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Abstract
A fast-ion loss detector (FILD) was installed for the first time at the mega amp spherical
tokamak—upgrade (MAST-U) spherical tokamak during its upgrade in 2021. A new CMOS
camera was installed in the MAST-U FILD acquisition system to provide high spatial resolution
(1.1MPx) with an acquisition frequency of up to 3.5 kHz. This camera has enabled the
systematic analysis of the velocity-space of the fast-ion losses measured in MAST-U presented
in this manuscript. The main parameters that determine the FILD measurement have been
analysed to maximise the signal in the detector: the orbit-following code ASCOT predicts an
inverse relation between the FILD signal and the probe’s relative distance to the separatrix. This
prediction has been validated experimentally, enabling the measurement of fast-ion losses in the
flat-top phase of the discharge; furthermore, ASCOT simulations show a big impact of the edge
safety factor (q95) on the toroidal deposition of the prompt losses, indicating that the signal in
the MAST-U FILD can be maximised by running scenarios with |q95|< 6. This prediction was
validated experimentally by a scan in the toroidal magnetic field. The experimental resolution

8 See Harrison et al 2024 (https://doi.org/10.1088/1741-4326/ad6011) for the MAST Upgrade team.
9 See Joffrin et al 2024 (https://doi.org/10.1088/1741-4326/ad2be4) the EUROfusion Tokamak Exploitation team.
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of the MAST-U FILD has been evaluated for a typical MAST-U scenario with 750 kA plasma
current. The results show that the diagnostic resolution is in the order of 0.5 to 1 degree in pitch
angle, and of 1 to 3 cm in gyroradius in current scenarios. A systematic analysis of the
velocity-space of the losses shows that the measured gyroradii of the prompt losses match those
of the neutral beam injector injection energies within the resolution of the diagnostic. The
experimentally measured pitch angles have been compared with ASCOT simulations, and it has
been found that the agreement is better for scenarios heated with the on-axis beam, since this
beam enables measurements of the magnetic field pitch angle. This analysis has been applied to
a discharge where type-III ELM-induced fast-ion losses were measured, showing that the ELMs
result in an increase in the FILD signal, and that the losses are coming from passing orbits.

Keywords: fast-ion loss detector, fast-ion losses, spherical tokamaks, velocity-space, ASCOT

1. Introduction

Spherical tokamaks (STs), such as themega amp ST—upgrade
(MAST-U), are an alternative configuration to conventional
tokamaks that present better stability [1], and are considered
a promising option for future fusion power production plants
[2]. In all magnetically confined fusion devices good fast-ion
confinement is required for optimum plasma performance, as
these particles represent an important source of heating and
current drive [3]. MAST-U is heated by two neutral beam
injectors (NBIs), constituting the only sources of confined fast
ions in this tokamak. Unlike in MAST, where both beams
were on-axis, one of the NBIs has now been raised 0.65m
above the midplane, in order to provide off-axis heating and
mitigate plasma instabilities driven by high radial gradients
in the fast-ion distribution function [4]. The current layout
of the injectors—on-axis beam, south–south (SS), and off-
axis beam, south–west (SW) – can be observed in figure 1.
In MAST-U, the two NBIs are super-Alfvénic, i.e. the speed
of the neutrals they inject is higher than the Alfvén velocity
of the plasma in this device. Understanding the behaviour of
fast ions in these conditions is not only important for present
days tokamaks, but for future devices like ITER, where the
NBIs and fusion reactions will also provide super-Alfvénic
fast-ion distributions. This results in the excitation of a wide
variety of Alfvén instabilities, that are susceptible of driving
fast-ion losses [5] and damaging plasma facing components,
which will not be tolerable in future burning plasmas [6].

In order to study these supra-thermal particles, MAST-U
is equipped with a set of diagnostics that allow an in-depth
analysis of the confined fast-ion distribution, but with lim-
ited information about their losses [7–10]. To complement this
set, a scintillator-based fast-ion loss detector (FILD) [11–13]
was installed during the upgrade of the machine. This dia-
gnostic studies the behaviour of fast ions that lose confine-
ment, resolving their velocity-space and the frequency of the
fast-ion loss fluctuation. FILD is the most widespread dia-
gnostic to measure fast-ion losses in magnetically confined
plasmas, being used in different tokamaks such as JET [14–
16], ASDEX upgrade [13], DIII-D [17], and in the future in
JT60-SA [18], as well as in stellarators, such as Weldestein 7-
X [19, 20]. Scintillator-based FILDs, like the one installed in

MAST-U [21], act as a magnetic spectrometer, collimating the
lost supra-thermal ions onto a scintillator plate that is moun-
ted on a probe and placed near the plasma. Depending on the
position where the ions hit the plate, it is possible to resolve
their velocity-space distribution on the time scales of the wave-
particle interaction [11]. FILDs acquisition systems are usu-
ally comprised of a ‘fast’ camera, that provides high tem-
poral resolution, enabling the analysis of the frequencies cor-
related with the losses, and a ‘slow’ camera, providing high
spatial resolution of the scintillator plate in order to resolve
the velocity-space of the lost supra-thermal particles. The two
cameras simultaneously measure the light emitted with the
help of a beam splitter.

The MAST-U FILD was designed to operate in the 2mA
plasma current scenario that was foreseen for the MAST
upgrade operation [21], which has not been achieved yet.
Nonetheless, the FILD rotary and reciprocating system has
shown to be reliable and compatible with the existing MAST-
U scenarios, with plasma currents up to 750 kA [22]. Since
the start of the MAST-U experiments, the FILD has contrib-
uted to a wide variety of fast particle experiments, summar-
ised in [23], including the detection of fast-ion losses induced
by fishbones, neoclassical tearing modes and Alfvén eigen-
modes. In this manuscript, the experimental resolution of the
diagnostic will be explored for the current MAST-U reference
scenario of 750 kA, where the gyroradii measured by FILD
are double than foreseen during the design phase. A system-
atic analysis of the velocity-space of the fast-ion losses meas-
ured in MAST-U with each of the beams is performed for the
first time here. This analysis has been enabled by the install-
ation of a new high-resolution camera, as will be discussed
later in section 2, and represents a crucial step for future fast-
ion studies in MAST-U. Furthermore, the commissioning of
the diagnostic has been performed by analysing the parameters
that dominantly affect the FILD measurements, i.e. the radial
position of the diagnostic and the safety factor. The impact
of these parameters on the FILD signal has been previously
documented in other machines: in ASDEX upgrade, FILD4
is located behind other plasma facing components (protection
limiters), meaning that a minimum insertion is required [24];
in JET, the dependence of the FILD signal has been compared
for different poloidal and radial positions of the Faraday cups,
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Figure 1. Poloidal (left) and toroidal (right) cross sections of
MAST-U, showing the fast-ion birth profiles of the on-axis (SS) and
off-axis (SW) beams, along with the wall and FILD probe (white)
and the separatrix (in red). The FILD radial position in the toroidal
cross section is arbitrary, indicating the toroidal position of the
probe. The approximate position of the beam dumps is shown in
light yellow.

