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Abstract
Spherical tokamaks are key to the successful design of operating scenarios of future fusion
reactors in the areas of divertor physics, neutral beam current drive and fast ion physics. MAST
Upgrade, which has successfully concluded its first experimental campaign, was specifically
designed to address the role of the radial gradient of the fast ion distribution in driving the
excitation of magneto-hydrodynamic (MHD) instabilities, such as toroidal Alfvén eigenmodes,
fish-bones and long-lived mode, thanks to its two tangential neutral beam injection systems, one
on the equatorial plane and one that is vertically shifted 65 cm above the equatorial plane. To
study the fast ion dynamics in the presence of such instabilities, as well as of sawteeth and
neo-classical tearing modes, several fast ion diagnostics were upgraded and new ones added.
Among them, the MAST prototype neutron camera (NC) has been upgraded to six, equatorial
sight-lines. The first observations of the confined fast ion behavior with the upgraded NC in a
wide range of plasma scenarios characterized by on-axis and/or off-axis heating and different
MHD instabilities are presented here. The observations presented in this study confirm previous
results on MAST but with a higher level of detail and highlight new physics observations unique
to the MAST Upgrade. The results presented here confirm the improved performance of the NC
Upgrade, which thus becomes one of the key elements, in combination with the rich set of fast
ion diagnostics available on the MAST Upgrade, for a more constrained modeling of the fast ion
dynamics in fusion reactor relevant scenarios.
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1. Introduction

Fast ions are a key ingredient in achieving reactor relev-
ant conditions, contributing to both plasma heating and the
non-inductive current drive of present day and future fusion
devices, such as ITER and DEMO [1, 2]. It is well known that
fast ions, in addition to these beneficial contributions, can drive
magneto-hydrodynamic (MHD) instabilities which reduce the
overall confinement of the fast ions, leading to their redistri-
bution and losses with a subsequent reduction in plasma per-
formance and possible damage to the first wall if lost fast ions
end up in localized areas. Typical examples of fast ion-driven
instabilities are toroidal Alfvén eigenmodes (TAEs) and fish-
bones (FBs); specific to spherical tokamaks, the long-lived
mode (LLM) instability is also responsible for the suppres-
sion of fast ion population. In addition, fast ions are also sus-
ceptible to instabilities which depend, instead, on the plasma
equilibrium and scenario: typical examples are sawteeth (ST)
and neo-classical tearing modes (NTMs, which have been
observed to be seeded by both fast ion instabilities and ST).
The design of the operating scenarios for future fusion reactors
is based on the validation of the descriptive and predictive cap-
abilities of the numerical codes used to model aspects of the
linear and non-linear interactions between fast ions and MHD
instabilities via comparison with experimental observations.
Spherical tokamaks, in particular, thanks to the lower mag-
netic field and neutral beam injection (NBI) external auxiliary
heating systems with energies up to 60–100 keV, can explore
plasma regimes not readily accessible to present day conven-
tional tokamaks in which the fast ions are super-Alfvénic, sim-
ilar to what is predicted for α-particles in ITER.

MAST Upgrade [3] (MAST-U in brief), which was
designed to address, among other objectives, the interplay
between MHD instabilities, fast ions and neutral beam cur-
rent drive, has successfully concluded its first experimental
campaign providing a wealth of new results [4]. MAST-U,
although it retains the same aspect ratio (R/a= 0.85/0.65≈
1.3) ofMAST, has new capabilities, including a set of new pol-
oidal field coils for highly flexible plasma shaping (including
different divertor configurations, such as the Super-X diver-
tor), a higher toroidal field (up to 0.85 T), higher plasma cur-
rent (up to 2MA) and longer pulses (up to 5 s) and a very
flexible heating and current drive system. This flexibility is
achieved by having one NBI depositing fast ions on-axis and
a second one off-axis, 65 cm above the equatorial plane [3]:
in MAST, both NBIs were on-axis [5, 6]. The goal with this
on-axis and off-axis combination, aided by plasma density
control, is to achieve scenarios with substantial non-inductive
current drives and heating with minimal fast ion losses. Its jus-
tification is based on (a) the theoretical predictions of a direct
proportionality between the radial gradient of the fast ion dis-
tribution and the driving of MHD instabilities detrimental to
fast ion confinement, and on (b) the experimental observations
of such predictions in MAST [7]. In order to study the rich
fast ion physics in MAST-U, several fast ion diagnostics have
been upgraded and new ones added, such as the fast ion D-
alpha system, a fast-ion loss detector (FILD) [8], a solid state
neutral particle analyzer and a charged fusion product detector

[9]. In particular, the prototype neutron camera (NC) [10] has
been upgraded to the NC Upgrade (NCU) with six sight-lines
(all on the equatorial plane) [11].

