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Abstract
Dedicated experiments were performed on MAST Upgrade to study beam-ion losses caused by
charge exchange (CX) with edge neutrals. The fuelling was switched from the high-field side to
the low-field side mid-discharge. Direct measurements suggest a strong increase in the neutral
density around the plasma and a decrease in the beam-ion density, which is qualitatively
explained by CX losses. Measurements by a resistive bolometer have suggested particle
bombardment during neutral beam injection, providing a unique opportunity to separate CX
from other loss mechanisms. To verify and quantify CX losses, the orbit-following code
ASCOT, which accounts both for CX neutralization and reionization, was used to simulate
beam-particle power loads on the bolometer. Simulations reproduce measured bolometer power
loads during high-field-side fuelling, verifying CX losses of approximately 10% of the off-axis
beam power. Toroidally symmetric simulations overestimate power loads on the bolometer
during low-field-side fuelling, which is explained by toroidal asymmetry in the neutral density
distribution, as is demonstrated by toroidally asymmetric simulations. Results suggest
significantly higher CX losses during low-field-side fuelling, up to about 50% of off-axis beam
power.

6 See Harrison et al (https://doi.org/10.1088/1741-4326/ab121c) for the MAST-U team.
7 See Joffrin et al (https://doi.org/10.1088/1741-4326/ad2be4) for the EUROfusion Tokamak Exploitation team.
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1. Introduction

Fast ions inmagnetically confined fusion plasmas can be trans-
ported and lost due to charge-exchange reactions with back-
ground neutrals, which causes, for example, loss of heating
power [1–14]. In large conventional tokamaks, such as the
future reactor ITER, the process is expected to have limited
impact because of the large size of the plasma. Spherical toka-
maks are particularly susceptible to fast-ion CX because of
their compact geometry.

Experiments and modelling have indicated that significant
losses of fast ions from neutral beam injection (beam ions)
have been caused by CX reactions with edge neutrals in the
Mega Amp Spherical Tokamak (MAST) and its successor
MAST Upgrade (MAST-U) [7, 10, 13, 15]. Moreover, power
balance calculations for MAST-U and the conventional toka-
mak JET have indicated beam-energy deficits that could be
partially explained by CX losses [16, 17]. The observations
of beam-ion CX losses in the 1st experimental campaign of
MAST-U (MU01) motivated dedicated experiments in the 2nd
and 3rd experimental campaigns of the device (MU02 and
MU03) [18]. In these experiments, the fuelling was switched
from the high-field side (HFS) to the low-field side (LFS),
which was expected to increase the density of neutrals in the
scrape-off layer (SOL) and plasma edge on the LFS. Previous
work onMAST-U has shown that, since beam ions in the com-
pact geometry orbit close to the LFS separatrix and have large
gyroradii that reach far into the LFS SOL,most of the CX neut-
ralizations that cause losses occur in the LFS SOL [10, 13].
Moreover, because the double-null shape of a typicalMAST-U
plasma separates the HFS and LFS SOLs completely, the dif-
ference between HFS and LFS fuelling may be pronounced.
Goals of the present work included verifying that significant
CX losses of beam ions occur inMAST-U in its current config-
uration, identifying plasma scenarios where CX losses should
be expected, and quantifying CX losses of beam power, while
accounting for reionization.

A range of fast-ion diagnostics was employed to measure
the effects of the fuelling switch: a fast-ion deuterium-alpha
(FIDA) [19, 20] system, a solid-state neutral-particle analyzer
(SSNPA) [21] as well as a fission chamber [22] and a neut-
ron camera [23], both of which measure neutron emission. To
complement the direct measurements, interpretive modelling
was performed using the transport code TRANSP [24, 25].
The direct measurements suggest a decrease in the beam-ion
density that is qualitatively consistent with CX losses, but it
is difficult to ascertain the true underlying mechanisms and
quantify them. Measurements from a resistive bolometer have
suggested particle bombardment caused by CX losses of beam
ions [15], providing a unique opportunity to separate CX from
other loss mechanisms. To verify and quantify CX losses, the
fast-ion orbit-following code ASCOT (5th version) [26–28]

was used to perform modelling tailored for comparison to the
bolometer. The ASCOT CX model includes both the neutral-
ization of a fast ion through CX with a background neutral,
and the possible reionization of the resulting fast CX neutral,
whose ballistic trajectory is followed [10, 13].

The rest of this article is organized as follows. Direct
measurements and TRANSP modelling, with a focus on the
fuelling switch, are presented in section 2. The quantitat-
ive investigation of CX losses through comparison of meas-
ured and ASCOT-simulated bolometer power loads is repor-
ted in section 3, with considerations of toroidal asymmetry in
sections 3.2 and 3.5. Results are summarized and their implic-
ations discussed in section 4.

2. Switching from HFS to LFS fuelling

2.1. Direct measurements

In experiments dedicated to studying beam-ion CX, three
double-null L-mode (low-confinement mode) plasma dis-
charges (46 735, 49 447 and 49 452) were performed where
the plasma fuelling (gas of deuteriummolecules) was switched
from HFS to LFS valves mid-discharge. This was intended to
introduce additional background neutrals into the LFS SOL
and plasma edge, thus increasing CX losses. To get a strong
effect, particularly strong LFS fuelling was used, a flow rate
of about 4.6 · 1021 molecules s−1 (error margins of ±10% are
assumed for flow rates). The average flow rate used in LFS
fuelling at 0.3 s in LFS-fuelled discharges in MU01–MU03
was 2.1 · 1021 molecules s−1. Figure 1 gives an overview of the
three discharges analyzed in this article, showing plasma cur-
rent, line-integrated electron density, core electron temperat-
ure and neutral-beam power. Only the ‘off-axis’ beam, which
injects horizontally 65 cm above the geometricmidplane (ρp ≈
0.8, see figure 6), was used during times of primary interest,
because particles from the off-axis beam are ionized closer to
the edge and, therefore, are more susceptible to CX. In dis-
charge 46735, the ‘on-axis’ beam, which injects horizontally
in the geometricmidplane, was turned on 100ms after the fuel-
ling switch, which led to a violent disruption at 300ms after
the fuelling switch.

Another reason not to use the on-axis beam was to
avoid inducing magnetohydrodynamic (MHD) instabilities
that would make it more difficult to study the effects of CX
on beam ions. Figure 2 shows a spectrogram based on meas-
urements by Mirnov coils [29] of discharge 49 452, which is
representative of all three discharges. Comparing to spectro-
grams of discharges where the on-axis beam was used, where
fast-ion instabilities typically cause structures to appear at fre-
quencies of around 80 kHz, figure 2 shows no evidence of fast-
ion instabilities. The structures that appear after 0.3 s at around
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Figure 1. Plasma current (Ip) (a), line-integrated electron density
nedl (b), core electron temperature (Te) (c) and neutral-beam power
(P) (d) in discharges 46 735, 49 447 and 49 452. Fuelling switch
times for the different discharges are indicated by colour-coding of
x-axis tick labels and gridlines.

Figure 2. Spectrogram based on measurements by Mirnov coils of
discharge 49 452 (t = time, f = frequency).

10 kHz look like pure MHD instabilities, most likely neoclas-
sical tearing modes, which are expected to affect fast ions only
weakly or not at all.

In discharge 46 735, the fuelling switch was programmed to
occur at the time 0.30 s, as indicated in figure 1, and the LFS
fuelling was kept on until the discharge disrupted at 0.60 s. A
single midplane LFS fuelling valve was used, the valve in the
toroidal sector 9. This valve and other relevant components are
indicated in a top–down illustration of MAST-U in figure 3 to
aid in describing the experiments and discussing the results. In

Figure 3. Top–down illustration of MAST-U, showing the beam
lines and the approximate toroidal locations of the following
relevant components: the two LFS fuelling valves (LFSV), the
D-alpha diagnostic (Dα), the fast ion gauge (FIG), the two FIDA
views, the Thomson scattering laser (TS-L) and collection system
(TS-C), the high-speed-video camera (HSV), and the counter-beam
bolometer (bolo). The number designations (1–12) for the toroidal
sectors are indicated. Black arrows indicate the approximate
orientations of the sightlines of some of the components. A blue
arrow indicates the direction of the plasma current (Ip). Adapted
from [21], with the permission of AIP Publishing.

discharges 49 447 and 49 452, the same total LFS fuelling rate
(molecules s−1) was used as in discharge 46 735, but it was dis-
tributed across two midplane LFS fuelling valves, the valves
in sectors 9 and 11. The switch was programmed to occur at
0.50 s in discharge 49 447 and at 0.40 s in discharge 49 452. In
these two discharges, the LFS fuelling was turned off 200ms
after being turned on, and theHFS fuellingwas not turned back
on. During the HFS-fuelling phases of all three discharges, a
single midplane HFS fuelling valve was used, the valve in sec-
tor 2. To help the reader keep track of the analyzed discharges,
above-mentioned similarities and differences in their fuelling
are summarized in table 1. Turbomolecular pumps were used
for gas exhaust. More details about the MAST-U gas system
have been reported in a previous article [30].