and for different plasma scenarios [14, 25]; in DIII-D, it was
observed that the FILD signal tracks the plasma q profile evol-
ution when prompt losses are beingmeasured [26]. The goal of
the analysis presented in this manuscript is to provide a clear
reference for the MAST-U FILD operation, both in terms of
positioning and plasma parameters, and to broaden the under-
standing of FILDs operation in STs. Therefore, the text is
organised as follows: in section 2, the MAST-U FILD set-up
is introduced, and the new camera installed is described. In
section 3, the optimisation of the FILD signal with respect to
the probe radial position is reported. In section 4, the depend-
ence of the fast-ion loss distribution on the plasma safety factor
is analysed, showing the important effect that it has on the
FILD signal. Once the effect of the main parameters has been
examined, the velocity-space of the fast-ion losses measured
is inferred and benchmarked against numerical predictions in
section 5. This analysis has also been applied to a discharge
where type-III edge localised modes (ELMs)-induced fast-
ion losses were measured for the first time, as it is shown in
section 6. Finally, in section 7, the results are summarised and
discussed. Please note that deuterium plasmas were used for
all the analyses presented in this manuscript.

2. FILD set-up at MAST-U

The MAST-U FILD includes a reciprocating system that
allows the probe’s radial position to be adjusted within a R
= [1.45, 1.60]m range (for reference, a typical position of the
separatrix is 1.38m) on a shot-to-shot basis, similar to the sys-
tems in ASDEX Upgrade and DIII-D. Additionally, it incor-
porates an innovative feature, as it is mounted on an angularly
actuated mechanism, enabling the orientation of the probe
head to be adapted to scenarios with a wide range of safety
factor values at the edge (q95). This is a relevant characteristic
in a spherical tokamak, where the q profile can vary consider-
ably between different scenarios. A typical radial position of

Figure 2. CAD of the XIMEA camera (in light blue) and the
designed mount installed in the MAST-U FILD.

the FILD detector (1.48m) is also shown in the poloidal cross-
section in figure 1, whereas the toroidal cross section shows
its toroidal position, with an arbitrary radial position. As it can
be observed, FILD is located slightly above the midplane (z
= 0.159m), and between the two beam-dumps shown in light
yellow (ϕFILD = 15 degrees), in a privileged position to meas-
ure the prompt losses (particles that get lost before completing
one poloidal period) coming from both beams, as will be dis-
cussed later in section 4.

In the scope of this work, the existing ‘slow’ cam-
era installed in the MAST-U FILD was upgraded for the
second (2022/2023) campaign: a XIMEA CMOS camera was
installed, providing spatial resolution of up to 1.1Mpx, and
improving the acquisition frequency from 23Hz to up to
3.5 kHz and the exposure time from 40ms down to 1µs. The
low sampling rate of the old camera made it impossible to
resolve the velocity-space of the losses at the typical times of
the plasma instabilities in MAST-U. Therefore, the new cam-
era has enabled the systematic analysis of the velocity-space of
the losses presented in this manuscript, broadening the possib-
ilities for the physics studies that can be performed using the
MAST-U FILD diagnostic, including the analysis of type-III
ELMs that will be presented in section 6.

The new set-up is shown in figure 2, where a computer
aided design model of the XIMEA CMOS camera installed in
the FILD data acquisition system is displayed. To achieve high
temporal resolution, this FILD includes an avalanche photodi-
ode (APD) camera, APDCAM-10G, with a sampling rate of
up to 4 MHz, allowing the analysis of fast-ion losses coherent
with magnetohydrodynamic (MHD) instabilities at frequen-
cies up to 2MHz.

3. Signal dependence on distance to separatrix

For the commissioning of the reciprocating system, under-
standing the dependence of the particles flux reaching the
scintillator on the position of the detector was the first cru-
cial step. To this end, predictive simulations were performed
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using the orbit-following code ASCOT [27] to better under-
stand the behaviour of the losses and their dependence to the
probe head’s position. ASCOT is a Monte-Carlo code that
solves the kinetic equation for fast-ions and minority species
in magnetically confined plasmas to describe the full orbit of
the particles. This is important, as the gyro-centre approxima-
tion is not accurate for fast ions in STs such as MAST-U, due
to the large Larmor radii of these particles relative to the mag-
netic field scale length [28]. Therefore, all simulations presen-
ted in this manuscript use the full-orbit approach. To calcu-
late the ionisation distributions of the neutrals injected, a real-
istic model of the MAST-U NBIs and the parameters used for
each discharge, in terms of voltage and power, are employed.
This model of the NBIs was included in the latest version
of the BBNBI code [29], a complementary tool that is gen-
erally run coupled to the ASCOT code, in order to produce
the markers that are then used as input of the ASCOT simula-
tion. Furthermore, a realistic 3D model of the MAST-U wall,
that includes the FILD detector, and allows for adjustments
in its radial position and orientation, is employed. Coulomb
collisions are not included in the simulations performed, as
only prompt losses are of interest to the analysis presented
here. The simulations use experimental data from discharges
#45216 and #45383: equilibrium reconstruction was produced
using EFIT++ [30] (constrained only withmagnetic measure-
ments for the standard reconstruction), and density and tem-
perature profiles were obtained from the Thomson scattering
(TS) [31] and charge exchange recombination spectroscopy
(CXRS) [32] diagnostics. These profiles are needed to calcu-
late the ionisation distribution with BBNBI.