The aim of this study is to showcase the improved per-
formance of the NCU (described in section 2) and its first
experimental observation and preliminary modeling of fast ion
dynamics in a wide range of MAST-U scenarios with on-axis
and off-axis NBI heating (section 3) and in the presence of
ST, TAEs, FBs and NTMs (section 4). Although the focus
is on the NCU instrument, other plasma diagnostics relev-
ant to the interpretation of fast ion dynamics are used. The
electron density and temperature profiles are measured by
the core Thomson scattering system with 130 radial points
between 0.25 and 1.45m and with a time resolution of 5ms
[12]. The global neutron rate is measured by a fission cham-
ber (FC) with a sub-millisecond time resolution. The plasma
rotation and ion temperature are inferred from the measure-
ment of the C5+ impurity rotation velocity and temperature
profiles by the charge-exchange recombination spectrometer
with a time resolution of 5ms [13]. The magnetic perturba-
tion fluctuations are measured by a set of high sampling fre-
quency (10MHz) Mirnov pick-up coils (OMAHA) [14]. Fast
ion losses are measured by FILD using a slow and a fast cam-
era with a frame rate of 23Hz and 4MHz respectively: fast
camera data are not available for all the plasma discharges dis-
cussed here. Finally, the neutron emissivity profiles measured
by the NCU all have a time resolution of 1ms and a spatial res-
olution of 10 cm. A direct comparison of the findings presen-
ted here with other fast ion diagnostics is part of a future study
since not all the systems were fully operational during the first
MAST-U experimental campaign. The quantitatively accurate
modeling of the plasma discharges presented here is hampered
by the lack of measurement of the plasma effective charge Zeff
and by a large uncertainty in the energy fractions of the on-
axis NBI system. The TRANSP/NUBEAM [15, 16] simula-
tions presented in this study all assume a flat radial profile of
the effective charge with Zeff = 1.5 and full- and half-energy
fractions of approximately 44/44 for the on-axis NBI (instead
of 78/16) and 78/16 for the off-axis NBI. The energy frac-
tions for the on-axis NBI system have been inferred from spec-
troscopic measurements of the total radiated power and from
comparisons between predicted neutron rates and emissivities
together with those measured by the FC and NCU. A detailed
analysis of this is the focus of a separate study. Finally, real-
time control of the electron density was not implemented dur-
ing the first MAST-U experimental campaign: this is quite rel-
evant to the dynamics of fast ions since it determines where
the fast ions are deposited and thus the radial gradient of the
fast ion distribution, a quantity that controls the driving of fast
ion instabilities.

2. The upgraded NC

A cut-away CAD model of the NCU is shown in the left
panel of figure 1 where the detectors and the lines of sight
are visible inside the lead and high-purity, high density poly-
ethylene shielding. The right panel of the same figure shows
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Figure 1. Left panel: cut-away of the NCU showing the six detectors (in orange) and the fields of view (in blue) inside the lead shield (in
green) and the high density polyethylene shield (in dark gray) in relation to the MAST-U vessel (gray); the special thin flange is also visible.
Right panel: top view of the NCU sight lines together with the field of view of the outermost two (in blue) and of the footprint of the two
NBIs with the off-axis one above the on-axis one (in green). The black dashed line indicates the axis of the off-axis NBI system with an
impact parameter p= 0.7m (black arrow). The same definition of the impact parameter is used to characterize the lines of sight for each
detector.

a top view of the NCU in relation to the MAST-U vessel
and the footprint of the NBI injectors; also shown are the
fields of view of the outermost channels. The main differences
between the NCU and the NC are: (a) six lines of sight on the
machine equatorial plane (Z = 0m) instead of two measuring
the neutron emissivity with a spatial resolution of 10 cm and
with impact parameter p ∈ [0.6,1.1]m; (b) tangential view in
the co-NBI injection direction instead of counter-NBI injec-
tion for the NC; (c) cylindrical instead of rectangular col-
limators with a cross-sectional area of approximately 7 cm2

instead of 10 cm2 (reduced in view of the expected doubling
of the NBI input power in the future); (d) improved shield-
ing against γ-rays; (e) cylindrical detectors instead of rect-
angular ones (but with the same thickness of 1.5 cm) with
improved energy resolution and pulse shape discrimination
capabilities; and (f) individual magnetic shielding instead of
a common shielding for all detectors. As in the NC, the NCU
uses detectors based on EJ-301 liquid scintillating material
coupled to a photomultipier tube (PMT) with an embedded
22Na γ-ray source for calibration and an optical fiber connec-
ted to a pulsed LED at 5 kHz for monitoring purposes. The
data acquisition system is also the same with six channels
each operating at 250 MSamples/s with 14-bit resolution and
256MBon-boardmemory. TheNCU retains the scanning cap-
ability of the NC although it has not been implemented yet:
nevertheless, as shown in the following sections, the simul-
taneous measurement of the neutron emissivity at six impact
parameters has proven sufficient to capture most of the rel-
evant fast ion dynamics. A detailed description of the design
choices and the performance of the NCU in laboratory set-
tings can be found in [11]. In this section, instead, its perform-
ance during plasma operations is briefly presented. Figure 2
shows the performance of the NC and NCU in similar plasma
scenarios in MAST and MAST-U, respectively. characterized

by on-axis NBI heating only. One key improvement of the
NCU, in addition to those detailed in [11], has been the sup-
pression of the 2.2MeV γ-rays generated by the thermal neut-
ron capture by the hydrogen nuclei of the polythene shield-
ing as a result of an improved design of the lead shielding.
This results in a lower load on the data acquisition system
as well as an improvement in the pulse shape discrimination
between neutron and γ-rays events. The left panel of this figure
shows the ratio of the count rates between γ-rays and neut-
rons in the time interval 0.25–0.30 s as measured by the NC
and NCU for plasma discharges #29904–#29910 for MAST
and #45006 for MAST-U respectively. The overall reduction
in the γ-rays/neutron count rate ratio is approximately equal
to 7.5 for p⩽ 1m and 5 for larger p. This significant improve-
ment, thanks to point (d) above, allows us to extend the data
acquisition to longer (>1 s) plasma discharges without requir-
ing an upgrade of the on-board memory. This, in combina-
tion with point (e), also results in an improved discrimina-
tion between neutrons and γ-rays. The γ-ray/neutron count
rate ratio increases at larger p values due to MAST-U plas-
mas being characterized by a higher elongation and triangular-
ity compared to MAST. The neutron emissivity region is thus
narrower, giving fewer neutron counts already at p⩾ 1 (the
flux of γ-rays reaching the detectors is approximately the same
for all detectors since it is due to thermal neutron capture in
the shielding surrounding the detectors). The improved energy
resolution of the NCU is clearly seen in the right panel of
figure 2 where the recoil proton pulse height spectrum, integ-
rated over the entire plasma discharge, is shown in terms of
the electron-equivalent energy for pulses #29906 and #45006:
the ‘edge’ in the pulse height spectrum, due to the full energy
transfer (head-on collision) between a 2.5MeV neutron and a
hydrogen nucleus and corresponding to an electron equivalent
energy of approximately 0.7–0.8MeV, is much sharper for the
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Figure 2. Left panel: comparison of the ratio of the γ-rays and neutron count rates for the NC (using multiple plasma discharges, in red)
and the NCU (# 45006, in blue) as a function of the impact parameter in the time interval 0.25–0.3 s. Right panel: comparison of the
normalized, profile-averaged recoil proton PHS for the same pulses as the left panel.