Upon switching the fuelling side, immediate effects were
observed consistently across the three discharges, as shown
in figure 4, where the time axis has been normalized to the
programmed fuelling switch time. More precise timings were
inferred from a midplane D-alpha diagnostic whose sightline
overlaps with the fuelling from the LFS valve in sector 9,
which was used in all three discharges. As the fuelling gas
interacts with the plasma edge, there is a huge increase in the
D-alpha signal, as shown in figure 4(a). In each discharge,
the LFS fuelling gas first reached the plasma 5ms after the
programmed fuelling switch time. A strong increase in the
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Table 1. Details about the fuelling in the three discharges: the
toroidal sectors (out of 12) in which the used HFS and LFS fuelling
valves are located as well as the programmed fuelling switch times.

discharge
sector of
HFS valve

sectors of
LFS valves

switch
time (s)

46 735 2 9 0.30
49 447 2 9, 11 0.50
49 452 2 9, 11 0.40

neutral pressure, starting approximately 10ms after the switch
time in discharge 49 452 and closer to 15ms after the switch
time in discharge 46 735, was measured by a fast ion gauge
(FIG) [31] at the vacuum vessel wall, as shown in figure 4(b).
Since the FIG is located at the end of a specialized tube,
it reacts to pressure changes with a delay of a few milli-
seconds. Further delays may be explained by the time it takes
for the fuelling gas to flow to the location of the FIG and cre-
ate an increased pressure there. Assuming room temperature
(0.025 eV), a deuterium molecule moves about 1000m s−1,
thus traversing 1m on a timescale of the order of 1ms. In par-
ticular, the additional delay of a few milliseconds in discharge
46 735 may be because it is fuelled only from the valve in sec-
tor 9, which is about 3m from the FIG in sector 12, while
discharge 49 452 is also fuelled from the valve in sector 11,
which is about 1m from the FIG. These timings are approxim-
ative, since neither the delay in the FIG reaction nor the speed
and dynamics of the fuelling molecules are known exactly. In
addition to this transient asymmetry, the stronger increase in
pressure in discharge 49 452, which is also explained by the
differing distances from the valves to the FIG, is the first evid-
ence of steady-state toroidal asymmetry in the neutral density
distribution, which will be discussed in detail in section 3.2.
An increase in the neutral pressure at the vessel wall is expec-
ted to translate to an increase in the neutral density in the SOL
and plasma edge.

Four independent fast-ion diagnostics all measured
decreases in signal when the fuelling side was switched, as
shown in figure 4, panels (c)–(f), the exception being the FIDA
system that views the plasma from sector 12. Since only the
off-axis beam was used during the fuelling switch, both of
the two FIDA views in MAST-U only saw a passive signal.
The view from sector 12 overlaps with both of the midplane
LFS fuelling valves that were used, as shown in figure 3.
Like the standard D-alpha diagnostic (figure 4(a)), this FIDA
view measured an immediate, huge increase in signal start-
ing 5ms after the programmed fuelling switch, as shown in
figure 4(c). The corresponding channel in the FIDA view from
sector 7, which is roughly on the opposite side of the plasma,
shows an immediate, strong decrease in signal followed by
a partial recovery over some tens of milliseconds. This is
explained by how a FIDA signal is determined by both the
fast-ion and neutral densities as well as by how the different
processes involved occur on different timescales. The imme-
diate decrease suggests an immediate and substantial decrease
in beam-ion density near the plasma edge, i.e. an increase in
beam-ion losses. The slower recovery is explained—similarly

Figure 4. Time traces for the three discharges for the following
quantities: midplane D-alpha (a.u.) (a), neutral pressure (mPa) at the
vacuum vessel wall (b), FIDA (a.u.) (660.8 nm; channel 11 out of
11, which has the largest tangency radius, 1.43 (m) from views in
sectors 7 (solid) and 12 (dashed) (c), SSNPA (a.u.) (channel 3 out of
16) (d), neutron rate (a.u.) from fission chamber (e), neutron rate
(a.u.) from neutron camera (average of all channels) (f), core
electron temperature (eV) (g) and plasma rotation as toroidal flow
velocity (km s−1) at major radius 1.32m (h). Time abscissae are
normalized to programmed fuelling switch time. No neutral-
pressure data are plotted for discharge 49 447 because FIG was not
operating.

to the timings in the FIG pressure measurements—by the time
it takes for the fuelling gas to move around the vacuum vessel
and cause an increase in the neutral density in the SOL region
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seen by the FIDA view from sector 7. With regard to the pro-
duction of FIDA light, when the neutral density does increase
there, it partially compensates for the decrease in the beam-
ion density. In addition to FIDA, signals measured by the
SSNPA (figure 4(d)) as well as neutron emission rates meas-
ured by both the fission chamber (figure 4(e)) and neutron
camera (figure 4(f)) decreased by about a factor of two within
a few tens of milliseconds. Because the on-axis beam was not
on during the fuelling switches, the SSNPA measured only
passive fast-neutral fluxes from the interaction between beam
ions and edge neutrals, as well as x-rays that the diagnostic
unavoidably detects. The representative SSNPA channel 3 out
of 16 (detects particles from a major radius = 1.38m with
a pitch v∥/v≈-0.33, where v∥ is the velocity parallel to the
magnetic field and v is the total speed) was chosen from the
array that is filtered by a tungsten foil with a thickness of
100 nm (detects particles with energies ≳15 keV). All of the
decreases in fast-ion diagnostic signals suggest a substantial
decrease in beam-ion density, which implies a substantial
increase in beam-ion losses caused by the fuelling switch.

The central electron temperature, as measured by the core
Thomson scattering system [32], decreased notably in dis-
charge 46 735, as shown in figure 4(g). A decrease in tem-
perature shortens the slowing-down time of fast ions, which
decreases their density. Therefore, a temperature decrease
may be expected to decrease emissions of FIDA light, neut-
ral particles and neutrons, which can complicate the isolation
of the impact of a certain loss mechanism. However, the tem-
perature decrease is delayed by 20–30ms, which is approxim-
ately the beam-ion slowing-down time. Hence, the temperat-
ure decrease is preceded by and cannot explain the immediate,
strong decreases in the fast-ion diagnostic signals starting at
0.305 s. In fact, the decrease in temperature could be a result
of beam-ion losses caused by the fuelling switch. Moreover,
discharges 49 447 and 49 452 did not exhibit similar decreases
in temperature following the fuelling switch; rather they exhib-
ited slower temperature decreases spanning the full time range
of interest. Nevertheless, the temperature decreases may have
contributed to the total decreases in the fast-ion diagnostic sig-
nals, complicating the investigation of the impact of CX.

The plasma rotation was strongly slowed by the fuelling
switch in all three discharges, as shown in figure 4(h). The
toroidal flow velocity was calculated based on measurements
by the UCLA Doppler back-scattering system [33] using the
equation [34]

Vt =
ωd

kp

B
Bp
, (1)

where ωd is the Doppler shift, kp is the poloidally directed
scattered wave vector at cutoff, B is the total magnetic field
strength and Bp the poloidal field strength at the point of scat-
tering. Equation (1) implicitly assumes that the Doppler shift is
dominated by E×B rotation (from the radial electric field E)
and that the turbulence velocity in the plasma rest frame is neg-
ligible. It also neglects poloidal rotation considerations, which
should be small or at least subdominant [35]. The slowing of

the rotation suggests an increase in beam-ion losses, because
such losses would reduce the torque from the beam as well
as give rise to a radial return current jr, which causes a jr ×B
torque opposite to the rotation [36]. Another factor that may be
slowing the rotation is drag caused by the interaction between
the LFS fuelling gas and the LFS plasma edge. The slowing
of the rotation could have further effects on the plasma. The
decreased shear is expected to decrease energy confinement,
resulting in temperature decrease and, by extension, decrease
in the beam-ion density, which would be measured as a reduc-
tion in neutron emission. These compounding effects further
complicate the investigation of the impact of CX.

