K9,

$ C C F E UK Atomic
N
- Energy

Authority

UKAEA-CCFE-PR(25)393

Lina Velarde, J.F. Rivero-Rodriguez, J. Galdon-
Quiroga, T. Williams, J. Rueda-Rueda, P. Cano-
Megias, R. Chacartegui, M. Garcia-Mufioz, S.

Blackmore, K.G. McClements, L. Sanchis, E. Viezzer

Velocity-space analysis of fast-ion
losses measured in MAST-U using a
high-speed camera in the FILD
detector



Enquiries about copyright and reproduction should in the first instance be addressed to the UKAEA
Publications Officer, Culham Science Centre, Building K1/0/83 Abingdon, Oxfordshire,
OX14 3DB, UK. The United Kingdom Atomic Energy Authority is the copyright holder.

The contents of this document and all other UKAEA Preprints, Reports and Conference Papers are
available to view online free at scientific-publications.ukaea.uk/



https://scientific-publications.ukaea.uk/

Velocity-space analysis of fast-ion
losses measured in MAST-U using a
high-speed camera in the FILD
detector

Lina Velarde, J.F. Rivero-Rodriguez, J. Galdoén-Quiroga, T.
Williams, J. Rueda-Rueda, P. Cano-Megias, R. Chacartegui, M.
Garcia-Muioz, S. Blackmore, K.G. McClements, L. Sanchis, E.

Viezzer

This is a preprint of a paper submitted for publication in
Plasma Physics and Controlled Fusion






Velocity-space analysis of fast-ion losses measured in
MAST-U using a high-speed camera in the FILD
detector

Lina Velarde!?, J.F. Rivero-Rodriguez?,

J. Galdén-Quiroga*, T. Williams®, J. Rueda-Ruedal*,
P. Cano-Megias®, R. Chacartegui?, M. Garcia-Muioz?,
S. Blackmore?, K.G. McClements®, L. Sanchis?,

E. Viezzer* and the MAST Upgrade team*

L Centro Nacional de Aceleradores (CNA), Universidad de Sevilla, CSIC, J. de
Andalucia, Sevilla, Espana

2 Departamento de Ingenieria Energética, ETSI, Universidad de Sevilla, 41092,
Sevilla, Espana

3 United Kingdom Atomic Energy Authority, Culham Campus, Abingdon,
Ozon, OX14 3DB, UK

4 Departamento de Fisica Atémica, Molecular y Nuclear, Universidad de
Sevilla, 41012, Sevilla, Espana

5 Department of Physics and Astronomy, University of Ezeter, Stocker Road,
EX/} JPY, UK

6 Maz-Planck-Institut fiir Plasmaphysik, 85748 Garching, Deutschland

* See author list of J. Harrison, et al. 2028 IAEA FEC proceeding

E-mail: 1lvelarde@us.es

January 2024

Abstract. A Fast-Ion Loss Detector (FILD) was installed for the first time at
the MAST-U spherical tokamak during its upgrade in 2021. A CMOS camera
was installed in the MAST-U FILD acquisition system to provide high spatial
resolution (1.1 MPx) to infer the velocity space of the fast-ion losses. This camera
allows up to 3.5 kHz acquisition frequency, making it possible to capture the
temporal variation in velocity-space over a wide range of time scales. In this
manuscript, the diagnostic commissioning and the validation of the first velocity-
space measurements using this high-speed camera are presented. The former
starts with the analysis of the main parameters that determine the FILD signal:
the radial position of the probe and the effect of the edge safety factor (qgs) on
the measurements. The orbit-following code ASCOT predicts an inverse relation
between the FILD signal and the probe’s relative distance to the separatrix. This
prediction has been validated experimentally by scanning both the outer radius
of the plasma and the FILD radial position, enabling the measurement of fast-ion
losses in the flat-top phase of the discharge. Furthermore, ASCOT simulations
show a big impact of the ggs on the toroidal deposition of the first-orbit losses,
indicating that the signal in FILD can be maximised by running scenarios with
|gos| < 5. This prediction was validated by a scan in the toroidal magnetic
field that was performed experimentally. Prior to the velocity-space analysis, the
experimental resolution of the MAST-U FILD detector has been evaluated, and
shown to be in the order of 0.5 to 1 degree in pitch angle, and of 1 to 3 c¢cm in
gyroradius, both depending on the range of pitch and gyroradius measured. The
analysis of the velocity-space of the losses shows that the gyroradii of the prompt-
losses measured match those expected for the NBI injection energies within the



resolution of the diagnostic. The experimentally measured pitch angles have been
compared with ASCOT simulations, and it has been found that the agreement
is better for scenarios heated with the SS beam. This analysis has been applied
to the first discharge where type-I11 ELM-induced fast-ion losses were measured,
showing that the ELMs result in an increase in the FILD signal, and that the
losses are coming from passing orbits.
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1. Introduction