Figure 3. Top panel: neutron count rate for two different impact
parameters (p= 0.6m, inboard, and p= 0.9m, core) for MAST-U
pulses #45009 (on-axis NBI only) and #45083 (off-axis NBI only).
Bottom panel: relative uncertainty.

NCU. The location of the midpoint of the ‘edge’ is located at
different energies: this is a consequence of the relative direc-
tion of observation with respect to the NBI injection, as men-
tioned in point (b) above. Finally, figure 3 shows the relative
uncertainty in the count rates with an integration time of 1ms
for MAST-U pulse #45009 (on-axis NBI only) and #45083
(off-axis NBI only) in the plasma core (p= 0.9m) and on the
inboard side (p= 0.6m). For pulse #45009, the relative uncer-
tainty in the count rate is approximately 10% for all impact
parameters. On the other hand, for pulse #45083, the relat-
ive uncertainty is approximately 40% and 60% at the inboard
side and in the plasma core, respectively. The reason for this
large uncertainty for pulse #45083 is due to the very low count
rate observed in plasma scenarios with off-axis heating only.
In such cases, the neutron rate is typically a factor 10 lower
than plasma scenarios with on-axis heating for the same global
plasma parameters (density and temperature) and NBI input

power and energy. In addition, off-axis NBI auxiliary heating
results in hollow neutron emissivity profiles (as discussed in
more detail in the next section) with peak emissivity on the
inboard side. In summary, the NCU has met all its design spe-
cifications and it is ready to be exploited for fast ion studies,
as the results in the following sections demonstrate.

3. On- and off-axis NBI heating

A systematic optimization of the NBI injection geometry for
heating, non-inductive current drive and reduced fast ion redis-
tribution using TRANSP/NUBEAM in predictive mode is
described in detail in [17]. The predicted peaked and hol-
low profiles of the fast ion density [3] have been experiment-
ally confirmed to match TRANSP/NUBEAM predictions, as
shown in figure 4. The pulses used for this comparison, #45238
(off- and on-axis NBI) and #45083 (off-axis NBI only), were
selected since they exhibited time intervals free of the typ-
ical MHD instabilities affecting fast ions, such as FBs, TAEs,
LLMs, ST and NTMs. Apart from the different NBI heating
systems, these two pulses are very similar (L-mode plasmas
in a double-null divertor configuration with a 600 kA plasma
current) as shown in figure 10. In MAST-U, MHD-quiescent
plasmas are very common in plasma scenarios with off-axis
NBI heating only: a partial explanation might be due to the
plasma elongation during the firstMAST-U experimental cam-
paign (κ≈ 2.1, [4]) being lower than the design values for
MAST-U scenarios (κ≈ 2.5), resulting in off-axis fast ions
being born close to the last closed-flux surface. This implies
that the background plasma density and temperature is lower
than the designed values, reducing the beam-thermal fusion
reaction rate, which is approximately 90% of the total neutron
emission. In addition, fast ions with large Larmor radii and
orbit widths born closer to the last close flux surface than was
intended make them susceptible to prompt CX losses, further
reducing the beat-thermal reactivity. On the other hand, most
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Figure 4. Top row: TRANSP/NUBEAM calculated neutron emissivity for pulses #45238 at t= 0.350 s with off- and on-axis NBI heating
(left panel) and #45083 at t= 0.500 s with off-axis NBI heating only. Bottom row: comparison between NCU measurements (black solid
circle) and predictions based on the neutron emissivities shown above using simple line of sight integrals (lint, blue line) and full 3D field of
view geometry (VOXels, red line). The scaling factor is k= 0.4.

plasma discharges in which fast ions are deposited on-axis are
characterized by an initial phase with TAEs and FBs followed
by low frequency NTMs (5–10 kHz) and when q(0)< 1 ST is
observed. Extended time intervals of MHD-quiescent plasmas
with on-axis NBI heating have rarely been observed inMAST-
U. The predicted NCU profiles are based on TRANSP/NU-
BEAM simulations of the fast ion distribution and the non-flux
averaged neutron emissivity at selected times [18], assuming
no fast ion anomalous diffusion. Although the shape of the
predicted NCU emissivity profiles is quite well reproduced, a
scaling factor k≈ 0.4 is necessary in both cases to match them
to the absolutely calibrated NCU measurements. This scaling
factor is smaller than the one observed in MAST (k≈ 0.65)
[19]. The reason for this difference is not entirely understood.

A possible explanation might be related to steeper gradients in
the magnetic field in MAST-U due to larger elongations than
in MAST (for which κ≈ 1.9), even when the finite Larmor
radius correction is included in the TRANSP/NUBEAM sim-
ulations, as was the case here. The condition for the validity
of the guiding center approximation (used in TRANSP/NU-
BEAM) is usually expressed as rL|∇B|/B≪ 1 where rL is the
Larmor radius and B is the total magnetic field. This condition
can be rewritten in terms of the fast ion energy E and pitch λ as√
2mE/q2

√
1−λ2|∇B|/B2 ≪ 1 where m and q are the mass

and charge of the fast ions. Figure 5 shows the comparison
between the quantity rL|∇B|/B calculated forMAST (#29904,
solid line) and MAST-U (#45006, dashed line) equilibria at
t= 240ms along the major radius for Z= 0m for fast ions
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Figure 5. Example of the relation rL|∇B|/B calculated for MAST
(#29904, solid line) and MAST-U (#45006, dashed line) equilibria
at t= 240ms along the major radius for Z= 0m for fast ions with
equal

√
E/B2 and with λ=−0.8.

with equal
√
E/B2 and with λ=−0.8 (the predominant pitch

for fast ions injected on-axis). These two plasma discharges
are quite similar, as discussed later in this section. As can be
seen, in MAST-U, the condition rL|∇B|/B≪ 1 is less favor-
able in MAST-U than in MAST. The limits of the guiding
center approximation for spherical tokamaks were explored
in MAST, where it was found that a full gyro-orbit model-
ling of the fast ions using ASCOT [20, 21] resulted in a bet-
ter agreement between predicted and observed neutron camera
measurements [22].