The beam-ion CX process qualitatively explains the
increase in beam-ion losses suggested by the measurements
immediately after the fuelling switch. The beam energy was
approximately 70 keV. The SOL and plasma edge typically
feature neutral temperatures of the order of 1–100 eV and neut-
ral densities of the order of 1015–1017 m−3 [37–43]. Under
such conditions, the CX mean free time is of the order of
100µs–10ms. Firstly, beam ions orbit the tokamak toroid-
ally on timescales of 1–10µs. Therefore, even those confined
beam ions that make excursions into the SOL typically com-
plete multiple toroidal orbits before undergoing CX. Secondly,
the slowing-down time of the beam ions was estimated using
ASCOT and TRANSP to be 20–40ms. This is a character-
istic timescale on which the fast-ion diagnostics are expec-
ted to react to changes in plasma parameters, such as density
and temperature, due to their effects on the beam-ion dens-
ity. Therefore, a toroidally localized influx of neutrals on the
LFS, like those in discharges 46 735, 49 447 and 49 452, can
result in CX losses on timescales much faster than many other
processes, such as the slowing down of beam ions or the move-
ment of fuelling gas around the vacuum vessel. These times-
cales explain, for example, the initial, immediate decrease in
the FIDA signal, followed by a slower partial recovery. It
should be noted that plasma parameters also affect the beam
attenuation, implying that not only the number of CX losses
but also the number of direct orbit losses of beam ions may
change on timescales faster than the beam-ion slowing-down
time.

While CX between beam ions and edge neutrals is mainly
interpreted as a loss process, the fast CX neutral may also be
launched inwards and reionized deeper inside the plasma. This
inward transport depends on plasma conditions and can have
significant effects, for example on the neutron emission, as has
been reported for MAST-U and other devices [8, 10].

2.2. TRANSP modelling

For an improved understanding of what happened in the
plasmas during the switch from HFS to LFS fuelling,
TRANSP was used to interpretively model the three dis-
charges. TRANSP is suitable for modelling such transient
events since the code is designed for time-dependent simu-
lation. Thomson scattering measurements of electron density
and temperature were used. The ion temperature was assumed
equal to the electron temperature, since the on-axis beam was
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Figure 5. Total neutron emission measured by fission chamber
(solid) and simulated by TRANSP (dashed) for the three discharges.
TRANSP signal has been scaled to measurement based on average
values from the 20ms leading up to the programmed fuelling switch
time (-0.02–0.00 s).

not on during the fuelling switches and consequently there
were no measurements of the ion temperature. When the on-
axis beam was on for the last 200ms of discharge 46 735, the
ion temperature measured using charge-exchange recombina-
tion spectroscopy [44] was lower but within 50% of the elec-
tron temperature. In MU03 discharges with both beams, the
ion temperature tended to be within 50% of the electron tem-
perature. There was no attempt to replicate the impact of the
fuelling switch on LFS SOL neutral density in TRANSP. The
default, fixed SOL neutral density value for TRANSP simula-
tions of MAST-U, 5 · 1017 m−3, was used throughout the dis-
charges. The aim was to test if the direct measurements dis-
cussed in section 2.1 might be reproduced without directly
accounting for the change in neutral density. TRANSP was
run without anomalous fast-ion diffusion.

The total neutron emission estimated by TRANSP fea-
tures similar relative drops as measured by the fission cham-
ber, as shown in figure 5, but it is unclear if the underlying
mechanisms are the same. Since absolute values of neutron
emission simulated by TRANSP and measured by the fission
chamber in MAST-U consistently disagree—the reason for
which is still under investigation—and since this analysis is
mainly concerned with relative changes in neutron emission,
the TRANSP signal has been scaled to the measurement based
on the average values from the 20ms leading up to the pro-
grammed time of the fuelling switch. This does increase the
uncertainty of the comparison, since the level of agreement in
the neutron emission before the fuelling switch is unknown.
Inspecting the figure further, there appear to be fluctuations
and noise in both the measured and simulated signals, so it
is difficult to make detailed comparison. However, at least
in discharges 46 735 and 49 447, while TRANSP reproduces
distinct drops in the neutron emission, the simulated, relat-
ive drops are slightly delayed and not quite as strong as the

Figure 6. Collection of relevant measured ((a), (b)) and simulated
((c), (d)) radial profiles from TRANSP before (solid) and after
(dashed) the fuelling switch for the three discharges. For discharge
46 735, data are shown for times 0.26 s and 0.38 s. For 49 447, 0.46 s
and 0.58 s. For 49 452, 0.36 s and 0.48 s. Abscissa ρp is square root
of normalized poloidal flux (see section 3.3).

measured. This suggests that part of the change in the beam-
ion distribution function is unaccounted for.

Changes in the plasma parameters explain the simulated
drop in neutron emission in the time period following the fuel-
ling switch. As shown in figure 6, the plasma density increases
(figure 6(a)), which moves the beam-ion birth profile radi-
ally outwards (figure 6(c)). In terms of the radial birth rate,
this effect appears minor in discharges 49 447 and 49 452, and
more pronounced only in discharge 46 735. The simulated dir-
ect orbit losses increase from 10%–15% to 15%–20% in the
three discharges. However, this increase in orbit losses is com-
pensated by a decrease in CX losses from about 30% to about
25%. The sum of orbit and CX losses remains approximately
unchanged at 40%–50%. The plasma temperature decreases
(figure 6(b)). As a result, TRANSP calculates that the energy
confinement time decreases by 20%–30% following the fuel-
ling switch. This decrease in confinement time is stronger
than what TRANSP estimates using the IPB98(y,2) scaling
law [45], namely about 10%, suggesting transport that is not
accounted for. The measured plasma profiles and simulated
beam-ion losses change over tens of milliseconds, slower than
the drop in the FIDA measurement from sector 7 (figure 4(c)).
Both the increase in plasma density and decrease in plasma
temperature shorten the beam-ion slowing-down time, which
decreases the beam-ion density. Indeed, TRANSP estimates
that the beam-ion density decreases substantially during the
80ms following the fuelling switch, as shown in figure 6(d).

The TRANSP modelling further highlights the difficulty
in ascertaining what exactly happens in the plasma following
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the fuelling switch. The modelling shows that the changes in
the plasma parameters during the transient stage can cause
significant decrease in the beam-ion density. However, these
changes occur on longer timescales than, for example, the
measured drop in FIDA. It is unclear whether the changes in
the measured plasma profiles are caused directly by the change
in the fuelling or by increased losses of beam heating power,
or a combination of both, or by something else. While further
investigation could be performed using TRANSP by scanning
over different values for the SOL neutral density, we had the
capability to model the SOL neutral density more realistic-
ally. Moreover, bolometer measurements provided a unique
opportunity to verify and quantify CX losses. Therefore, we
employed the ASCOT code, which can use arbitrary inputs in
the SOL and follow particle trajectories all the way to the wall,
to directly model fast CX neutrals escaping the plasma, as is
presented in section 3.

3. Quantifying CX losses using a bolometer

3.1. High bolometer power loads

Although bolometers are designed to detect electromagnetic
radiation, energetic particles other than photons can contribute
to bolometer signals [15]. During beam injection in MAST-U,
the counter-beam channels of an array of resistive bolometers
that view the midplane tangentially measure signals an order
of magnitude higher than the co-beam channels, as has been
reported for experiments of MU01 [15]. The co-beam signals
are on the level expected from the electromagnetic radiation
that the diagnostic is designed to measure.

The high bolometer signals, given that they appear dur-
ing beam injection and only in channels directed counter to
the beam injection, suggest bombardment by beam particles.
Given the distance of the bolometer from the LFS separat-
rix, over 30 cm from the closest point on the aperture, charged
particles cannot be expected to reach the bolometer. Fast CX
neutrals can be expected to reach it. The counter-beam bolo-
meter channels have the number designations 29–32 and tan-
gency radii of 1.30, 1.10, 0.87 and 0.63m, respectively.

