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Abstract

The process of divertor detachment in tokamaks is associated with the reduction of power
and particles to the targets. This is deemed necessary to limit damage and erosion of solid
surfaces and preserve the target.

The evolution of the radiation profile is studied in MAST-Upgrade, thanks to the novel
Infra Red Video Bolometer (IRVB) diagnostic. The IRVB was optimised to observe the lower
x-point and divertor and was successfully calibrated and verified post installation.

The movement of the radiation along the divertor legs and inner separatrix was com-
pared with other metrics of detachment. In MAST-U L-mode plasmas, progress of radiative
detachment happens in the same sequence as in large aspect ratio tokamaks. Inner leg de-
tachment is gradual, appearing to be contrary to expectations from theory, which is beneficial
to detachment control.

The IRVB, in combination with spectroscopic measurements, was used to infer that in
MAST-U, during detachment of a super-x plasma, hydrogenic emission dominates radiation
on the outer leg. This is in stark contrast with another carbon machine, TCV, where carbon
dominates instead.

ELM-like pulses have been reproduced on the linear machine Magnum-PSI at DIFFER.
The target chamber neutral pressure was increased to simulate detachment of the steady
state plasma. In some cases the ELM-like pulse energy was completely dissipated in the
volume. This can potentially translate to tokamaks, if the ionisation front has sufficiently
receded from the target.

Despite significant radiative losses, most of the plasma energy losses are due to potential
energy exchange. Both molecular assisted recombination and dissociation are important,
with the latter being a more efficient path to dissociation than electron impact dissociation.

Studying detachment in both machines it is determined that, when the plasma tempera-
ture drops below ~5eV, it is necessary to include molecular assisted reactions to accurately

model the plasma’s power and particle balance.
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leg, dashed for the outer. . . . . . . .. . . .. .. ... .. .. .. ...,
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Data from the high speed visible camera for shot 45473 showing the minor
up/down symmetry in a shot fuelled only by the midplane HFS_MID_U02
valve at the beginning of the formation of the MARFE-like structure (a). At
the end of its growth (b) the up/down asymmetry is more significant and
centred close to the fuelling location (see Figure 2.19). . . . .. ... ... ..
Comparison of the target current, providing the detachment condition from
particle flux roll over, with the movement of the emission radiator, indicating
radiative detachment. The vertical coloured dashed line indicates the begin-
ning of the growth of the MARFE-like structure on the HF'S midplane. . . . .
Changes in emissivity distribution in a density ramp for a conventional diver-
tor, H-mode, NBI heated plasma (shot 45401, Double-null and 750kA), same
as Figure 2.25. First both inner and outer target are radiatively attached (a),
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the x-point for decreasing core density (e). A disruption then follows. Note
that the all images have different colour bar ranges. The colour range in (b)
was adapted to show the early detachment of the outer leg. The limit below

which the radiation distribution is considered unreliable is marked in dashed
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Results from different diagnostics related to detachment for a conventional
divertor, H-mode, NBI heated plasma (shot 45401, Double-null and 750kA).
(a): movement of the peak radiator along the separatrix as per scaling defined
in Section 3.3.1 for the inner and outer separatrix. The vertical dashed lines
indicate the time that corresponds to the data in Figure 3.25. (b): Compo-
nents of the global power balance: input power defined as the sum of Ohmic
and NBI minus the variation in stored energy. The NBI power is already
scaled by the corrective factors 0.4 and 0.8 for SW and SS respectively. The
IRVB power is obtained by adding all voxels at Z<0 then multiplying by 2,
therefore assuming up/down symmetry. The divertor region is obtained by
adding the inner leg + SOL and outer log + SOL region (see Figure 3.19).
(¢): particle flux from Langmuir probes at the outer targets. (d): brightness
for the tangential LOSs CH25, CH26 and CH27 (CH25 and CH26 scaled up to
match CH27 integration path length), (red) the ratio of the two, showing the
growth of the MARFE, and poloidal LOSs CH4 and CH13. The vertical red
line corresponds to when the CH27/CH26 ratio starts to grow. (e): averaged
core density (7¢) and upstream density from TS as per Section 3.3.1 (n,). . .
Data from the high speed visible camera for shot 45401 showing the level of
up/down symmetry when only the midplane HFS_MID_U02 valve is used (a),
the valve LESD_BOT_L0102 is initially used (b) and when the core density
decreases (C). . . . . . . Lo
Hydrogen D, emission from the midplane, used to assess the type of ELM
regime of the H-mode. Each zoomed section can be identified by the colour. .
Electron temperature and density profiles from core TS before, during and
after the small ELM highlighted in Figure 3.28, showing the small decrease
of ne at the outer midplane separatrix. p is obtained from EFIT magnetic