Figure 6 shows a comparison between the fission chamber
and the NCU time traces and the total neutron yield. The neut-
ron rates have been normalized to the total yield: for the NCU,
the sum of the neutron rates for all six channels is used. The
time traces shown on the left panels of figure 6 are represent-
ative of plasma scenarios with on-axis (#45009) or off-axis
(#45083) only NBI-heated discharges. In the case of off-axis
NBI heating, the time evolution of the FC and NCU agree very
well, while for on-axis NBI heating, deviations between the
two are observed. This is due to the fact that most of the plas-
mas with off-axis NBI heating areMHD-quiescent (apart from
low frequency modes with little impact on the fast ion popu-
lation, as described later), while MHD instabilities such, as
TAEs, FBs and NTMs, are present when the on-axis NBI is
used, leading to localized fast ion redistribution which is cap-
tured by the NCU but not by the FC. Also shown in figure 6 is
the scaling between the total yield for the NCU (again summed
over all six channels) and the FC: good linearity is observed,
although the scaling factor is quite different for off-axis NBI-
heated discharges compared to plasma discharges with on-axis
(with or without off-axis) NBI heating. The different scaling
for the off-axis scenarios is due to the NCU’s localized view of
the plasma core, while the maximum of the neutron emissivity
is below the equatorial plane, as shown in the top right panel
of figure 4.

Finally, figure 7 shows the neutron count rate comparison
between two similar plasma scenarios measured with the NC
in MAST and the NCU in MAST-U. The selected MAST

scenario is a high density, MHD-quiescent scenario referred to
as S1 in [19], characterized by a plasma current of approxim-
ately 800 kA, a core electron temperature of 1 keV and a core
electron density of 6× 1019 m−3; themagnetic field on the axis
is ≈− 0.4 T. The measured NC profile shown in figure 7 is
the combination of six similar plasma pulses in which the NC
position was changed to scan the entire plasma region from
inboard to outboard. The selected MAST-U plasma discharge
#45006 is characterized by a plasma current of 750 kA, a core
electron temperature of 1 keV and a similar core electron dens-
ity of 4× 1019 m−3 and has a magnetic field on the axis of
≈− 0.6 T. Plasma discharge #45006 is not as MHD-quiescent
as the S1 scenarios: weak TAEs and a (m,n) = 2/1 NTM are
present in the early phase of the plasma discharge (for t< 0.3 s
and t< 0.38 s respectively), during which the neutron rate is
still growing, thus suggesting that the fast ion redistribution,
if present, does not too strongly affect the fast ion popula-
tion. Only on-axis NBI auxiliary heating was used in both
cases, with an injection power and energy of 1.5MW/60 keV
and 1.3MW/65 keV for #29904 and #45006, respectively,
but with the main differences being that the full- and half-
energy fractions in MAST were 78/16 rather than 44/44. The
velocity averaged cross section < σv> in the central plasma
region of the two scenarios for the full-energy fast ions is sim-
ilar (1.8× 10−24 m3 s−1 and 2.1× 10−24 m3 s−1 respectively),
resulting in similar beam-thermal reaction rates. When cor-
rection factors for the different collimation geometry of the
NC and NCU and energy fractions in MAST and MAST-U
are taken into account, the two profiles are comparable, with
the exception at the outboard side (p> 0.9m): the lower mag-
netic field and elongation in #29904 result in broader fast dens-
ity profiles on the outboard side due to the large fraction of
trapped particles in this region. This relatively good agree-
ment supports the indirect evidence discussed earlier for the
full- and half-energy fractions of the on-axis NBI system to be
closer to 44/44 than to 78/16.

4. Observations of fast ion redistribution and
losses

In this section, the preliminary results of the fast ion dynamics
in the presence of different MHD instabilities observed during
the first MAST-U experimental campaign are reported, show-
casing the improved capabilities of the NCU.

4.1. ST

The impact of ST on fast ions on spherical tokamaks has
been the subject of extensive studies [23–27] where the inter-
ested reader can find detailed discussions regarding the dif-
ferent behaviors of passing and trapped fast ions and the
TRANSP/NUBEAM simulation of the associated loss of fast
ions using the Kadomtsev and Porcelli models. More recently,
a reduced model for the transport of fast ions by ST has been
specifically developed [28] which enabled a more nuanced
interpretation of the experimental observations on National
Spherical Torus Experiment (NSTX). The initial results are

6
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Figure 6. Left panel: normalized neutron rate measured by the fission chamber (red) and by the NCU (red) for plasma discharges with an
on-axis only (#45009, top panel) and an off-axis only (#45083, bottom panel). Right panel: NCU total neutron yield versus the FC yield for
plasma discharges with only off-axis NBI heating (red circle) and with on-axis (with or without off-axis) NBI heating (blue circles): each
point represents a plasma discharge.