In the MU02 and MU03 discharges analyzed in the present
work, high signals were measured by channel 29, the out-
ermost channel of the counter-beam bolometer, as shown in
figure 7. This suggests that channel 29 was subject to substan-
tial bombardment by fast CX neutrals, while channels 30–32,
the rest of the counter-beam bolometer channels, were subject
to only a little bombardment or none at all. The off-axis beam
injected practically for the full durations of the discharges:
0.08–0.58 s in discharge 46 735 and 0.08–0.85 s in discharges
49 447 and 49 452. The measured bolometer signals have been
heavily smoothed in time, so changes in a signal may have
occurred faster in reality than is implied by the graph [15].

Two additional observations were made about the bolo-
meter measurements shown in figure 7. In discharge 46 735,
the on-axis beam was turned on at around 0.4 s, with similar
power as the off-axis beam (figure 1), and the plasma disrup-
ted at around 0.6 s. The increase of about 20% in the bolometer

Figure 7. Measured power load densities on counter-beam
bolometer channels as functions of time for the three discharges, in
which the off-axis beam was on for the whole discharges. Channel
(‘ch’) numbers and tangency radii Rtan (m) are given in the legend.
Programmed time points for the switch from HFS to LFS fuelling
are indicated by black dashed lines. Time points for when the
on-axis beam was turned on and when the plasma disrupted in
discharge 46 735 are indicated by black and purple dotted lines,
respectively. Signals are heavily smoothed in time. The peaks and
troughs in the signals of channels 31 and 32 in discharge 46 735 at
around 0.6 s are ignored, since they are artefacts of the smoothing
algorithm on the radiation spike in the plasma core when it
disrupted.

signal of channel 29 during the on-axis beam injection before
the disruption (figure 7) is approximately consistent with pre-
viously predicted CX losses of fast ions from the on-axis beam.
Previousmodelling of aMAST-U target scenario predicts 30%
as many losses from the on-axis beam as from the off-axis
beam, but the exact ratio is scenario-dependent [10]. CX losses
are higher for the off-axis beam because it deposits ions closer
to the edge on average. While the increase in the bolometer
signal suggests CX losses for the on-axis beam in discharge
46 735, there are other possible explanations, e.g. the slow
neutral-pressure increase that continues after 0.4 s according
to the FIG. The result is uncertain also because the increase
in the bolometer signal is delayed with respect to the on-axis
beam. However, this delay may be explained by a competing
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Figure 8. Measured power load densities on co-beam bolometer
channels as functions of time for the three discharges. (See caption
of figure 7 for details).

process causing signal decrease until around 0.45 s. Turning
to the second additional observation, in discharges 49 447 and
49 452, the LFS fuelling was turned off 200ms after being
turned on, and the HFS fuelling was not turned back on, leav-
ing the plasmas unfuelled for the remainder of their lifetimes.
Yet, the higher bolometer signals, first caused by the switch
to LFS fuelling, are maintained after fuelling is turned off.
This suggests that the higher neutral density in the plasma
region viewed by the counter-beam bolometer is maintained
without continued LFS fuelling, likely due to recycling pro-
cesses. Further investigation of CX losses of fast ions from
the on-axis beam and of a lingering higher neutral density after
fuelling has stopped is left to future work.

An estimate of the electromagnetic radiation emitted from
the plasma is provided by the co-beam bolometer channels,
which measured signals 1–2 orders of magnitude lower than
the counter-beam bolometer channel 29 in the three analyzed
discharges, as shown in figure 8. The lower signals on co-beam
channels are explained by the anisotropic nature of the beam-
ion-CX process. Since co-beam channels are evidently not hit
by fast CX neutrals, they can be assumed to measure only the
electromagnetic radiation emitted from the plasma. Further,
since the plotted co-beam channels have similar tangency radii
as the counter-beam channels and since the electromagnetic
radiation is expected to be isotropic, the power loads measured
by the co-beam channels provide estimates of the contribution
by electromagnetic radiation to the power loads measured by
the counter-beam channels [15]. Since this contribution is 1–2
orders of magnitude lower than the apparent contribution from
fast CX neutrals in channel 29, it can be neglected in the fol-
lowing analysis.

It should be noted that the co-beam channels display signal
increases when the fuelling is switched from the HFS to the
LFS (figure 8). Unlike the signal increases that the fuelling

switch causes in channel 29, which were discussed above, the
co-beam signals decrease again once the fuelling is turned off.
The co-beam bolometer is located in sector 12, and views the
plasma in the counter-clockwise direction when viewing the
tokamak from above. Thus, it overlaps with the LFS fuelling
valves in sectors 9 and 11 (figure 3). It appears that the signal
increases in the co-beam channels are directly tied to the LFS
fuelling. Further investigation of this phenomenon is left to
future work.

3.2. Toroidal asymmetry

It was qualitatively confirmed that the neutral density around
the plasma is toroidally asymmetric during LFS fuelling.
Figure 9 shows D-alpha radiation from the three discharges
before and after the fuelling switch, as recorded by a high-
speed-video (HSV) camera [46], which views the plasma from
sector 8 (figure 3). The asymmetric brightness distributions
after the switch show that LFS fuelling using the valves in
sectors 9 and 11, or only the valve in sector 9, gives rise to
a toroidally asymmetric neutral density around the plasma.

By considering the toroidal positions of the various ele-
ments in the experiments (figure 3) and the toroidal asymmetry
they produce, certain features of the bolometer measurements
shown in figure 7 can be qualitatively explained. In discharge
46 735, where only the LFS fuelling valve in sector 9 was
used, the fuelling switch results in a decrease in the bolometer
signal in channel 29. In discharges 49 447 and 49 452, where
valves in sectors 9 and 11 were used, the switch results in an
increase in the bolometer signal. The counter-beam bolometer
channels, whose aperture is in sector 1, view a region span-
ning sectors 1–5, i.e. approximately the opposite side of the
plasma torus from sector 9. The LFS neutral density probably
increases everywhere around the plasma when switching to
LFS fuelling valves (figure 9), but the beam power remains the
same. Since the beam-ion population can be depleted, the tor-
oidal asymmetry of the neutral density after switching to LFS
fuelling can result in an increase in CX losses in some toroidal
regions and in a decrease in others. A possible explanation for
the bolometer measurements is then as follows. The valve in
sector 11 causes enough of an increase in the neutral density
at the bolometer sightlines compared to elsewhere around the
plasma that the bolometer sees an increase in fast CX neutrals
escaping in discharges 49 447 and 49 452. Conversely, when
fuelling solely from sector 9 in discharge 46 735, the increase
in neutral density at the bolometer sightlines is so low com-
pared to around sector 9 that the beam-ion population is largely
depleted by CX losses near sector 9, resulting in a decrease in
CX losses at the bolometer sightlines. Indeed, as was men-
tioned in section 2.1, the pressure increase measured by the
FIG in sector 12, i.e. between the fuelling valves and bolo-
meter sightlines, is larger in discharge 49 452 than in discharge
46 735 despite equal total fuelling rates (figure 4(b)).

It was observed that the Thomson scattering measurements
indicated significant electron density in the SOL during LFS
fuelling in the three discharges: about 20% of core electron
density extending about 5–10 cm outside the separatrix on the
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Figure 9. D-alpha radiation during HFS fuelling ((a), (c), (e)) and
during LFS fuelling ((b), (d), (f)) in the three discharges, as recorded
by an HSV camera. Sectors 9 and 11, where the LFS fuelling valves
reside, are to the left in these images. Discharge number and time
point (and time point relative to fuelling switch time t0) are given
for each case. Blue squares indicate averaging areas used when
estimating maximum and minimum brightnesses in section 3.5.

outer midplane. The Thomson scattering laser fires from sec-
tor 11 (figure 3). Given the strong fuelling from the nearby
LFS valves in sectors 9 and 11, it is plausible that there is an
ionization front protruding out of the separatrix at themeasure-
ment location. Since the magnetic field lines have an incline of
about 30 degrees at the outer-midplane separatrix, such SOL
plasma is lost to the divertors within about one-fourth of a tor-
oidal revolution, making it a toroidally localized phenomenon.
It is possible that the SOL plasma affects the attenuation of the
off-axis beam, which injects counter-clockwise from sector 8
at 65 cm above the midplane. Since reconstructions of plasma
profiles are only radially resolved and based on the Thomson

scattering measurements in question, the inferred SOL plasma
density was imposed everywhere around the plasma in mod-
elling, which did have a limited influence on the simulation
of the beam attenuation and the reconstruction of the neutral
density in the present work. The indication of a significant and
toroidally localized plasma density in the MAST-U SOL dur-
ing LFS fuelling gives reason to review the reconstruction of
plasma profiles. However, this ambitious task goes beyond the
scope of this study.