The discharges simulated in this section were selected due
to their similar parameters, being double-null plasmas with
a plasma current (Ip) of 750 kA, a toroidal magnetic field at
the magnetic axis (Bt) of 0.6 T and similar heating schemes,
using both on-axis and off-axis beams with injection energies
around 65 keV and 1.5mW of power. Although in #45383
the beams were not used simultaneously, they have both been
included in the ASCOT simulations to allow a comparison
between the two discharges. The relevant difference between
them for this analysis was the plasma outer radius at the mid-
plane, that was set to 1.40 and 1.38m, respectively, via outer-
radius feedback control. In the simulations, the radial position
of the FILD detector was scanned to analyse the change in
the signal intensity for the different positions. The simulations
show that the number of markers reaching the detector is com-
parable for the two dischargeswhen the separation between the
detector and the plasma outer radius is the same, as can be seen
in figure 3. The results also show that there is a clear relation
between the number of markers reaching the diagnostic and
the distance between the probe head and the separatrix. No
thresholds are shown in the inverse relation between the rel-
ative distance and the intensity of the signal, indicating that
no other plasma facing component is obstructing the FILD
detection [24, 33, 34].

A scan in the plasma outer radius was performed experi-
mentally (#46942) to verify these results. This was done by
fixing the position of the FILD detector at 1.5m, and scanning

Figure 3. Number of markers reaching the probe head versus its
distance to the separatrix in the ASCOT simulations for two
discharges with different plasma outer radius.

Figure 4. Time traces for shot #46942, showing the evolution
throughout the discharge of the plasma current (a), line-integrated
electron density (b), NBI power (c-SW in blue, SS in red), edge
safety factor (d), outer radius during the scan (e), and integrated
FILD signal (f). Raw signal in volt is plotted for FILD. The time
window of the Rout scan is marked by the green vertical lines.

the outer radius (Rout) of the plasma from 1.38 to 1.43m, and
then decreasing it back to 1.38m. This H-mode shot was car-
ried out with similar parameters to the ones used for the sim-
ulations: plasma current of 750 kA, toroidal magnetic field at
the axis of 0.66 T and both SS and SW beams on simultan-
eously. The relevant time traces of the discharge are displayed
in figure 4: plasma current, with a flat-top starting from 0.13 s
and ending at 0.8 s; line-integrated electron density, which was
not feedback-controlled and hence kept increasing during the
discharge as a result of recycling and good plasma confine-
ment, as it is typical inMAST-UH-mode plasmas; input power
of each of the beams, where the SW is shown in blue and the
SS in red; and edge safety factor. Finally, the traces of the
outer radius and the integrated signal measured by the FILD
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Figure 5. Experimental signal in the FILD detector versus its
distance to the separatrix for 5 discharges with Ip = 750 kA, Bt =
0.6 T at the axis and both beams on simultaneously, but different
FILD positions. The green points show the signal measured during
the Rout scan, #46942.

detector with the APD camera are displayed: the outer radius
evolves as previously described, with the time window of the
scan marked by the green vertical lines, including an initial
phase from 0.31 to 0.42 s where it was increased, and the des-
cending phase from 0.42 to 0.6 s. As expected, the FILD signal
shows a similar evolution to that of the outer radius, increasing
when the plasma is closer to the probe.

The evolution of the FILD signal with respect to the probe’s
distance to the separatrix for this shot is shown in figure 5
in green, along with a base reference from shot #46823, in
dark blue, and signals from three other shots. The green tri-
angles correspond to the outer radius scan (from t = 0.31 s to
t = 0.80 s). As can be observed in this figure, the FILD sig-
nal has an inverse dependence on the distance to the separat-
rix. Therefore, the prediction made using the ASCOT code has
been matched, showing that the signal of the MAST-U FILD
depends on the relative distance between the probe head and
the outer radius of the plasma, with no thresholds due to lim-
iters or any other in-vessel elements.

Following this outer radius scan, the succeeding discharges
(#46943, #46944 and #46945) were designed to confirm this
behaviour, now scanning the relative distance to the separatrix
by fixing both the FILD probe position and the outer radius
during the entire pulse: RFILD = [1.49, 1.49, 1.50]m and Rout

= [1.42, 1.41, 1.41]m, resulting in a relative distance of 0.07,
0.08 and 0.09m, respectively for each discharge. The results
from these discharges are also displayed in figure 5, clearly
showing how they all match the curve described by the Rout

scan from shot #46942. Furthermore, a second lesson-learned
can be extracted from this figure, as it shows that there is a dis-
tance below which FILD starts measuring prompt losses: for
this type of scenario and heating, FILD needs to be inserted
closer than 10 cm in order to achieve a stable signal of prompt
losses during the entire discharge. Although this number has

Figure 6. Simulated distribution of fast-ion losses on the wall for
the two beams, in the toroidal vs poloidal direction, and FILD
toroidal position in dashed red line. The midplane is located at θ =
0 degrees.

been observed to vary slightly, depending on the plasma cur-
rent and heating power, it has proven to be a solid reference
for the FILD positioning in subsequent experiments.

4. Sensitivity to safety factor q95

As previously introduced, the commissioning of the diagnostic
continues with the analysis of the effect of the edge safety
factor (Ψpol = 0.95, q95) on the fast-ion losses. The under-
standing of how this parameter evolves is crucial in STs, like
MAST-U, as these are more compact machines than conven-
tional tokamaks, with a lower aspect ratio and a typically
higher elongation [35]. This translates into a more pronounced
variability of the q profile at the edge, affecting the deposition
pattern of the fast-ion losses on the wall, and hence the FILD
measurement. For this analysis, the on-axis (SS) and off-axis
(SW) beams have been modelled and simulated with ASCOT
separately. Note that, as in the previous section, all simulations
performed here have used experimental data for the kinetic
profiles, and the equilibrium reconstruction from EFIT++, in
this case constrained by motional stark effect (MSE) measure-
ments of the magnetic field pitch [36], as the results rely on
an accurate reconstruction of the q95 parameter. On the other
hand, a rotationally symmetric 2D wall has been used in this
analysis for simplicity.