Figure 7. Comparison between neutron count rate profiles observed
(solid circles) and predicted by TRANSP/NUBEAM (solid lines)
for two similar plasma scenarios in MAST with the NC (scenario
S1, in red) and in MAST-U with the NCU (#45006, in blue).

encouraging but further validationin particular, on other STs,
such as MAST-U, is required. This, however, is left to future
work: here, instead, the focus is limited to the first experi-
mental observation of ST in MAST-U. Figure 8 shows the typ-
ical signature of ST in the core electron temperature, density,
and neutron rates, and the corresponding profiles for plasma
discharge #45031, an L-mode plasma in a double null con-
figuration with a conventional divertor and with a flat-top
plasma current of 450 kA and additional auxiliary heating of
1.5MW provided by the on-axis NBI. The drop in the fast ion
population at each sawtooth crash, inferred from the neutron

measurements, is between 40% and 50% across the entire pro-
file, in agreement with previous observations in MAST [23].
This is confirmed by FILD observations with the slow camera
shown in the 5th panel on the left of figure 8 as magenta solid
circles, which indicates an increase in the losses during the ST
period. A noteworthy difference is the high field side peak-
ing of the neutron count rate profile after the sawtooth crash,
which was not observed in MAST: a possible explanation for
this is that the scenario presented here is quite different from
the one studied in MAST in terms of plasma current, density
and NBI power.

In addition to the more traditional ST, an instability resem-
bling the sawtooth but affecting only the thermal and fast ions
in the core has been observed in MAST-U. An example is
shown in figure 9: plasma discharge #45212 has a flat-top Ip
of 750 kA, a total input NBI power of 3MW (on-axis and off-
axis) in which q(0)< 1 for t> 0.3 s (first panel of the top left
figure). The line integrated electron density, the core electron
and C5+ temperatures are shown in the second panel (note that
the C5+ temperature measurements are available only when
the on-axis NBI is applied). A closer look at the time trace of
the neutron rate shown in the third panel of the top left figure
is shown in the bottom left figure, together with the core tem-
perature of the impurity ion C5+ at r= 0.98m and the spectro-
gram of the OMAHA. Sudden bursts of MHD activity are seen
at regular intervals with a frequency range extending from 5–
100 kHz, a signature normally associated with ST. The bursts
occur on a timescale of approximately 1ms and the root-mean
square value of the perturbation is a factor 10 smaller than for
ordinary ST in MAST-U. In correspondence with these bursts,
drops of about 5% in the neutron rates and of about 15% in the
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Figure 8. Sawteething plasma discharge #45031. Left figure, from top-to-bottom: line integrated density, core electron temperature, edge
Dα signal, FC neutron rate, NCU neutron count rate for p= 0.9m together with the FILD slow camera count rate (magenta solid circles)
and NCU neutron count rate profile. Right figure: profile before and after two sawtooth crashes as observed by the NCU (top panel) and
Thomson scattering (electron temperature and density, middle and bottom panels).

C5+ core temperature are observed compared to the pre-burst
values. The radial profiles of the electron temperature and
density, the C5+ temperature and the NCU neutron count rate
before and after the MHD burst at t= 0.407 s are shown in the
right panels of figure 9. The electron temperature and dens-
ity profiles, measured at tpre = 0.4049 s and tpost = 0.4097 s,
are unaffected by this MHD burst or, if affected, the resulting
change is smaller than the fluctuations in the data in the core
region of the plasma. On the other hand, the C5+ temperature
(tpre = 0.405 s and tpost = 0.410 s) and the fast ion population
(tpre = 0.405 s and tpost = 0.408 s) in the core of the plasma are
reduced by about 20% and 25%, respectively, (and about 10%
across the entire profile). The sudden reduction in the neutron
rate resembles what happens during a sawtooth, apart from
the fact that the losses in this case are limited to the central
region for p ∈ [0.7,0.8]m instead of affecting a large part of
the plasma core. No fast ion losses from the edge region have
been observed by the FILD, as shown in figure 9, which is
consistent with the NCU results. The absence of a change in
the electron temperature, however, is puzzling, assuming that
these bursts are micro-ST (ST with no change in the electron
density in STs is not uncommon); unfortunately, no soft x-ray
signals were available for this pulse. In addition, a causal rela-
tion between the reduction in the fast ion population and in the
C5+ temperature is unclear since the latter does not occur at
each burst. The bursts occur on a timescale that is much faster
than the fast ion slowing down time (approximately 120ms

in the core) and any reduction in the thermal ion temperature
due to the loss of fast ions should be seen first in the electron
temperature.

4.2. TAEs, FBs and LLMs

Examples of typical fast ion dynamics in MAST-U in the
presence of TAEs, FBs and LLMs are presented in this
section. TAEs are studied in pulse #45238, an L-mode plasma
in a double null configuration with flat-top Ip = 600 kA,
PNBI = 3MW, an average line integrated density < ne >=
1× 1020 m−2 and a core electron temperature of approxim-
ately 1 keV. TAEs are present in the early phase of the dis-
charge (t< 0.26 s) inwhich themagnetic field on-axis is 0.54 T
and the safety profile on-axis is decreasing from q(0) = 3 to
q(0) = 1.3. Under these conditions, the fast ions deposited
by both NBIs are super-Alfvénic with vfi ≈ 2.5× 106 ms−1,
whereas the Alfvén velocity is vA < vfi everywhere in the
plasma with vA ≈ 1.5× 106 ms−1 in the core. As a result,
Alfvén waves can be excited via the resonance vfi,|| = vA. A
second pulse, #45083, in the same plasma scenario but with
only off-axis heating, is used for comparison: in this case, the
off-axis NBI has a higher injection energy of 72.5 keV and it
is applied later into the pulse compared to #45238. The global
traces for these two pulses are shown in figure 10. Two striking
features characterize these plasma discharges. The first one is
that with off-axis heating, the neutron rate from the off-axis
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Figure 9. Plasma discharge (#45212). Top left panel, from top-to-bottom: plasma current and on-axis safety factor, line integrated electron
density and core electron and C5+ temperatures, total NBI input power and FC neutron rate. Bottom left panel: zoomed in time window of
the FC neutron rate with the core temperature of the impurity ion C5+ at r= 0.98m, OMAHA pick-up coil spectrogram and FILD count
rate. Right panels, radial profiles before and after the micro-sawtooth crash at t= 0.407 s for the electron temperature and density, the C5+

temperature and the NCU neutron count rate profile.

