulations data are for all particles lost through the equilibrium LCFS in the BEAMS3D simulation.
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FIG. 11. Simulated detector response for different positions of the detector head
with nominal position marked as a red dashed vertical line. The finger and detec-
tor geometry is considered in this analysis, but no filtering by energy has been
performed.

The simulated amplitudes are in the μA range, whereas the
measured signal is in the nA range. Attempting to account for the
energy filtering of the FC-FILD detector itself reduces the simulated
signal in all but channels 1 and 2 to zero. Four candidate effects
may explain this apparent amplitude discrepancy. First, simulations
neglect the presence of collisions and the edge electric field, which
may be significant in W7-X, resulting in additional signal attenua-
tion and pitch angle scattering. Second, simulations do not account
for charge exchange, which could also significantly attenuate the sig-
nal. Third, our simulation workflow filters out some particles born
just outside the edge of the plasma. These particles could contribute
to signals arising from prompt losses, which would show up in the
sensor fingers 3 and 4. Finally, the exact position of the detector head
is unknown, and small variations in position can make a large dif-
ference in signal as seen in Fig. 11. Simulation results here should be
viewed as an upper limit on signals for these reasons.

IV. CONCLUSIONS
The first measurements with the Faraday cup fast ion loss

detector on W7-X have been made. The prototype diagnostic sys-
tem demonstrates an in-wall-tile mounting concept for the sensors,
allowing for future multi-point measurement of escaping fast ions.
Such measurements are critical to the confirmation of improved
fast ion confinement with plasma beta (β = 2μ0p/B2

), as single
point measurements fail to capture changes in losses in stellarators.
The measured signal is dominated by the 50 and 25 keV detec-
tor response, which is characteristic of the full and half energy
components of the neutral beam injection system. A time depen-
dent analysis of the measured signals confirms that they arise from
lost fast ions and not changes in plasma parameters as the neutral
beam is fired. A similar analysis of simulation data confirms that

the measured timescales are consistent with lost fast ions. Discrep-
ancies between simulated and measured signal amplitudes can be
attributed to missing physics in the simulations and limited exper-
imental data. While these first measurements are promising, data
acquisition was hampered by poor aperture design, which limited
signal acquisition to a single magnetic configuration. Finally, the
presence of a signal in channel 5 remains a mystery and is left for
future analysis.

Figure 12 depicts a redesigned detector head front carbon tile
setup, which is predicted to drastically improve the signal in more
magnetic configurations. In this design, the sensor has been moved
to the leading edge, where most fast ion losses are expected. More of
the sensor itself is exposed through removal of carbon material on
the front tile. This helps limit the self-shadowing effect of the detec-
tor head itself. It should be noted that while covered by the carbon
tile, the electrical contacts are visible in the picture, and it is possi-
ble that some particles may reach them. In the simulation depicted,
no particle reaches the sensor with the previous design. While these
modifications are predicted to improve signal, being able to move
the sensor to the surface of the carbon tile would further improve
detector response. These modifications have been made and are
awaiting testing in the next experimental campaign.

For future in-tile first wall mounting, the sensor should be
moved as close to the surface of the tile as possible. This limits the
shadowing effect and helps improve the signal. To achieve this, a
small offset block of CuCrZr could be placed between the sensor and
underlying heat sink. Modifications to the substrate could then be
made so that electrical connections are made from the backside of
the substrate. This would then avoid thin sections of carbon, which
could be prone to cracking. Switching to tungsten tiles, one could
also envision the sensor being directly deposited onto the tile itself,
opening the possibility of the addition of many more channels.

The sensor itself will degrade over time due to two effects: sput-
tering and deposition. Physical sputtering of the insulating layers
will degrade them over time, thinning them and biasing them toward
lower energies. Meanwhile, deposition of material eroded elsewhere
in the device will essentially thicken the insulating layer, biasing the
detector toward higher energies. The W7-X device can serve as a

FIG. 12. CAD rendering (left) and BEAMS3D simulated loads (right) for the
modified front showing improved access for particles to the sensor. In the CAD
rendering, the orange color indicates aluminum fingers, while shades of gray indi-
cate increasing aluminum oxide thickness. In the simulations (performed for the
high mirror magnetic configuration), a black wire mesh is used to depict the fingers.
Simulation colors indicate total marker strikes per triangle.
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testbed for understanding this effect, given its long-pulse nature.
Here, calibration of the sensor in a tunable ion beam (as was done
before) both before and after an operation campaign could help bet-
ter assess this effect. Finally, we note that the effect of high neutron
fluence on the sensor should be addressed in the future work.
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APPENDIX: ORBIT MODELING

Simulations to demonstrate the self-shadowing of the detector
head design were performed using the BEAMS3D code in collision-
less gyro-orbit mode. Particles were initialized at the sensor face for a
range of velocities scanning pitch angle and gyro-phase. These parti-
cles were followed backward considering the full detector geometry.

FIG. 13. BEAMS3D collisionless simulations of orbits through the aperture of
the detector for the low shear magnetic configuration showing shadowing of the
majority of orbits.

Figure 13 shows the orbits for these particles, the vast majority of
which impacts the detector body. A few orbits are not shadowed
by the detector body and can be traced backward in time into the
plasma domain. This simulation was conducted for the low shear
magnetic configuration, in which data were measured. Simulations
for the standard and high mirror magnetic configurations show all
orbits being shadowed. This helps explain the lack of signal in those
magnetic configurations.

The large ratio between the number of particles that can make
it into the detector slit and those that are shadowed can help
explain the discrepancy between measured and simulated data. This
is because simulations only considered particles that make it to the
head and do not account for this shadowing. While the slit was
included in the simulation, statistics are too low, given the small
size of the aperture and even smaller percentage of particles that can
make it to the sensor. This type of assessment must be made when
considering future in-wall-tile style sensor installations.
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