The results in figure 6 show the distribution of the prompt
losses on the wall for shot #46945, for the two beams separ-
ately. This distribution is presented as a function of the toroidal
angle (ϕ) versus the poloidal angle (θ), where the midplane
would be θ = 0 degrees and the upper and lower X-points are
usually around θ = ± 100 degrees. It can be observed that
the SW prompt losses (figure 6(a)) are distributed toroidally
all along the wall, while the SS prompt losses (figure 6(b)) are
localised at a specific area in the toroidal direction, close to the
FILD detector (whose toroidal position is shown by the dashed
red line, and is located close to the midplane). Although the
results from only one discharge are displayed here, this is
the typical behaviour that has been found in the many dis-
charges simulated with ASCOT, and it is most likely due to the
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Figure 7. Radial profile of the safety factor for discharges #46945,
#46977 and #47067.

topology of the orbits: the particles produced by the SS beam
are generally trapped (or close to the trapped-passing bound-
ary), while those produced by the SW beam are predominantly
passing, which results in a more free movement in the tor-
oidal direction and consequentlly a spread distribution on the
wall. Hence, the sensitivity of the FILD signal to the q95 para-
meter will be investigated here by focusing on the SS beam,
which produces more localised losses, making it easier to isol-
ate the effect that this parameter has on the deposition pattern
of the prompt losses. To this end, ASCOT simulations have
been performed to scan the effect of the q95, using discharges
with plasma current Ip = 750 kA and different values of the
current applied to the toroidal field coils, ITF. This change in
the toroidal magnetic field modifies the helicity of the plasma,
directly affecting the q95:

• #46945, ITF = 100 kA (Bt ≈ 0.60 T at the magnetic axis),
|q95| = 6.1

• #46977, ITF = 110 kA (Bt ≈ 0.66 T at the magnetic axis),
|q95| = 7.6

• #47067, ITF = 120 kA (Bt ≈ 0.70 T at the magnetic axis),
|q95| = 8.4

The radial evolution of the safety factor for the selected dis-
charges is shown in figure 7, for the time instant used for the
simulations performed with ASCOT. Figure 8 shows the simu-
lated toroidal distribution of the SS-beam losses for the differ-
ent discharges analysed. The two peaks displayed for each shot
mainly correspond to full (right) and half (left) beam energy
losses. From this figure, it can be observed that the q pro-
file at the edge has a great impact on how the prompt losses
are deposited on the wall. As would be expected, when the
safety factor increases, the field line helicity decreases, and
the particles travel a longer path before reaching the wall. In
this case, the neutrals are being injected at around ϕ =−60
degrees and the ionised particles travel counter-clockwise—in
the positive ϕ direction. Accordingly, simulations predict that,
when lowering the |q95| (increasing the helicity of the field
lines), the SS losses are localised closer to the FILD probe
head, as they travel a shorter path before reaching the wall.
This would indicate that, to position the prompt losses at the
FILD head, and hence maximise the signal in the detector,
it would be necessary to run scenarios with higher plasma
current, or with lower magnetic field, in order to achieve an

Figure 8. Distribution of the SS-beam fast-ion losses in the toroidal
direction of the wall, for discharges #46945, #46977 and #47067.
The dashed red line marks the FILD toroidal position.

optimum configuration where the particles are deposited tor-
oidally around the FILD position.

To validate these simulations, an experiment was designed
(#48221) where the toroidal magnetic field was ramped down
from 0.42 s onwards, allowing us to scan the q95 in one
single discharge. This descent in the magnetic field leads to
a decrease of the edge safety factor, which, according to the
simulations, would deposit the SS prompt losses closer to the
FILD detector. This should be translated into an increase of
the FILD signal.

The time traces of shot #48221, along with the magnet-
ics spectrogram showing the MHD activity, are displayed in
figure 9. The plasma current for this shot was set to Ip =
750 kA and the SSNBI power to 1.5mW,with the beam turned
off at t = 0.54 s, as marked by the green line. The time traces
show the evolution throughout the shot of the line-integrated
electron density (a); the Dα emission (b); the toroidal mag-
netic field at the axis (c), with an applied current to the tor-
oidal fields at the beginning of the ramp (t = 0.42 s, as marked
by the blue line) of ITF = 110 kA, resulting in Bt ≈ 0.65 T at
the axis; and the edge safety factor (d). Finally, the traces of
the signal measured by the FILD detector with the APD cam-
era (e) and the neutrons measured by the fission chamber [37]
(f) are displayed, along with the magnetics spectrogram (h).
As can be seen in the FILD panel, when the ramp starts, the
signal measured by FILD shows the expected increase. This
increase is not correlated to an increase in the MHD activity,
as manifested in the bottom panel (however, the brief decrease
in the FILD signal at around 0.51 s itself is related to a decrease
in the MHD activity). During this time window, it is also pos-
sible to observe an interesting sawteeth-like behaviour in the
magnetics spectrogram, correlated with punctual drops in the
fast-ions losses and peaks in the neutrons measured by the fis-
sion chamber. It was not possible to perform this ramp below
90 kA in the toroidal field coils (Bt ≈ 0.56 T at the axis) due
to a mode locking and causing a disruption.
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Figure 9. Time traces for shot #48221 of the line-integrated
electron density (a), Dα emissivity (b), toroidal magnetic field at the
axis (c), edge safety factor (d), integrated FILD signal (e), neutrons
(f) and magnetics spectrogram (h). The blue line marks the
beginning of the toroidal magnetic field ramp and the green line
marks the time instant where the beam is turned off.