NBI-heated plasmas is approximately 1/10th of the neutron
rate from the on-axis one (the thermal neutron rate is negli-
gible in MAST-U). This has been confirmed independently by
both the FC and the NCU, as shown in figure 6. Secondly, the
MHD activity is completely different with pulse #45083 being
MHD-quiescent, while #45238 is characterized by small amp-
litude TAEs followed by larger, bursting-like TAEs. A closer
look at this bursting phase is presented in figure 11, showing
TAEs chirping from an initial frequency of about 85 kHz down
to 65 kHz, which is compatible with the expected central fre-
quency of the toroidicity-induced gap in the shear Alfvén con-
tinuum of 80 kHz at the radial location, equal to half the minor
radius, where TAE’s eigenfunctions usually have the largest
amplitude. During each burst, the fast ions are slightly redis-
tributed from the outboard to the inboard side, as shown by
the NCU neutron rate profiles in the right panel of figure 11,
but no bursting loss of fast ions is observed (the term ‘slightly’
is used here to mean that the measured profiles are within the

experimental uncertainty). The lack of loss of fast ions is also
confirmed by FILD measurements. This is further confirmed
by the lack of spikes in the edge Dα photon recombination
emission, as shown in the left bottom panel of figure 11. These
observations suggest that the radial gradient of the fast ion
distribution is not sufficiently large to cause bursting fast ion
losses, although a low level, continuous loss of fast ions cannot
be excluded during the entire time interval in which the TAEs
are observed (approximately between 0.15 s and 0.26 s). It is
also worth noting that in this pulse, the line integrated density
is low (≈1× 1020 m−2) and comparable to plasma scenarios
in MAST, which, instead, were characterized by strong chirp-
ing TAEs [17]. A possible explanation for this behavior might
be the smaller spatial gradients in the fast ion distribution res-
ulting from the combination of on-axis and off-axis heating,
as well as from the smaller off-axis fast ion population for the
same NBI input power, making discharge #45238 more sim-
ilar to single-NBI plasma discharges in MAST [7] where both
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Figure 10. Comparison between two similar plasma discharges with only off-axis (#45038, red) and with both on-axis and off-axis NBI
heating (#45238, blue). From top-to-bottom: plasma current, line integrated electron density, total NBI input power, FC neutron rate and
magnetic perturbation.

NBIs were depositing fast ions in the plasma core: bursting
TAEs were often accompanied by spikes in the Dα emission
when both NBIs were used [29] but rarely when only one was
used.

Figure 12 shows the global plasma parameters for pulse
#45163 in which FBs and LLM are both present. This is an
L-mode plasma with a flat-top plasma current of 450 kA in a
double null conventional divertor configuration with low dens-
ity and on-axis NBI heating with only 1.4MW input power.
In the early phase of the plasma discharge, when the on-axis
safety factor decreases from an initial value of q(0)≈ 3, small
amplitude TAEs can be observed. At around t= 0.3 s in the
discharge, q(0)≈ 1.1 and a large amplitude FB occurs with
a frequency chirping down from 40 to 10 kHz in the labor-
atory frame of reference. A large drop in the neutron rate
is observed simultaneously on the FC and NCU. Following
this, the fast ion population increases again in the core, giv-
ing rise to two more, small amplitude FBs until q(0)≈ 1.0 at
t= 0.35 s, at which point an LLM appears, lasting for most
of the NBI heating phase (no ST occurs in this phase). This

behavior is confirmed by the spectrogram of the FILD signal
shown at the bottom of figure 12, where both FBs and LLM
can be observed, together with the simultaneous increase in the
intensity of fast ion losses (continuous black line). Figure 13
shows in detail the evolution of the neutron rate profile dur-
ing the FB on a 1ms timescale. As the amplitude of the FB
grows, the neutron profile begins to drop and flatten in the core,
before developing a hollow-profile, indicating a large loss of
fast ions. In the late phase of the FB, the fast ion population
begins to recover and the neutron rate profile becomes core-
peaked again, although at a lower level. The overall change
in the fast ion density due to the FB is approximately −20%
with a reduction as large as−35% in the core region (at around
p= 0.9m), as shown in the profile labeled (d) in the bottom
panel of figure 13. The drop in the neutron rate during the FBs
is entirely due to the loss of fast ions since the electron and
temperature profiles are unchanged during the MHD perturb-
ation burst. The FB impact on fast ions observed in MAST-
U is quite similar to the one in MAST [29, 30]. During the
LLM phase, the fast ion population drives the growth of the
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Figure 11. On the left, a closer look at the TAEs for pulse #45238: zoomed in view of the magnetic perturbation shown in figure 10, its
spectrogram and the edge Dα photon recombination emission. On the right: neutron emissivity profiles for four TAEs (labeled (a)–(d))
before (blue), during (red) and after the chirping of the mode in the time intervals indicated in the corresponding color on the top panel on
the left (shown for (a) and (d) only for clarity).

LLM until a maximum amplitude is reached, after which a
decrease is observed in both the OMAHA and NCU rate pro-
files, as shown in figure 14. The overall reduction in the fast ion
population inferred from the NCU measurements is approx-
imately 15% of the pre-LLM phase across the entire plasma
region. As the LLM decreases in amplitude, the neutron rate
starts to recover to pre-maximum-LLM values, although it
peaks more on the inboard side (p= 1.0m). The reduction in
the fast ion pressure gradient during the LLM is confirmed
by a reduction in the core electron temperature and density
from 2.8× 1019 m−3 to 1.9× 1019 m−3 and from 1.1 keV to
0.8 keV, respectively, resulting from the flattening of the pro-
files in a region 60 cmwide centered around the magnetic axis.
As observed in [29], the reduction in the electron temperature
and density profiles in itself is not sufficient to reduce the sim-
ulated neutron rate to the observed values, indicating that it
is indeed related to the loss of fast ions. The reduction of the
fast ion population observed in the LLM phase of this pulse
is much smaller than those reported in MAST [29]. The most
likely explanation is that in MAST-U, and in this plasma dis-
charge in particular, the driving mechanism for TAEs, FBs and
LLMs is weaker than in MAST due to the fact that these are
driven by the on-axis NBI only, that is, by a much smaller
fast ion population in the core to start with. In addition, the
non-optimal performance of the on-axis NBI resulted in a full-
energy fraction of the injected fast ions to be approximately
half of the corresponding one in MAST plasmas with one NBI
heating only.