3.3. Simulating bolometer power loads using ASCOT

Since charged particles cannot be expected to reach the bolo-
meter, the high power loads measured on the bolometer
provide a unique opportunity to investigate CX losses, isolated
from other loss mechanisms. A scheme was devised to simu-
late the phenomenon using ASCOT to verify the reason for
the high bolometer signals as well as to quantify the suspec-
ted CX losses. ASCOT is a Monte Carlo code that follows the
orbits of a minority population of particles in a detailed recon-
struction of a steady-state plasma in an unlimited, 3D compu-
tational domain, and estimates the full 6D phase-space distri-
bution function of the population. ASCOT is suitable for mod-
elling particles escaping the plasma and hitting a component
in the device wall, since the code can follow particles through
a realistic SOL and all the way to an arbitrarily detailed 3D
representation of the wall.

The target surfaces of the bolometer diagnostic are rectan-
gular foils that are 1.3mm wide and 3.8mm high. These foils
correspond to the channels (figure 7) of the diagnostic. There
are four foils inside an aperture with an opening tangentially
towards the plasma. The geometry and other technical details
of the MAST-U bolometer system have been reported previ-
ously, complete with illustrations [15]. Radiation and particles
emitted from the plasma must travel through the opening in
the aperture to reach a foil. The high bolometer signals were
observed only in channels directed counter to the beam injec-
tion, i.e. clockwise when viewing the tokamak from above.
This is expected from the beam-ion CX effect, which is aniso-
tropic, unlike the electromagnetic radiation that the bolometer
is designed to measure. The co-beam bolometer channels were
omitted from the simulations for this study.

A CAD (Computer-Aided Design) model of the counter-
beam bolometer diagnostic was included in a virtual 3D recon-
struction of the MAST-U wall [10]. Since the bolometer foils
are small targets for the markers (virtual particles) in an
ASCOT simulation of the entire tokamak, statistics was a chal-
lenge. To improve statistics, copies of the bolometer model
were placed all around the tokamak by varying the toroidal
angle of the position. Toroidal symmetry was assumed at this
stage, although the assumption is false during LFS fuelling, as
was discussed in section 3.2. Toroidal asymmetry is simulated
in section 3.5. A total of 360 bolometer copies were used, with
uniform toroidal spacing, effectively increasing the target area
by a factor of 360. Figure 10 shows a part of the ring of virtual
bolometer copies, both from the front (figure 10(a)) and from
above (figure 10(b)). In figure 10(a), the foil corresponding to
channel 29 can be seen through the openings in the apertures,
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Figure 10. Part of the ring of 360 copies of the counter-beam
bolometer model that was used in ASCOT simulations, as viewed
from the front (a) and above (b). In (a), the foil (yellow)
corresponding to channel 29 can be seen through the openings in the
apertures. In (b), the axes display standard machine coordinates, and
the positions of all four foils (yellow) in the x-y plane are indicated
(would in reality be obscured by aperture roof).

and, in figure 10(b), the positions of all four foils in the x-
y plane are indicated. Despite tightly packed bolometer cop-
ies, apertures did not obscure any sightlines through the open-
ings of neighbouring apertures to their corresponding foils.
Given the distance of the bolometer from the plasma, charged
particles following curved trajectories to the foils were not
expected. Irrelevant support structures of the aperture model
were omitted to avoid unnecessary overlapping structures in
the final wall model.

ASCOT, with its model for fast-ion CX reactions [10, 13],
was used to simulate populations of beam ions under the effect
of CX reactions to model fast CX neutrals hitting the counter-
beam bolometer foils. For each of the three discharges, 46 735,
49 447 and 49 452, simulations were performed 40ms before
and 80ms after the programmed time of the fuelling switch,
when the plasma density and temperature as well as the
magnetic equilibrium were in relatively steady states. To

generate the beam-ion populations for the ASCOT simula-
tions, 20 million markers were simulated for each case using
the BBNBI code [47] (version corresponding to ASCOT5)
from the ASCOT suite of codes that models the attenuation
of a neutral beam in a plasma. The beam-ion populations were
represented by a little fewer than 20 million markers, because
those that ended up as shine-through were omitted. In the six
cases simulated, the shine-through was 9%–16% of the injec-
ted beam power. As discussed in section 3.2, during LFS fuel-
ling, the possibly overestimated plasma density in the SOL
caused unusually high beam attenuation in the SOL.

The density and temperature of background neutrals, key in
CXmodelling, were reconstructed on the outer midplane using
the 1D kinetic neutral transport code KN1D [48, 49], which
takes as input the electron density and electron and ion tem-
peratures as well as the neutral pressure at the vessel wall. As
in the TRANSP modelling in section 2.2, Thomson scattering
measurements of electron density and temperature were used,
and the ion temperature was assumed equal to the electron
temperature. The fast-particle CX and reionization reactions
are insensitive to temperature [10]. As discussed in section 3.2,
during LFS fuelling, the significant electron density meas-
ured in the SOL affected the neutral density reconstruction.
The plasma density and temperature profiles were smoothed
using a profile-fitting code that fits basis-function splines to
the measured data [50]. The neutral pressure at the wall was
measured using a midplane FIG. Since the FIG was not oper-
ating in discharge 49 447, the measurement of the similar dis-
charge 49 452 was used as a proxy, shifted by 100ms like the
programmed fuelling switch time. These two discharges were
programmed to be exactly the same, with the exception of the
100ms shift in the timing of the fuelling switch. The claim
of similarity is further supported by the overlapping D-alpha
measurements shown in figure 4(a). Since ASCOT cannot yet
model CX with molecules, the atomic and molecular densit-
ies estimated by KN1D were summed and approximated as
a purely atomic neutral background. This is a good approx-
imation when modelling beam-ion CX, as has been argued
previously [13]. Briefly, under MAST-U conditions, a fast ion
has a 0%–50% higher probability for CX with a molecule
than with an atom [51]. The temperature for the combined
neutral density was calculated as the density-weighted aver-
age of the atomic and molecular temperatures estimated by
KN1D. Beam-halo neutrals were omitted from the modelling,
since only the off-axis beam was used, meaning the beam halo
formed around 65 cm above the midplane. CX neutrals travel-
ling through the opening in the bolometer aperture and hitting
the foils would have to be born on the midplane. Furthermore,
since the beam-halo neutral density is low compared to the
density of neutrals coming in from outside the plasma, this
omission is not expected to have a significant impact on the
total CX losses. At this stage, the neutral density and temper-
ature in the plasma and SOL were assumed to be poloidally
and toroidally symmetric (constant in the poloidal and toroidal
angles) andwere defined as 1D functions of the flux coordinate
ρp =

√
(ψp −ψp,ax)/(ψp,sep −ψp,ax), where ψp is the poloidal

flux, and ψp,ax and ψp,sep are its values at the magnetic axis
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Figure 11. Outer-midplane neutral deuterium density
reconstructions for the three discharges as functions of the flux
coordinate ρp (separatrix at 1.0), based on KN1D modelling. In the
plasma core, where KN1D gave no results and density is expected
negligible, density was set to zero.

and at the separatrix, respectively. The poloidal flux was cal-
culated using the EFIT++ code [52, 53] based on magnetic
measurements. The neutral density and temperature functions
calculated by KN1D were mapped from the major radius to
ρp on the outer midplane, where the Thomson scattering and
FIGmeasurements were taken. The assumption of a poloidally
symmetric neutral density based on an outer-midplane recon-
struction is considered a good approximation for analysis of
beam ions inMAST-U, as has been argued previously [10, 13].
Briefly, beam-ion orbits are weighted towards the outer mid-
plane in the spherical geometry, with practically none reach-
ing near the edge on the HFS or in the top or bottom of the
plasma. A poloidally realistic neutral density would typically
be higher closer to the divertors due to higher recycling, which
would be expected to increase CX losses from regions closer
to the divertors.

Figure 11 shows the reconstructed neutral density profiles
in the confined plasma and in the part of the SOL that is
reachable by beam ions. In accordance with the rise in neut-
ral pressure (figure 4(b)), the neutral density is 1–2 orders of
magnitude higher during LFS fuelling than during HFS fuel-
ling in the three discharges. Based on these reconstructions,
the SOL neutral density assumed in the TRANSP modelling
in section 2.2 (5 · 1017 m−3) is greatly overestimated during
HFS fuelling, especially since the simulated neutral density in
TRANSP increases to its SOL value immediately outside the
separatrix.