Spherical tokamaks (STs), such as the Mega Amp
Spherical Tokamak - Upgrade (MAST-U), are an
alternative configuration to conventional tokamaks
that present better stability [1], and are considered a
promising option for future fusion power production
plants [2]. In all magnetically confined fusion devices
good fast-ion confinement is required for optimum
plasma performance, as these particles represent an
important source of heating and current drive [3].
MAST-U is heated by two neutral beam injectors
(NBIs), constituting the only sources of confined fast
ions in this tokamak. Unlike in MAST, where both
beams were on-axis, one of the NBIs has now been
raised 0.6 m above the midplane, in order to provide
off-axis heating and mitigate plasma instabilities
driven by high radial fast-ion gradients [4]. The current
layout of the injectors — on-axis beam, South-South
(SS), and off-axis beam, South-West (SW) — can be
observed in figure 1. In MAST-U, the two NBIs are
super-Alfvénic, i.e. the speed of the neutrals they inject
is higher than the Alfvén velocity of the plasma in
this device. Understanding the behaviour of fast ions
in these conditions is not only important for present
days tokamaks, but for future devices like ITER, where
the NBIs and fusion reactions will also provide super-
Alfvénic fast-ion distributions. This results in the
excitation of a wide variety of Alfvén instabilities,
that are susceptible of driving fast-ion losses [5] and
damaging plasma facing components, which will not
be tolerable in future burning plasmas [6].

In order to study these supra-thermal particles,
MAST-U is equipped with a set of diagnostics that
allow an in-depth analysis of the confined fast-ion
distribution, but with limited information about their
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Figure 1: Poloidal (left) and toroidal (right) cross
sections of MAST-U, showing the fast-ion birth profiles
of the on-axis (SS) and off-axis (SW) beams, along with
the wall and FILD probe (white) and the separatrix (in
red). The FILD radial position in the toroidal cross
section is arbitrary, indicating the toroidal position of
the probe.
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losses [7, 8 9, 10]. To complement this set, a
scintillator-based Fast-Ion Loss Detector (FILD) [11,
12] was installed during the upgrade of the machine.
This diagnostic studies the behaviour of fast ions that
lose confinement, resolving their velocity-space and the
frequency of the fast-ion loss fluctuation. FILD is
the most widespread diagnostic to measure fast-ion
losses in magnetically confined plasmas, being used
in different tokamaks such as JET [13, 14], ASDEX
Upgrade [12], DIII-D [15], and in the future in JT60-
SA [16], as well as in stellarators, such as Weldestein 7-
X [17, 18]. Scintillator-based Fast-Ion Loss Detectors,
like the one installed in MAST-U [19], act as a magnetic
spectrometer, collimating the lost supra-thermal ions
onto a scintillator plate that is mounted on a probe and
placed near the plasma. Depending on the position
where the ions hit the plate, it is possible to resolve
their velocity-space distribution on the time scales of
the wave-particle interaction [11]. FILDs acquisition
systems are usually comprised of a “fast” camera,
that provides high temporal resolution, enabling the
analysis of the frequencies correlated with the losses,
and a “slow” camera, providing high spatial resolution
of the scintillator plate in order to resolve the velocity-
space of the lost supra-thermal particles. The two
cameras simultaneously measure the light emitted with
the help of a beam splitter.

In this manuscript, the commissioning of this
diagnostic and the validation of the first velocity-
space measurements using the high-speed XIMEA
camera are presented. The former starts with the
understanding of the parameters that dominantly
affect the measurements, i.e. the radial position
of the diagnostic and the safety factor, as will be
introduced in section 2. Therefore, the paper is
organised as follows: in section 3, the optimisation
of the FILD signal with respect to the probe radial
position is reported. In section 4, the dependence
of the fast-ion loss distribution on the plasma safety
factor is analysed, showing the important effect that
it has on the FILD signal. Once the effect of the
main parameters has been examined, the velocity-
space of the fast-ion losses measured is inferred
and benchmarked against numerical predictions in
section 5. This analysis has also been applied to a
discharge where type-III ELM-induced fast-ion losses
were measured for the first time, as is shown in section
6. Finally, in section 7, the results are summarised and
discussed.