An estimate of the radial gradient of the fast ion distribu-
tion ∂ffi/∂r for these discharges has been carried out using
TRANSP/NUBEAM, assuming no fast ion anomalous dif-
fusion. As in [17], the radial gradient of the fast ion distri-
bution has been calculated at the probable location of the
modes (at the normalized poloidal flux coordinate ψn ≈ 0.4

corresponding to the radial coordinate r= 1.2m) at t= 0.25 s
into the discharge. The results, shown in table 1, are compared
to those calculated in [17] for low density pulses #29921 (two
NBIs) and #29222 (one NBI), categorized as having ∂ffi/∂r
greater than the threshold for no fast ion redistribution, and
for high density pulses #29245 (2 NBIs) and #29195 (1 NBI)
for which ∂ffi/∂r is below that threshold. Pulses #29222 and
#45238 have comparable electron densities and ∂ffi/∂r as well
as similar MHD activity, despite #45238 being a two-NBI dis-
charge. For comparison, pulse #29921 was characterized by a
much stronger MHD activity and larger ∂ffi/∂r. Plasma dis-
charge #45163, characterized by FBs, has a very low density
and quite a large ∂ffi/∂r comparable to that of pulse #29976,
which is a two-NBI discharge but with a much higher electron
density. A preliminary interpretation of these observations is
that (a) the off-axis NBI itself does not drive TAEs or ener-
getic particle modes; (b) the combination of on- and off-axis
NBIs indeed reduces the drive for fast ion MHD instabilities;
and (c) the low densities in #45163 and #45238 compensate
for the smaller fast ion population, providing just enough free
energy to drive these instabilities. These results are consistent
with the overall picture of fast ion distribution being driven
by the combined effect of low plasma density and high NBI
input power thanks to the synergetic effects discussed in detail
in [17].

4.3. NCTMs

Figure 15 shows the time evolution of the global paramet-
ers for pulse #45006, an L-mode plasma with a flat top
plasma current of 750 kA in a double null conventional diver-
tor configuration and with an on-axis heating of 1.5MW.
The line integrated electron density increases throughout
the plasma discharge, reaching a maximum value of ≈3×
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Figure 12. Global plasma parameters for plasma discharge #45163 characterized by FBs and LLM. From top-to-bottom: plasma current
and line integrated electron density, NBI heating power, normalized neutron count rate measured by FC and NCU (sum over all channels),
magnetic perturbation measured by an OMAHA coil. The gray region is expanded in the bottom figure showing details of the FBs and LLM
together with the corresponding spectrogram and the FILD fast camera spectrogram with the fast ion loss intensity as a black line.

1020 m−2, while the on-axis safety factor is always q(0)> 1
reaching q(0) = m/n= 2/1 at about t= 0.26 s and approach-
ing q(0) = m/n= 3/2 at about t= 0.4 s. The TAEs activ-
ity in this pulse is quite weak and limited to t< 0.25 s: in
addition, short bursts of low frequency infernal modes are
observed at around t= 0.24 s. The spectrogram of an OMAHA
pick-up coil clearly show a perturbation appearing at around
t= 1.9 s with an approximately constant frequency of 5 kHz,
which, at the transition time t= 0.37 s, suddenly jumps to a
frequency of ≈7.5 kHz which then decays slowly to its ori-
ginal value. The rotation frequency of the C5+ impurity for
r= 0.98m (plasma core) is also shown in the spectrogram: a
strong reduction in the rotation frequency is observed as q(0)

approaches (m,n) = 3/2 for then matching the perturbation
frequency. Around the transition time, the core electron tem-
perature does not change but its radial profile becomes flat-
ter, suggesting the formation of a magnetic island in the core
with a width of approximately 30 cm, as shown in figure 16.
Later in the discharge, the core temperature is reduced to
about 0.8 keV but the flattened profile is retained. Similarly,
the core electron density does not change after the transition
time and its radial profile flattens at the core value across a
large part of the plasma volume. Later in the discharge, con-
trary to the electron temperature, the density increases and its
profile becomes centrally peaked and quite broad. Due to the
limited number of Mirnov coils that were available in the first
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Figure 13. Time evolution of the magnetic perturbation during the FB at t= 0.32 for pulse #45163 (top panel) and of the neutron count rate
profile (bottom panel) time integrated in the time intervals (a)–(f).

Figure 14. Time evolution of the magnetic perturbation during the LLM for pulse #45163 (top panel) and of the neutron count rate profile
(bottom panel) measured at the times indicated by the colored areas.
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Table 1. Radial gradients of the fast ion distribution for MAST and MAST-U pulses at t= 0.25 s and radial location r= 1.2m.

Pulse
#

∂ffi/∂r
(a.u.)

< ne >
(×1020)m−2 NBI configuration MHD instability

29195 −1.6 2.10 on-axis None
29245 −3.5 2.20 on-axis × 2 Weak FBs
29921 −9.0 1.12 on-axis × 2 Strong TAEs, FBs activity
29922 −3.4 1.05 on-axis Weak TAEs, FBs activity
29976 −6.7 1.53 on-axis × 2 Medium TAEs, FBs, LLM
45163 −4.7 0.68 on-axis Weak TAEs, medium FBs, LLM
45238 −2.5 0.95 on-axis + off-axis Medium TAEs

Figure 15. Global plasma parameters for plasma discharge #45006 characterized by NTMs. From top-to-bottom: plasma current and line
integrated electron density, NBI heating power and count rate measured by the FC, on-axis safety factor and βth, spectrogram of OMAHA
pick-up coils together with the C+5 impurity rotation frequency on-axis and the NCU count rate profile.