It should be noted that reconstructed neutral densities for
HFS-fuelled plasmas were significantly higher in a previous
article on similar work [13]. The reason is that, after the ana-
lysis for the previous article had been performed, the FIG cal-
ibration was updated such that the pre-discharge value is sub-
tracted from the signal measured during a discharge. As a res-
ult, neutral pressure measurements give lower values now.

Figure 12. Measured (◦) and simulated power load densities on the
four counter-beam bolometer channels during HFS (−0.04 s) and
LFS (0.08 s) fuelling in the three discharges. Results simulated
using the measured (×), halved (-) and doubled (+) neutral pressure
are included. Channel (‘ch’) number and tangency radius Rtan are
given above each panel. Time abscissae are normalized to the
programmed fuelling switch time. Data points for discharges 46 735
and 49 452 are slightly shifted along the time axis for readability.

3.4. Toroidally symmetric results

Out of the nearly 20millionmarkers used in eachASCOT sim-
ulation case, a total of the order of tens or hundreds of mark-
ers hit the counter-beam bolometer foils. This is enough to get
estimates of the power loads on the foils.

Figure 12 shows the measured and simulated power loads
on the counter-beam channels of the bolometer during HFS
fuelling and during LFS fuelling for the three discharges that
were studied. Because of the low statistics of markers hitting
bolometer foils in the simulations, noise of the order of some
tens of percent should be expected in the simulated power
loads on channels 29 and 30, which have tens of hits during
HFS fuelling and around a hundred hits during LFS fuelling.
On channels 31 and 32, since they tend to have only a few hits,
the noise is of the same order as the signal, which explains
why a higher neutral density resulted in a lower power load
in some cases. Nevertheless, if all three discharges are con-
sidered simultaneously to mitigate the noise issue, the results
are sufficient to estimate the order of magnitude of the power
loads on channels 31 and 32.

The power loads measured on the counter-beam bolometer
foils during HFS fuelling were approximately reproduced in
simulations in all three discharges, with the exception of
channel 30, as is shown in figure 12. In each discharge, the
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simulated power load on channel 29 agrees with measurement
during HFS fuelling to within 40%, as shown in figure 12(a).
Similar power loads were simulated on channel 30 as on chan-
nel 29, which overestimates the measurements by an order of
magnitude during HFS fuelling (figure 12(b)). However, as
this is a middle channel, the overestimation could be caused
by a small spatial inaccuracy in the simulation inputs. The low
loads on channels 31 and 32 (figures 12(c) and (d)), if all three
discharges are considered simultaneously to mitigate the noise
issue, were reproduced during HFS fuelling in the sense that
they are an order of magnitude lower than the loads on chan-
nel 29. It should be kept in mind that, unlike the simulated
power loads, the measured loads also include radiation, which
is expected to be on a similar level for the counter-beam chan-
nels as the loads measured for co-beam channels (figure 8), as
explained in section 3.1. Loads on channels 29 and 30 were
overestimated during LFS fuelling. Because of the high stat-
istical noise, it is difficult to interpret the simulated loads on
channels 31 and 32 also during LFS fuelling, but there appears
to be similar relative overestimation for channel 31 as for chan-
nel 29 and no overestimation for channel 32.

The successful reproduction of the power loads on channels
29, 31 and 32 during HFS fuelling shows that the beam-ion
CX process does, indeed, explain the high bolometer measure-
ments. Further, it indicates that the neutral density and other
simulation inputs are realistic during HFS fuelling, at least in
those plasma regions fromwhich CX neutrals can bombard the
bolometer foils. Therefore, the simulations can be expected to
provide realistic estimates of the overall impact of CX on the
beam-ion population. It is estimated that 9%, 7% and 7%of the
beam power that is originally deposited in the plasma is lost
due to CX during HFS fuelling in discharges 46 735, 49 447
and 49 452, respectively. Power lost due to CX is here approx-
imated as the power contained in markers that hit the wall as
neutrals, which has been deemed a good approximation [13].

It is recognized that accurately reconstructing the neutral
background is difficult, whether it be due to inaccuracy in the
neutral pressure measurements, inaccuracy in the reconstruc-
tion of the plasma density and temperature profiles, or some-
thing else. Therefore, the neutral background was not assumed
accurate, but a sensitivity scan was performed. The measured
neutral pressure was halved and doubled, and the simulations
were rerun with the resulting lower- and higher-density neutral
backgrounds. The resulting, alternative simulated bolometer
power loads are included in figure 12. All of the precise sim-
ulation results as well as additional details and discussion are
gathered in the appendix.

The measured bolometer signal for channel 29 during HFS
fuelling consistently falls between the results simulated for
the actual, measured neutral pressure and the double pressure
(figure 12(a)). This suggests that the neutral density is underes-
timated by about a factor of 1.5 when calculated based on the
measured neutral pressure, possibly due to remaining uncer-
tainty in the FIG calibration, or that the CX rate is underestim-
ated because molecules are approximated as atoms. The sim-
ulated losses of beam power for all three neutral pressures for
all six plasma cases are gathered in table 2. Based on the above
reasoning, the true value for the loss of beam power due to CX

Table 2. Simulated loss of beam power (excluding shine-through)
due to CX (hit the wall as a neutral) in each case. Cases are specified
by discharge number, time point (s) and whether the measured
neutral pressure (‘×p0’ = ‘1’) was used when reconstructing the
neutral background or half (‘0.5’) or double (‘2’) the measured
pressure.

power loss

discharge time ×p0 MW %

46 735

0.26
0.5 0.07 5
1 0.12 9
2 0.19 14

0.38
0.5 0.38 26
1 0.53 37
2 0.69 47

49 447

0.46
0.5 0.06 4
1 0.11 7
2 0.19 12

0.58
0.5 0.67 43
1 0.86 54
2 1.03 65

49 452

0.36
0.5 0.06 4
1 0.11 7
2 0.19 13

0.48
0.5 0.55 36
1 0.72 47
2 0.89 58

during HFS fuelling is between the estimates from the case
with the measured neutral pressure and the case with double
pressure, i.e. 9%–14%, 7%–12% and 7%–13% in discharges
46 735, 49 447 and 49 452, respectively. The relatively small
increase in CX losses during LFS fuelling when doubling the
neutral pressure is explained by depletion of the beam-ion pop-
ulation near the plasma edge.

The overestimation of the power loads on channel 30 and,
during LFS fuelling, on channel 29 indicate inaccuracies in
the simulation inputs. The neutral density, which is notori-
ously difficult to reconstruct, is the obvious first candidate.
Uncertainty in the Thomson scattering measurements, partic-
ularly in the SOL and near the separatrix, upon which not only
the neutral density reconstruction but also the simulated beam
attenuation depends sensitively, makes the beam-ion birth dis-
tribution another likely candidate. Moreover, as was discussed
in section 3.2, the plasma density in the SOL may have been
overestimated during LFS fuelling, causing false ionization of
beam particles in the SOL. An overestimated neutral density
would explain more marker hits on all channels. It is suspected
that the neutral density during LFS fuelling was overestimated
in the simulations reported on in this section, especially in the
region viewed by the counter-beam bolometer, as will be dis-
cussed below. The overestimation of the load on channel 30
during HFS fuelling could also be caused by a mismatch in the
absolute positioning of the physical and virtual bolometers.

In this section, the ASCOT modelling did not account for
toroidal asymmetry in the neutral density, which may explain
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why the power loads on the bolometer were overestimated dur-
ing LFS fuelling. This hypothesis is supported by how the dis-
crepancy between measured and simulated bolometer loads
(figure 12) is greater in discharge 46 735, which only used the
LFS fuelling valve in sector 9, than in discharges 49 447 and
49 452, which also used the valve in sector 11, which is closer
to the region viewed by the bolometer (figure 3). The ASCOT
neutral density input assumed a global increase in line with
the pressure measurement in the one operating main-chamber
FIG, which is in sector 12. In the case of discharges 49 447
and 49 452, since one of the LFS fuelling valves used is in
sector 11, close to the FIG, a neutral density estimate based
on a measurement by the FIG not only fails to reproduce the
toroidal asymmetry but also is likely an overestimation of the
average neutral density around the plasma. Hence, the simu-
lations for time periods during LFS fuelling in these two dis-
charges were not only incapable of accounting for the toroidal
asymmetry but also likely overestimated the total CX losses.
Accurately simulating fast CX neutrals hitting the bolometer
during LFS fuelling would require a reconstruction of the tor-
oidally asymmetric neutral density. While accurately model-
ling the toroidal asymmetry goes beyond the scope of this art-
icle, a first study on the impact of a toroidally asymmetric
neutral density distribution was performed and is reported in
section 3.5.