2. FILD set-up at MAST-U

The MAST-U FILD includes a reciprocating system
that allows the probe’s radial position to be adjusted
within a R = [1.45, 1.60] m range (for reference, a
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Figure 2: CAD of the XIMEA camera (in light blue)
and the designed mount installed in the MAST-U
FILD.

typical position of the separatrix is 1.38 m) on a
shot-to-shot basis, similar to the systems in ASDEX
Upgrade and DIII-D. Additionally, it incorporates an
innovative feature, as it is mounted on an angularly
actuated mechanism, enabling the orientation of the
probe head to be adapted to scenarios with a wide
range of safety factor values at the edge (go5). This
is a relevant characteristic in a spherical tokamak,
where the ¢ profile can vary considerably between
different scenarios. A typical radial position of the
FILD detector (1.48 m) is also shown in the poloidal
cross-section in figure 1, whereas the toroidal cross
section shows its toroidal position, with an arbitrary
radial position. As it can be observed, FILD is located
slightly above the midplane (z = 0.159 m), and between
the two beam-dumps (¢ = 15 degrees), in a privileged
position to measure the prompt-losses (particles that
get lost before completing one toroidal period) coming
from both beams, as will be discussed later in section
4.

In the scope of this work, the existing “slow” cam-
era installed in the MAST-U FILD was upgraded for
the second (2022/2023) campaign: a XIMEA CMOS
camera was installed, providing spatial resolution of up
to 1.1 Mpx, and improving the acquisition frequency
from 23 Hz to up to 3.5 kHz. This upgrade now makes
it possible to properly capture the temporal variation
in velocity-space, measuring fast-ion losses induced by
instabilities on a wide variety of time scales, including
type-III edge localised modes (ELMs), as will be dis-
cussed in section 6. The new set-up is shown in figure 2,
where a Computer Aided Design (CAD) model of the
XIMEA CMOS camera installed in the FILD data ac-
quisition system is displayed. To achieve high temporal
resolution, this FILD includes an avalanche photodiode
(APD) camera, APDCAM-10G, with a sampling rate
of up to 4 MHz, allowing the analysis of fast-ion losses
coherent with magnetohydrodynamic (MHD) instabil-
ities at frequencies up to 2 MHz.
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3. Signal dependence on distance to separatrix

For the commissioning of the reciprocating system,
understanding the dependence of the particles flux
reaching the scintillator on the position of the detector
was the first crucial step. To this end, predictive
simulations were performed using the orbit-following
code ASCOT [20] to better understand the behaviour
of the losses and their dependence to the probe head’s
position. ASCOT is a Monte-Carlo code that solves the
kinetic equation for fast-ions and minority species in
magnetically confined plasmas to describe the full orbit
of the particles. This is important, as the gyro-centre
approximation is not accurate for fast ions in spherical
tokamaks such as MAST-U, due to the large Larmor
radii of these particles relative to the magnetic field
scale length [21]. Therefore, all simulations presented
in this manuscript use the full-orbit approach. To
calculate the ionisation distributions of the neutrals
injected, a realistic model of the MAST-U NBIs and
the parameters used for each discharge, in terms of
voltage and power, are employed. This model of the
NBIs was included in the latest version of the BBNBI
code [22], a complementary tool that is generally run
coupled to the ASCOT code, in order to produce the
markers that are then used as input of the ASCOT
simulation.  Furthermore, a realistic 3D model of
the MAST-U wall, that includes the FILD detector,
and allows for adjustments in its radial position
and orientation, is employed. Coulomb collisions
are not included in the simulations performed, as
only prompt-losses are of interest to the analysis
presented here. The simulations use experimental
data from discharges #45216 and #45383: equilibrium
reconstruction was produced using EFIT++ [23],
and density and temperature profiles were obtained
from the Thomson Scattering (TS) [24] and Charge
Exchange Recombination Spectroscopy (CXRS) [25]
diagnostics. These profiles are needed to calculate the
ionisation distribution with BBNBI.

The discharges simulated in this section were
selected due to their similar parameters, being double-
null plasmas with a plasma current (I,) of 750 kA,
a toroidal magnetic field at the magnetic axis (B;)
of 0.6 T and similar heating schemes, using both on-
axis and off-axis beams with injection energies around
65 keV and 1.5 MW of power. Although in #45383
the beams were not used simultaneously, they have
both been included in the ASCOT simulations to
allow a comparison between the two discharges. The
relevant difference between them for this analysis was
the plasma outer radius at the midplane, that was
set to 1.40 m and 1.38 m, respectively, via outer-
radius feedback control. In the simulations, the radial
position of the FILD detector was scanned to analyse
the change in the signal intensity for the different













