MAST-U experimental campaign, themode number of the per-
turbation could not be determined. However, on the basis of
the on-axis safety factor estimated by EFIT++, it is sugges-
ted that the observed perturbations are NTMs with mode num-
bers (m,n) = 2/1 and (m,n) = 3/2, respectively. The appear-
ance of the NTMs is compatible with the evolution of q(0),
especially when allowing for the unavoidable uncertainties in
the equilibrium reconstruction. The normalized thermal pol-
oidal βth (the ratio of thermal energy to the poloidal magnetic
field energy) calculated by EFIT++ and shown in the middle
panel of figure 15, reaches values similar to those observed
in MAST discharges in which NTMs were present [31]. It is

worth noting that the plasma discharge here discussed is quite
different from the previous studies in MAST (L-mode versus
H-mode and q-profile to name just a few). In particular, STwas
identified as the triggering mechanism for NTMs in MAST
[31], while in this case, there is a lack of a clear precursor
which resembles observations reported in NSTX of trigger-
less NTMs [32]. At the transition time, the neutron rate, which
was constantly growing, begins to decrease at a constant rate.
This is clearly visible in the FC and NCU: in particular, in
the latter, the peak of the profile moves inward after the onset
of the (m,n) = 3/2 NTM, as shown in the bottom right panel
of figure 16. TRANSP/NUBEAM simulations reproduce quite
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Figure 16. Top row: electron temperature and density before (cyan) and after (red) the onset of the (m,n) = 3/2 NTM. Bottom left:
TRANSP/NUBEAM simulation of the total neutron rate measured by the FC (black) with (red) and without (blue) fast ion anomalous
diffusion (the simulated rates have been scaled to match the FC rate in the early phase of plasma discharge #45006). Bottom right:
comparison between measured (in black) and predicted NCU profiles with and without (red) and without (blue) fast ion anomalous diffusion
of 3.6m2 s−1 at t= 0.5 s.

well the evolution of the neutron rate measured by the FC
up to the transition time, but fast ion anomalous diffusion is
required to match the experimental neutron rate, as shown
in the bottom left panel of figure 16 (note that the predicted
neutron rate in this figure has been scaled to match the FC
neutron rate for t⩽ 0.37 s). The required fast ion anomalous
diffusion increases from 0.3m2 s−1 to 5.2m2 s−1 in the time
interval 0.36 s–0.6 s. The inclusion of fast ion anomalous dif-
fusion also provides a better agreement with the neutron rate
profile measured by the FC.While βth remains constant during
the (m,n) = 3/2 NTM phase thanks to the increase in dens-
ity compensating the drop in temperature, the reduction in the
neutron rate is a clear indication of a reduction in the fast ion
population in the core.

5. Conclusions

The NCUwas designed to measure the neutron emissivity pro-
file at six radial positions simultaneously with a time resolu-
tion of 1ms and a statistical uncertainty of 10% in MAST-U
scenarios with up to 10MW of NBI input power. As shown
in this study, the design requirements have been met already
in the first MAST-U experimental campaign with only 3MW
of total input power. This has been achieved via an improved
collimation and shielding as well as improved discrimination
between neutrons and γ-rays. In particular, the predicted

fast ion distribution with on-axis and off-axis NBI has been
experimentally verified via TRANSP/NUBEAM simulations
coupled to experimental measurements of the neutron emissiv-
ity profiles provided by the NCU. The good qualitative agree-
ment found, without the need to recur to fast ion anomalous
diffusion, provides an encouraging basis for the develop-
ment of MAST-U operating scenarios at higher plasma cur-
rent, toroidal field and NBI input power with a significant
non-inductive current drive fraction. The quantitative compar-
ison between NCU and FCmeasurements with TRANSP/NU-
BEAM simulations is still under investigation and it is likely
that a combination of factors, such as the lack of effective
charge Zeff measurements and the uncertainty regarding the
energy fractions of the on-axis NBI, might be the major con-
tributors to the observed discrepancies. In order to address
these issues, neutron activation foil measurements have also
been carried out in MAST-U: the results and implications are
the subject of a separate study.

The examples presented in this work of TAEs, FBs, LLMs,
NTMs and ST testify to the rich fast ion physics phenomen-
ology that can be studied in MAST-U. Losses of fast ions
are predominant in the presence of FBs, LLMs, NTMs and
STs, while TAEs result mainly in their redistribution. In
particular, this study reports the first observation of weak
amplitude perturbations reminiscent of ST which suppress
the fast ion population in the core. The nature of this per-
turbation is not clear at this stage. It is worth mentioning
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that in addition to TAEs, compressional Alfvén eigenmodes
(CAEs) and global Alfvén eigenmodes (GAEs) have also been
observed in MAST-U by both OMAHA and FILD diagnostics
with associated fast ion losses [33]. The mechanism respons-
ible for such losses, however, has not been fully identified
yet as CAEs and GAEs occur simultaneously to ST. Further
investigations will be carried out with dedicated experiments
in the next MAST-U experimental campaign.

The impact of the combination of on- and off-axis NBI
heating in reducing the radial gradient of the fast ion distri-
bution, thus suppressing the energy source driving TAEs and
energetic particle modes, has been investigated. The prelim-
inary results indicate that, indeed, ∂ffi/∂r has a lower value
in two NBI-heated plasma discharges, even compared with
MAST plasma discharges with only one NBI source. The fact
that the plasma discharge investigated in MAST-U has an even
lower density than those studied in MAST reinforces the over-
all picture of the beneficial effect of a broader spatial depos-
ition of fast ions.
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