5. Velocity-space analysis

In this section, the velocity-space of the fast-ion losses is
resolved for the first time in MAST-U. As briefly introduced
earlier, FILD consists of a scintillator plate where the lost col-
limated ions collide, emitting light. The new CMOS camera
installed at the MAST-U FILD provides a view of the entire
scintillator, capturing the evolution of the position where the
losses hit the plate at a frequency of up to 3.5 kHz. This
position in the scintillator can then be translated to velocity-
space variables: gyroradius (rL = mv

qB ) versus pitch angle (λ=

−arccos(v∥/v), being v∥ the particle velocity projected along
the magnetic field direction) using the recently updated orbit-
tracing code FILDSIM [38–40]. The terms ‘pitch angle’ and
‘pitch’ will be used univocally in this manuscript. A collec-
tion of ions, with different pitch angles and gyroradii, are
traced from the pinhole in the FILD head to the scintillator,
under a 3D electromagnetic field using the Boris’ leap-frog
algorithm [41, 42]. Then, the position where the ions corres-
ponding to each pitch angle and gyroradius hit the plate is col-
lected in a grid referred to as strike map, that translates scin-
tillator coordinates (pixels in the camera) into velocity-space
coordinates. It is important to note that the finite size of the

collimator used to collimate the ions results in a finite width of
the distributions, as will be further discussed later. These strike
maps depend on the relative orientation between the magnetic
field and the probe head.When analysing the FILD signal from
a discharge, this orientation is calculated for each time instant,
and the corresponding strike map is generated.

The experimental resolution of the diagnostic, defined as
the standard deviation of the instrument function, will be first
explored to enable the first analysis of the velocity-space of
fast-ion losses in MAST-U. For an easier understanding of the
results, it is more convenient to first analyse discharges where
only prompt losses are being measured, since the measured
energy should be equal to that of the injection energy used
with the NBI, within the resolution of the diagnostic, and it
should be possible to reproduce the experimental results with
ASCOT simulations, using the experimental kinetic profiles
and reconstructed equilibrium. To this end, in the absence of
fully MHD-quiescent scenarios in the MAST-U FILD data-
base, the discharges with the most MHD-quiescent time win-
dows have been selected. However, as it will be discussed later,
there is still some MHD present in them. The velocity-space
analysis will be done for two different discharges, that used
either the SS beam only or the SW beam only, so the losses
coming from each of the beams can be isolated and better
characterised.

5.1. Diagnostic resolution

The MAST-U FILD instrument response [40] (essentially, a
probability distribution function) for a typical alignment of the
FILD head with the magnetic field can be calculated for both
variables of the velocity-space previously defined: gyroradius
and pitch angle. The instrument response has been obtained
following 5million markers for a set of 16 different values of
rL, ranging from 3.5 to 21 cm (∼5 to 182 keV for a typical
magnetic field at the FILD head, 0.415 T), and a set of 13 val-
ues of λ, ranging from 25 to 85 degrees, a total of 1040million
markers. This takes less than 1 h using the new FILDSIM code.
Figure 10(a) shows the instrument function in pitch angle for
a typical value of the gyroradius, 13 cm, while figure 10(b)
shows the instrument function in gyroradius for a typical value
of the pitch angle, 50 degrees. It is observable here that the dis-
persion in the measurement becomes wider at higher gyroradii
due to the finite size of the pinhole and slit used to collimate the
ions, as they have a less collimating effect for larger gyroradii.
The resolution (standard deviation) in pitch angle and gyrora-
dius for the typical ranges measured experimentally with the
MAST-U FILD is shown in figures 10(c) and (d). By looking
at the specific case described above, with rL = 13 cm and λ
= 50 degrees, this would mean a resolution of approximately
1.4 cm in gyroradius and 0.4 degrees in pitch angle.

5.2. Velocity-space analysis of prompt losses

As was previously introduced, two one-beam discharges were
selected for the analysis of the velocity-space. In the absence
of MHD-quiescent scenarios in the FILD database, these
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Figure 10. Instrument function of the MAST-U FILD in pitch (a) and gyroradius (b), for rL = 13 cm and λ = 50 degrees, respectively.
Resolution of the diagnostic in pitch (c) and gyroradius (d) for typical measuring ranges of the MAST-U FILD.

two discharges were selected because they present time win-
dows where the magnetics spectrograms show a (brief) MHD-
quiescent phase, where FILD was still measuring fast-ion
losses with no specific frequency.

• SS beam
For the SS beam, experimental data from shot #47132 have
been used. #47132 is a high-performance shot with a plasma
current Ip = 750 kA and a magnetic field at the magnetic axis
of Bt = 0.65 T. The main injection energy for this shot was
ESS = 62.8 keV, with an input power of 1.5mW. The mag-
netics spectrogram obtained from the outboard Mirnov array
for high-frequency acquisition (OMAHA) coils [43] is presen-
ted in figure 11(a), along with the spectrogram of the fast-ion
losses measured by FILD in figure 11(b). These spectrograms
were used to select the time instant for this analysis, shown
by the dashed pink line: t = 0.3 s. This time point is within
the time windows mentioned before, where there are very
brief periods where the modes (in this case, toroidal Alfvén

eigenmodes and fishbones) are not present in the magnetics
spectrogram, and FILD is still measuring fast-ion losses with
no specific frequency, as can be observed by the signal at the
bottom of figure 11(b), with 0Hz frequency.

A raw frame captured by the new XIMEA camera cor-
responding to the time of interest, t = 0.3 s, is displayed in
figure 12, with a superimposed strike map calculated with
FILDSIM. This shows that the measured losses are located
at the high pitch-angle area of the scintillator. Moreover, the
spots are centered at the same gyroradius. The remap to pitch
angle—gyroradius phase space in figure 13 reveals that the
losses do not exhibit a single pitch angle, with four distin-
guishable spots. In the case where only prompt losses are
being measured, the gyroradius at the peak of the experi-
mental distribution should agree with the gyroradius corres-
ponding to the injection energy of the beam within the res-
olution of the diagnostic. In this case, the gyroradius of the
injected ions was 12.37 cm, calculated with the magnetic field
at the pinhole, and is marked in this figure by the pink line.
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Figure 11. Spectrograms from the OMAHA coils (a) and from
FILD (b). The time instant selected for the analysis, t = 0.3 s, is
shown by the dashed pink line.

Figure 12. Raw frame from the XIMEA camera at t = 0.3 s with a
superimposed strike map calculated with FILDSIM (white), for shot
#47132. The orange line shows the contour of the scintillator plate.