3.5. Toroidally asymmetric results

To test the hypothesis that the overestimation of bolometer
loads during LFS fuelling in section 3.4 is due to tor-
oidal asymmetry, proof-of-principle-level toroidally asym-
metric modelling was performed. The cases with LFS fuel-
ling, i.e. discharge 46 735 at 0.38 s, discharge 49 447 at 0.58 s
and discharge 49 452 at 0.48 s, were simulated using ASCOT
with simple toroidally asymmetric neutral density distribu-
tions. Realistically reconstructing the toroidal asymmetry in
the neutral density is a challenging undertaking and is left to
future work.

The 1D neutral background data described in section 3.3
was mapped to a 3D grid, and the density was made asymmet-
ric in the toroidal angle based on a simple, empirical model.
The neutral density distribution was assumed to have its max-
imum at the toroidal location of the fuelling epicentre and its
minimum at the opposite side of the plasma torus, and the
density function was assumed linear in the toroidal angle. In
discharge 46 735, the fuelling epicentre was the location of the
one fuelling valve that was used, the valve in sector 9 (figure 3).
In discharges 49 447 and 49 452, the epicentre was the mid-
point between the two valves that were used, the valves in sec-
tors 9 and 11. Toroidal locations of components were approx-
imated as the midpoints of the sectors where they reside. For
each case, the absolute value of the neutral density was determ-
ined based on the corresponding 1D neutral density profile
such that the density of the 3D neutral backgroundmatched the
density of the 1D neutral background at the toroidal location of
the FIG (sector 12). The 1D neutral background based on the
measured neutral pressure was used. The sensitivity scan was

not repeated, since the focus here is on the impact of the tor-
oidal asymmetry of the neutral density distribution. The neut-
ral temperature was left symmetric in the toroidal angle.

The D-alpha brightness data from the HSV camera
(figure 9) was used to estimate the ratio between the maximum
and minimum neutral density values along the toroidal angle
during LFS fuelling. If it is assumed that metastable states due
to electron excitation dominate over metastable states due to
recombination and charge-exchange reactions, the latter two
can be neglected and the D-alpha emissivity can be calculated
as [54]

ϵ3→2 = PEC(exc)
3→2 nen

0
D, (2)

where PEC(exc)
3→2 is the excitation photon emissivity coefficient

(depends on electron density and temperature) for the trans-
ition from the energy state n = 3 to n = 2 (n is the prin-
cipal quantum number), ne is the electron density and n0D is the
neutral-deuterium density. Based on equation (2), the bright-
ness is proportional to the neutral density when the electron
density and temperature remain fixed. The electron density and
temperature were assumed toroidally symmetric, and the ratio
between the maximum and minimum neutral density values
was estimated as the ratio between the maximum and min-
imum brightnesses. This assumption is a source of uncertainty,
since there may be toroidally localized electron density in the
SOL near the LFS fuelling valves, as discussed in section 3.2.
The maximum and minimum brightnesses were estimated as
the average brightnesses inside small squares on the left and
right sides, respectively, of the HSV image. The squares are
indicated in figures 9(b), (d) and (f). The ratios evaluated for
discharges 46 735, 49 447 and 49 452, during LFS fuelling, are
approximately 3.4, 13 and 13, respectively.

The lower brightness ratio in discharge 46 735 may be
explained by the toroidal point of minimum brightness
being further behind the plasma on the right side of the
image (figure 9(b)) than for discharges 49 447 and 49 452
(figures 9(d) and (f)). The HSV camera views the plasma from
sector 8, so it makes for a substantial difference whether the
full fuelling rate comes from the adjacent sector 9 or that same
fuelling rate is evenly distributed between sectors 9 and 11.
Another reason that the brightness ratio for discharge 46 735
may be underestimated is that figure 9(b) appears to be satur-
ated on the left side. For these reasons, the ratio 3.4 should be
considered a conservative estimate of the brightness variation
in discharge 46 735.

Adequate statistics for toroidally resolved marker hits on
bolometer foils were not possible. Instead, the toroidally
resolved deposition of CX neutrals on the whole wall was the
quantity of interest in this modelling of the toroidal asym-
metry. To save on computational resources, fewer markers
were used for these simulations than in section 3.3. BBNBI
was run with 2 million markers to generate beam-ion popula-
tions for each of these ASCOT simulations.

The toroidally asymmetric neutral density distribution gave
rise to a toroidally asymmetric power deposition on the wall
from CX losses, again approximated as the power contained
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Figure 13. Neutral density at the separatrix (blue) and power
deposition from fast CX neutrals to the wall (orange) in the three
discharges, during LFS fuelling, simulated both using toroidally
asymmetric (solid) and toroidally symmetric (dashed) neutral
density distributions, as well as during HFS fuelling (dotted).
Sectors viewed by the counter-beam bolometer are indicated by
grey shading. Location of FIG is indicated by black vertical dashed
line. Toroidal coordinate runs counter-clockwise, starting between
sectors 3 and 4 (figure 3).

in markers that hit the wall as neutrals. Figure 13 shows the
toroidally resolved neutral density at the separatrix and power
deposition from fast CX neutrals to the wall during LFS fuel-
ling. The data resulting from the use of toroidally symmetric
neutral density distributions during LFS fuelling as well as the
data for the cases during HFS fuelling (toroidally symmetric)
are also shown for comparison. In the toroidally asymmetric
cases, the maximum power deposition is shifted from the max-
imum neutral density in the positive toroidal direction, which
is explained by how the beam injects tangentially in the pos-
itive toroidal direction. The modest fluctuations in the power-
deposition graphs compared to the neutral-density graphs are
likely due to protruding components in the 3D wall.

The results in figure 13 verify the hypothesis that the over-
estimation of bolometer power loads during LFS fuelling in
section 3.4 is explained by toroidal asymmetry. In discharges
49 447 and 49 452, in the region viewed by the bolometer,
i.e. sectors 1–5 (shaded in figure 13), the power loads resulting
from the toroidally asymmetric neutral density are 1–4 times
lower than the loads resulting from the toroidally symmetric
neutral density. In section 3.4, the bolometer loads on chan-
nel 29 in discharges 49 447 and 49 452 were overestimated by

a factor of 2–3 (2–4 when including sensitivity scan) during
LFS fuelling. In discharge 46 735, since the power deposition
simulated during LFS fuelling with the toroidally asymmetric
neutral density is not lower than the power deposition simu-
lated during HFS fuelling at any toroidal angle, the measured
decrease in the power load on channel 29 (figure 7(a)) is not
demonstrated. However, this could be due to underestimation
of the full toroidal variation of the neutral density because of
theHSV camera having a poor vantage point for this discharge,
as discussed above. Moreover, as discussed above, this model-
ling of the toroidal asymmetry features several approximations
and simplifications, so precise results cannot be expected. The
results of this section amount to a proof of principle, explain-
ing the overestimation of the bolometer loads during LFS fuel-
ling, as simulated using toroidally symmetric neutral density
distributions in section 3.4.

While precise analysis of beam-ion CX during LFS fuel-
ling is not yet possible, the results suggest significantly higher
CX losses during LFS fuelling than during HFS fuelling. As
expected based on the discussion in section 3.4 about the
proximity of the fuelling to the FIG, the total CX losses in
discharges 49 447 and 49 452 were lower using the toroid-
ally asymmetric neutral density distribution, but only slightly
lower. Switching from the symmetric to the asymmetric neut-
ral density in the 2million-marker simulations, the losses
reduced from 56% to 51% for discharge 49 447 and from 47%
to 43% for discharge 49 452. Similarly as when doubling the
neutral pressure during LFS fuelling in section 3.4, the relat-
ively small difference is explained by depletion of the beam-
ion population near the plasma edge. In discharge 46 735, the
total losses remained the same, 35%. This is explained by the
FIG being exactly midway between the neutral-density max-
imum at the LFS fuelling valve in sector 9 and the minimum
on the opposite side of the torus in sector 3, since it means that
the 1D neutral density is the average of the 3D neutral dens-
ity along the toroidal angle. The results of section 3.4 and the
present section suggest that 40%–60% of the beam power that
is originally deposited in the plasma is lost due to CX during
LFS fuelling in the analyzed discharges. The increase in the
loss of heating power caused by the fuelling switch is roughly
consistent with the decrease in energy confinement time calcu-
lated by TRANSP in section 2.2, keeping in mind that the SOL
neutral density was overestimated in the TRANSP simulations
during HFS fuelling and kept constant through the fuelling
switch. Given that the LFS fuelling used in the analyzed dis-
charges was stronger by about a factor of two than what is typ-
ically used in MAST-U (section 2.1), the total CX losses sim-
ulated in the toroidally symmetric 20million-marker ASCOT
simulations with half the measured neutral pressure (table 2)
provide a rough estimate of typical CX losses of off-axis beam
power during LFS fuelling: 30%–40%.