It can be observed that the gyroradius measured experiment-
ally is very similar for all four spots, being centered slightly
above the beam injection gyroradius. This can be better dis-
cerned in figure 14, where the integral in pitch angle has been
performed, resulting in a 1D distribution of the experiment-
ally measured gyroradius for this time instant (in blue). The
blue line marks the peak of this experimental distribution, at
approximately 12.4 cm. Therefore, the experimentally meas-
ured gyroradii and the injection gyroradius are in very good
agreement, with the resolution of the detector for this range of
pitch angle and gyroradius being around 1.5 cm. Furthermore,
the synthetic distribution for a 12.4 cm gyroradius (λ = 61
degrees) calculated with FILDSIM is depicted in grey, show-
ing a strong match, with the experimental distribution being
slightly wider at higher gyroradii.

Figure 13. Remap to pitch—gyroradius of the measured losses,
showing spots with different pitch angles. The gyroradius
corresponding to the injection energy of the beam (12.37 cm) is
shown in pink.

Figure 14. Distribution of the experimentally measured gyroradius
(in blue), for shot #47132, at t = 0.3 s. The peak is located at
12.4 cm, as marked by the blue line. The FILDSIM predicted
distribution for rL = 12.4 cm, λ = 61 degrees is shown by the grey
dashed line.

Figure 15. Comparison between the ASCOT simulation (red) and
the experimental measurement (blue) of the pitch distribution of the
losses reaching the FILD probe, for shot #47132, at t = 0.3 s.

Moreover, the pitch of the losses measured by FILD during
the analysed time instant is compared against the ASCOT pre-
diction in figure 15, showing a fairly good agreement. For this
simulation, experimental data from TS and CXRS have been
used, along with the MSE-constrained reconstructed magnetic
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Figure 16. Spectrograms from the OMAHA coils (a) and from
FILD (b). The time instant selected for the analysis, t = 0.31 s, is
shown by the dashed pink line.

equilibrium. Furthermore, a realistic 3D wall with FILD loc-
ated at the experimental radial position and orientation has
been used. The small discrepancy is most probably due to the
uncertainties in the inputs used for the ASCOT simulations.
In particular, the fit performed to the experimental data of the
kinetic profiles has a great impact on the deposition profile
calculated with ASCOT, which greatly affects the synthetic
FILD signal. Furthermore, the experimental data of the elec-
tron density at the scrape-off-layer is scarce, having an impact
on this fit.

• SW beam
For the SW beam, experimental data from shot #49033 have
been used. #49033 is an L-mode shot with a plasma current
Ip = 750 kA and a magnetic field at the magnetic axis of Bt
= 0.6 T. The main injection energy for this shot was ESW =
52.4 keV, with an input power of 1mW. The process to select
the time instant for the analysis is analogous to the one fol-
lowed for the SS beam. The spectrograms from the OMAHA
coils (a) and FILD (b) are displayed in figure 16, respectively,
for the first half of the shot. In this discharge, the MHD-free
period is more clear, from ∼0.3 to ∼0.35 s, where FILD is
still measuring fast-ion losses with no specific frequency. In
this case, the time instant selected was t = 0.31 s due to the
availability of the TS data.

A raw frame corresponding to the time of interest, t =
0.31 s, is displayed in figure 17, with the strike map calculated
with FILDSIM. In this case, the measured losses are mainly
located at the low pitch-angle area of the scintillator, with the
spots being centered at a specific gyroradius. Similar to the

Figure 17. Raw frame from the XIMEA camera at t = 0.31 s, for
shot #49033, with the corresponding strike map. The orange line
shows the contour of the scintillator plate.

Figure 18. Remap to pitch—gyroradius of the measured losses,
showing spots with different pitch angles. The gyroradius
corresponding to the injection energy of the beam is shown in pink,
12.47 cm. The trapped-passing boundary is depicted in green.

SS beam scenario, the remap to pitch angle—gyroradius in
figure 18 reveals that the losses do not exhibit a single pitch
angle, with at least four distinguishable spots. The trapped-
passing boundary is depicted in green, suggesting that both
passing and trapped particles are being measured. In this scen-
ario, due to the lower magnetic field, the 52.4 keV of injection
energy corresponds to 12.47 cm, as marked by the pink line.
In this case, the peak of the distribution is located at approx-
imately 12.4 cm, as can be better observed in figure 19. Once
again, the agreement between the experimentally measured
gyroradii and the injection gyroradius is very good and within
the resolution of the detector for this range of pitch angle and
gyroradius (around 1.3 cm). The synthetic distribution for the
12.5 cm gyroradius (λ= 44 degrees) is depicted in grey, show-
ing a strong match. Finally, the comparison of the distribution
of the pitch angle of the measured losses against the ASCOT
prediction in shown in figure 20. In this case, two main spots
are measured experimentally (blue line), centered at 44 and
55 degrees. For a gyroradius of 12.5 cm, the trapped-passing
boundary is located at λ∼ 46 degrees, as shown in figure 18.
This means that most of the losses measured in this frame cor-
respond to passing orbits (λ < 46 degrees), while the peak at
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Figure 19. Distribution of the experimental gyroradius (in blue), for
shot #49033, at t = 0.31 s. The peak is located at 12.5 cm, as marked
by the blue line. The FILDSIM predicted distribution for rL =
12.5 cm and λ = 44 degrees is shown by the grey dashed line.

Figure 20. Comparison between the ASCOT simulation (red) and
the experimental measurement (blue) of the pitch distribution of the
losses, for shot #49033, at t = 0.31 s. The dashed vertical lines mark
the pitch angles of the respective peaks.

55 degrees corresponds to trapped particles. The pitch distribu-
tion predicted by ASCOT (red line) for the SW beam is wider
than the experimental distribution, and the peak at 44 degrees
is shifted by 2 degrees to lower pitch angles. The experimental
spot located at 55 degrees is only reproduced by the tail in the
ASCOT distribution at around 60 degrees. Therefore, it seems
that ASCOT predicts a lower pitch angle for passing particles,
while predicting a higher pitch angle for trapped particles.
Since only the SW beam was used in this experiment, there
was no CXRS nor MSE data, so the assumption T i = Te has
been made, and the equilibrium used is not MSE-constrained,
but only constrained by magnetics data, which increases the
uncertainty of the reconstructed q profile. These are possible
causes for the disparities in the pitch distribution, in addition
to the fit of the kinetic profiles discussed for the SS scenario.

6. Type-III ELM-induced fast-ion losses

As it was previously introduced, a high-speed CMOS cam-
era was installed for the second campaign, with an acquisition
frequency of up to 3.5 kHz. This made it possible to meas-
ure type-III ELM-induced losses with the FILD for the first
time in MAST-U. The velocity-space of the induced losses

Figure 21. Time traces of the relevant signals for discharge #46944,
showing the evolution throughout the discharge of the NBI power
(a—SW in black, SS in red), line-integrated electron density (b), Dα

(c), integrated FILD signal (d) and neutrons measured with the
fission chamber (e). The purple section marks the time window of
interest for the type-III ELM analysis.

is analysed in this section, using the high-performance dis-
charge #46944, with Ip = 750 kA and Bt = 0.66 T on axis.
The FILD detector had a measuring range in pitch covering
from 20 to 85 degrees. The relevant time traces of this dis-
charge are displayed in figure 21: input power of each of the
beams, where the SW is shown in black and the SS in red; evol-
ution of the line-integrated electron density, that again was not
feedback-controlled and hence kept increasing during the dis-
charge; the Dα emission; the integrated signal measured by
the FILD detector with the APD camera and finally the neut-
ron rate measured with the fission chamber. As it is shown in
this figure, both beams were on for the majority of the dis-
charge, but the SS beam was turned off at t = 0.6 s. The ana-
lysis here will focus on the time window marked in purple in
this image, from t = 0.7 s to t = 0.8 s, where only the SW
beam was on with 2mW of input power and 73 keV of injec-
tion energy. As indicated by the peaks in theDα emission, this
is the region where the type-III ELMs appear [44], with a fre-
quency of about 200 Hz and when the electron temperature
at the pedestal is below 150 eV. Figure 22 shows a zoom at
this time window of interest, for the last four mentioned sig-
nals. As it can be seen in this figure, there are peaks in the
FILD signal correlated with the ELMs, marked by the peaks
in the Dα emission. It can be observed that this enhancement
of fast-ion losses is not correlated with drops in the neutron
emission measured by the fission chamber, indicating that the
ELMs have only a small effect on the global fast-ion confine-
ment, and therefore most fast-ion losses measured by the FILD
detector are coming from the plasma edge.
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Figure 22. Zoom on time traces (b)–(e) in figure 21, during the time
window marked in purple. The orange, green and yellow sections in
the FILD signal mark the time points selected for the velocity-space
analysis.

By applying the velocity-space analysis techniques dis-
cussed in the previous section, it is possible to experiment-
ally resolve the velocity-space of the measured ELM-induced
losses, allowing the subsequent analysis of the topology of the
orbits through ASCOT modelling. Figure 23 shows the remap
to pitch and gyroradius for the time points marked in orange,
green and yellow in figure 22: t = 0.737 s, pre-ELM (a), t =
0.738 s, during-ELM (b) and t= 0.74 s, post-ELM (c), respect-
ively. The frame corresponding to t = 0.739 s is not displayed
here, as the ELM peak is present for 2ms and hence it is a
very similar frame to that of t = 0.738 s. In these figures, the
trapped-passing boundary is depicted in green, indicating that
all the losses measured follow passing orbits. In the differ-
ent frames, five spots can be distinguished, localised at pitch
angles 33, 36, 38.5, 41 and 47 degrees. This is more clearly
shown in figure 24, where the 1D distribution in pitch angle
has been calculated by integrating in the gyroradius direction.
As it can be observed in figure 25, all these spots show a sim-
ilar increase in intensity, of ∼25%–30%, correlated with the
ELMs. For an easier comparison, the time traces shown in this
figure correspond to the intensity of the different pitch ranges
identified, normalised to the maximum number of counts that
each spot reaches in the displayed time window. The gyrora-
dius at which each of the spots peaks can also be identified by
integrating in the different pitch ranges that can be discerned in
figure 24 for the different spots: [30, 34] for 33 degrees, [34.8,
36.5] for 36 degrees, [36.9, 40] for 38.5 degrees, [40, 42.5] for
41 degrees and [45.5, 48.5] for 47 degrees. The result is shown
in figure 26. As it was already visible from the overall view of
the velocity-space presented in figure 23, the peak in gyrora-
dius is very similar for all the spots being analysed. Figure 26
shows that, specifically, all three spots corresponding to 38, 41

Figure 23. Remap to pitch—gyroradius of the losses measured by
FILD in discharge #46944 during an ELM cycle: (a) t = 0.737 s,
pre-ELM, (b) t = 0.738 s, during ELM and (c) t = 0.74 s,
post-ELM. The trapped-passing boundary is shown in green. The
main pitch angles are identified in white for t = 0.738 s.

and 47 degrees peak at the same gyroradius: 14.4 cm, while
the other two, corresponding to 33 and 36 degrees, peak at
14.1 and 14.7 cm, respectively. As it was previously men-
tioned, the SW beam injection energy for this shot was 73 keV.
When converted to gyroradius, this corresponds to 14.32 cm at
the FILD pinhole. For the range of pitch and gyroradius ana-
lysed here, the resolution would be of approximately 1.7 cm.
Therefore, the experimental values obtained are within the res-
olution of the detector, which would indicate that the effect of
the ELMs is purely in terms of the increase in the signal shown
in figure 25. In conclusion, the analysis indicates that ELMs
have a clear effect on the fast-ions, resulting in an enhancement
of fast-ion losses of∼25%–30%, with no particular preference
in velocity-space.

12



Plasma Phys. Control. Fusion 67 (2025) 015024 L Velarde et al

Figure 24. 1D distribution of the pitch angle of the losses measured
by FILD, showing the different spots, identified at 33, 36, 38.5, 41
and 47 degrees, during the ELM peak (t = 0.738 (s).

Figure 25. Time traces of the intensity of the main spots, identified
at 33, 36, 38.5, 41 and 47 degrees during the ELM peak, each
normalised to their maximum number of counts in the displayed
time window.

Figure 26. 1D distribution in gyroradius obtained by integrating in
the five pitch ranges identified during the ELM peak for the
different spots under analysis: [30, 34] for 33 degrees, [34.8, 36.5]
for 36 degrees, [36.9, 40] for 38.5 degrees, [40, 42.5] for 41 degrees
and [45.5, 48.5] for 47 degrees.