4. Summary

In response to early results that indicated significant CX
losses of beam ions, dedicated experiments were performed in
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MAST-U to study the phenomenon. In three similar L-mode
discharges, featuring only the off-axis neutral beam (during
times of primary interest), the fuelling was switched from
HFS to LFS valves to increase the neutral density in the LFS
SOL and plasma edge. Direct measurements showed a strong
increase in background neutral pressure and indicated a strong
decrease in beam-ion density. While the CX process qualitat-
ively explains the observations, TRANSP modelling demon-
strated that measured changes in the plasma parameters can
cause significant decrease in the beam-ion density, highlight-
ing the difficulty in isolating the role of CX. Bolometer meas-
urements presented a unique opportunity that was exploited to
verify and quantify CX losses.

The MAST-U bolometer had measured an order of mag-
nitude higher signals than usual during neutral beam injection,
although only in the injection direction, indicating particle
bombardment. Since charged particles should be unable to
reach the bolometer, fast CX neutrals originating from the pop-
ulation of beam ions were suspected. To investigate this hypo-
thesis, the fast-ion orbit-following code ASCOT was used to
simulate the population of beam ions in the presence of CX
reactions with a model of the bolometer embedded in the vir-
tual 3Dwall. Themeasured power loads on the bolometer were
partially reproduced during HFS fuelling, verifying CX losses
of approximately 10% of the off-axis beam power (excluding
shine-through). Bolometer power loads were overestimated
during LFS fuelling, which was suspected to be caused by tor-
oidal asymmetry in the neutral density distribution that could
not be accounted for in the initial modelling. Additional mod-
elling was performed using a simple toroidally asymmetric
neutral density distribution. The results demonstrate that tor-
oidal asymmetry explains the overestimated bolometer loads.
The results further suggest losses of up to approximately 50%
of the off-axis beam power during LFS fuelling, keeping in
mind that particularly strong LFS fuelling was used in the ana-
lyzed discharges. Precise analysis of LFS-fuelled plasmas is
left to future work when the toroidal asymmetry can be accur-
ately modelled or toroidally symmetric LFS fuelling is avail-
able. While this study did not include modelling of fast ions
from the on-axis beam, a possible experimental indication of
CX losses also from the on-axis beam was noted.

The estimated loss of power due to CX during HFS fuel-
ling, approximately 10%, is comparable to estimates of power
imbalance in MAST-U and JET, over 25% [16, 17], suggest-
ing that CX losses may explain part of the observed power
deficit. MAST-U is being upgraded with a cryoplant, which is
expected to reduce the background neutral density. The abil-
ity demonstrated here to quantify CX power losses not only
enables more accurate power balance calculations but also
provides a method for gauging the effectiveness of the cryo-
plant at improving the plasma performance. The comparison
of ASCOT simulations and bolometer measurements could
possibly be made more efficient in the future, for example
by developing a scheme for interpolating a distribution of
lost particles at an arbitrary target. The evidence provided
for increased CX losses during LFS fuelling will help design
successful experiments with LFS fuelling. While MAST-U
will have more LFS fuelling valves operating in the future,

which will reduce the toroidal asymmetry noted in this study,
improvements in the reconstruction of the neutral density dis-
tribution are envisioned. Such improvements include descrip-
tions of the poloidal and toroidal asymmetries due to recyc-
ling from the divertors and the positions of fuelling valves.
This will allow quantification of CX losses during LFS fuel-
ling, which will enable more accurate modelling of the impact
of CX on beam ions. On a more general note, switching from
HFS to LFS fuelling was found to have profound effects on
the MAST-U plasma, e.g. strongly slowing the rotation, which
warrants further study towards an improved understanding
of LFS-fuelled plasmas. Further TRANSP modelling would
be useful, a natural next step being the use of measured or
TRANSP-predicted ion temperatures.
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Appendix. Details about the bolometer simulations

This appendix contains the precise results and additional
details of the ASCOT simulations of beam particles being
neutralized by CX and hitting the bolometer foils in MAST-
U. Table A1 shows the number of markers that hit each foil in
each case as well as the corresponding power load. The same
power-load data are shown in figure 12, where they are com-
pared to measurements.

The simulation results when the neutral density was based
on the measured neutral pressure were inspected more closely
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Table A1. Number of markers that hit each counter-beam bolometer channel (‘hits’) and resulting estimated power load density (‘power’,
Wm−2) in each simulation case. Cases are specified by discharge number, time point during discharge (s) and whether the measured neutral
pressure (‘×p0’ = ‘1’) was used when reconstructing the neutral background or half (‘0.5’) or double (‘2’) the measured pressure.

channel 29 30 31 32

discharge time (s) ×p0 hits power hits power hits power hits power

46 735

0.26
0.5 16 539.2 16 434.0 0 0.0 0 0.0
1 30 1048.7 16 664.8 0 0.0 0 0.0
2 42 1472.6 29 1008.1 1 11.1 0 0.0

0.38
0.5 70 2797.6 78 2966.3 5 160.7 1 26.3
1 106 4244.9 86 3192.8 6 125.9 1 7.1
2 131 6352.8 109 4625.6 7 196.2 0 0.0

49 447

0.46
0.5 15 466.7 7 234.7 0 0.0 0 0.0
1 17 627.8 15 677.7 1 12.8 0 0.0
2 29 921.5 22 807.9 1 48.9 0 0.0

0.58
0.5 77 2927.9 87 3368.1 4 88.0 0 0.0
1 108 4928.7 77 3134.4 12 386.8 2 76.5
2 126 5830.5 94 3814.9 5 148.6 2 92.9

49 452

0.36
0.5 12 322.4 9 307.7 0 0.0 0 0.0
1 16 473.4 16 464.8 0 0.0 1 29.3
2 41 1351.7 32 1017.5 4 103.9 0 0.0

0.48
0.5 89 3528.0 53 2086.8 7 235.2 2 34.0
1 84 4002.3 59 2067.5 4 102.6 2 71.3
2 110 4979.9 86 3571.0 8 250.6 2 57.6

regarding the initial ρp-coordinate and final energy of those
markers that hit bolometer foils. During HFS fuelling in each
discharge, channels 29 and 30 were predominantly hit by
markers that had originally been ionized radially further out,
i.e. from the outer half of the beam-ion population. During
LFS fuelling, channels 29 and 30 were hit by markers from
all initial ρp-coordinates roughly in proportion to the birth dis-
tribution. The full energy spectrum was consistently repres-
ented among the markers that hit bolometer foils both dur-
ing HFS and during LFS fuelling. However, during LFS fuel-
ling, channels 29 and 30 were hit relatively more by markers
with higher energies. This complements the preceding obser-
vation that LFS fuelling resulted in marker hits also from
deeper in the plasma, since such CX neutrals must penetrate
more plasma without being reionized, which requires higher
energies.

The extra simulations from the sensitivity scan, performed
with respect to the neutral density, shed some light on the role
of statistical noise in the results. For example, it appears that
the simulated power load on channel 29 in discharge 49 452
during HFS fuelling, when using the measured neutral pres-
sure, happens to be at the low end of what the simulation
might yield (figure 12(a)). A rerun with different random seeds
would likely yield a power load closer to the midpoint between
the power loads simulated for the half and double neutral pres-
sures in the same plasma case. Assuming Poisson noise, where
the error is the square root of the number of hits, the ‘true’
number of hits when using half, measured and double neutral
pressure could be 9, 20 and 35, respectively, rather than 12,
16 and 41, as quoted in table A1. Because 20-million-marker
simulations are computationally intensive, it was not deemed

appropriate to rerun exactly the same simulations just to get
several statistical samples for each result. The results obtained
from the 18 simulations that were run already provide a clear
enough picture.
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