The information retrieved through this velocity-space ana-
lysis allows us to resolve the orbits of the losses, that can be
traced back using the ASCOT code. This is done by launch-
ing the markers from the FILD pinhole backwards, with the
energy and pitch angle measured experimentally. In this case,
five orbits were followed, corresponding to the five identified

Figure 27. Poloidal cross-section of the MAST Upgrade tokamak
with the FILD detector at the radial position of the pinhole during
discharge #46944, showing the separatrix in red and the orbit
corresponding to the two most extreme pitch angles measured at t =
0.738 s: 33 degrees in purple and 47 degrees in blue.

pitch angles: 33, 36, 38.5, 41 and 47 degrees. As for the energy,
73 keV will be used for all the cases. In figure 27, only the two
orbits corresponding to the most extreme pitch angles, 33 and
47 degrees, are displayed (purple and blue, respectively). It is
possible to observe that they both correspond to passing orbits,
as is also the case for the other three that are not shown in the
figure for clarity. This is consistent with the trapped-passing
boundary that was presented in figure 23.

7. Summary

A new CMOS camera has been successfully installed and
operated at the MAST-U FILD, capable of capturing data at
an acquisition frequency of up to 3.5 kHz, improving the cap-
abilities of the detector, and making it possible to analyse the
velocity-space of the fast-ion losses induced from perturba-
tions and instabilities on a wide variety of time scales, from
resonant magnetic perturbations to ELMs.

The commissioning of the diagnostic has been performed
through the analysis of two different parameters that directly
affect the MAST-U FILD signal: the radial position and the
effect of the edge safety factor (q95), respectively. Simulations
predicted an inverse relation between the intensity of the FILD
signal and its relative distance to the separatrix, with no other
plasma facing component obstructing the FILD detection. This
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prediction has been validated experimentally by means of a
systematic scan in the distance between the FILD probe head
and the separatrix. This scan has also shown that the optimal
FILD measurement position is around 10 cm, slightly depend-
ing on the discharge parameters. With regards to the edge
safety factor, simulations predicted a great impact of the q95
on the toroidal deposition of the prompt losses, and therefore
it was expected to be correlated to the intensity of the FILD sig-
nal. The experimental toroidal field ramp performedwas a suc-
cess in terms of scenario development, as it was the first time
this was achieved in MAST-U, and also resulted in the expec-
ted increase in the FILD signal correlated with a decrease in
the edge safety factor, supporting the predictions performed
with ASCOT. Experimental efforts are foreseen to be carried
out in the next experimental campaign, when it will be possible
to run plasmas at a higher plasma current, which would allow
us to explore the other possible approach to further reduce the
q95.

The experimental resolution of theMAST-U FILD detector
has been evaluated for a typical alignment, and shown to be
in the order of 0.5 to 1 degree in pitch, and of 1 to 3 cm in
gyroradius, both depending on the range of pitch and gyrora-
dius measured. Furthermore, the first analysis of the velocity-
space of the losses measured with the MAST-U FILD presen-
ted here represents a major achievement. For this analysis, two
discharges where each of the beams were used individually
were selected, by looking at the MHD-activity in them and
selecting those that had the most MHD-quiescent time win-
dows in the FILD database. This facilitates the understanding
and validation of the analysis, as the losses measured by FILD
in these time windows can be assumed to be prompt losses dir-
ectly coming from the NBI, with an energy corresponding to
the NBI injection gyroradius, and reproducible with ASCOT.
The gyroradius measured with FILD agrees with that injec-
ted by the beams well within the resolution of the detector for
both the SS and SW scenarios. The resolved pitch distribu-
tion has been compared against the ASCOT prediction, show-
ing a good agreement in the case of the SS beam, whereas
the SW scenario presents a rigid shift of around 7∼8 degrees
with respect to the ASCOT prediction. This is most probably
related to the uncertainties in the inputs used for the ASCOT
simulations: For the SW scenario, the equilibrium reconstruc-
tion is not MSE-constrained, and is only constrained by mag-
netics measurements, which can have a big effect in a ST.
And, for both cases analysed, the fit performed to the exper-
imental data of the kinetic profiles, which affects the depos-
ition profile calculated with ASCOT, having a direct impact
on the synthetic FILD signal. The effect of the fit to the kin-
etic profiles will be addressed in a future publication, where
a more systematic analysis will be presented. The import-
ance of using a MSE-constrained equilibrium is also a key
outcome of this study, and will be tackled in the future by
including blips of the SS beam as diagnostic beam during the
experiments.

Finally, the tools developed for the velocity-space ana-
lysis have been applied to the first measurements of type-III
ELM-induced losses measured by FILD in MAST-U. This has
made it possible to resolve the orbits of the different spots

identified, corresponding to losses with different pitch angles.
The analysis shows that the ELMs have a clear effect on the
fast-ions, resulting in an enhancement of fast-ion losses of
∼25%–30%, with no particular preference in velocity-space,
and that all losses reaching the FILD detector come from
passing orbits.

In conclusion, this manuscript presents significant progress
in fast-ion diagnostics in the context of STs, with an overall
agreement between the experimental results and the numerical
predictions, validating the predictive capabilities of the sim-
ulation models used. The successful installation and exploit-
ation of a high-speed CMOS camera, the optimised meas-
urement position of the FILD detector, the understanding of
the effect of the plasma edge safety factor, and the velocity-
space analysis of the measured losses, first performed with
prompt losses and finally applied to a scenario with ELM-
induced losses, provide new tools to further understand fast-
ion behaviour in STs. The analysis performed here is key for
future fast-ion experiments in MAST-U, where the dynamics
of the losses will be investigated in the presence of differ-
ent types of perturbations: understanding the effect of extern-
ally applied magnetic perturbations will be the main line of
future research, along with fast-ion losses induced by Alfvén
eigenmodes and type-I ELMs-induced losses. Moreover, the
understanding of the effect of the edge safety factor, and the
optimisation of the FILD measurement of prompt losses com-
ing from the SS beam sets the foundation for the applic-
ation of the light ion beam probe technique [26, 45] in
MAST-U.
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