reconstructions. . . . . . . . . L e e e

19

135

137



LIST OF FIGURES

3.30

3.31

3.32

Changes of emissivity distribution in a density ramp for a super-x divertor,
L-mode, Ohmic plasma (shot 45371, Double-null and 650KA). After the outer
leg is moved into the super-x configuration the inner one is already radiatively
detached and significant radiation is present in the SXD chamber (a). Then
fuelling is increased and radiation inside the super-x decreases (b) up to be-
coming negligible and the radiation climbs the inner separatrix (c). Then
fuelling is cut and the radiation starts to come back towards the strike point
(d). Note that the all images have different colour bar ranges. The limit below
which the radiation distribution is considered unreliable is marked in dashed
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Results from different diagnostics related to detachment for a super-x divertor,
L-mode, Ohmic plasma (shot 45371, Double-null and 650KA). (a): Compo-
nents of the global power balance: input power defined as the sum of Ohmic
and NBI minus the variation in stored energy. The IRVB power is obtained by
adding all voxels at Z<0 then multiplying by 2, therefore assuming up/down
symmetry. The regions indicated are defined as per Figure 3.19. The vertical
dashed lines indicate the time that corresponds to the data in Figure 3.30. (b):
averaged core density (7¢) and upstream density from TS as per Section 3.3.1
(ny). (c): gas flow programmed for the valves used to fuel the plasma. There
is no measurement of the effective gas flow produced by a valve setting.

Number of photons per MWI target emission line radiated in the SXD chamber
relative to the maximum level from MWI, compared to the power radiated
in the same region from IRVB. The number of photons is smoothed with a
running average of the same length of the temporal resolution of the IRVB
data (~ 37ms). The arrow in the legend indicates to which y axis each line
refers to. The number of photon axis is scaled so that 1 corresponds to the

peak level of the SXD chamber power. . . . . . . . ... ... ... ......
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Schematic of Magnum-PSI linear plasma machine. z = 0 corresponds to the
surface of the target, Thomson scattering and Optical Emission Spectroscopy
(OES) are located at z = —31.2mm. The TS view is composed of 50 evenly
spaced LOS orthogonal to the plasma column length (z). The OES view is
composed of 40 LOS perpendicular to the column length. The fast camera,
for measuring integrated light emission from the plasma, has a radial view
of the plasma through a lateral viewport of the vacuum vessel of diameter
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(1.2T, 120A, Ha filter present), (a) is affected by overexposure in the black
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Executive summary

The changes of radiation profile due to detachment were characterised in MAST-U. This
was enabled by the new infra red video bolometer (IRVB) diagnostic. The diagnostic was
originally designed by Matthew Reinke, based on previous work on NSTX-U. [21] The field
of view (FOV) of the IRVB is designed to accurately measure the radiated power profiles
around the lower x-point region, where large spatial gradients of emissivity are expected.
The FOV includes a poloidal view of the plasma covering ~2/3 of the foil and a tangential
view over the rest. The diagnostic was optimised using the ray tracing code CHERAB and
fully characterised prior to installation. Due to restricted vessel access, the match between
design and real FOV was verified using known features of the plasma itself, like the silhouette
of the central column, highlighted by disruptions, and bright spots corresponding to fuelling
locations. This verification is a difficult task for foil bolometers, as the minimum signal that
can be detected is of brightness similar to the plasma, so they cannot be calibrated with long
exposure images like other camera diagnostics.

In parallel to the hardware and calibration activities, an inversion algorithm was devel-
oped to obtain the emissivity distribution. This follows a Bayesian approach where, given a
set of priors (limited negative emissivity and regularity), the uncertainties of the components
of the IRVB are propagated so as to find the most likely radiation distribution that yields
the measurements. The radiated power inferred has a spatial resolution of the order of few
cm, difficult to achieve in the x-point and divertor region, and unprecedented in spherical
tokamaks. This demonstrates the viability of the IRVB to measure radiation in a region
other than the core, for which they are usually employed.

In MAST-U the IRVB was used to determine that, in a conventional divertor L-mode
plasma, radiative detachment follows the same progression as in large aspect ratio tokamaks:

the inner target detaches first, followed by the outer, then the radiation climbs the inner
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separatrix to form a MARFE-like structure at the midplane that can then penetrate into
the core. In MUO1 no extrinsic impurities were fed to the plasma, and the radiation was
not observed to penetrate the core from the x-point, as was previously observed in other
devices. [13] The radiation on the inner leg was observed with unprecedented resolution and
it was determined that its movement from target to x-point is gradual, appearing to be
contrary to expectations from theory. [22] The IRVB was also used, in conjunction with the
MWTI and other spectroscopic measurements, to infer that, after the particle flux roll over in
a super-x plasma, the radiation is mainly dominated by hydrogenic radiation, unlike in the
comparable carbon wall devices TCV. It is inferred that, after the ionisation front recedes
from the target and the plasma cools, radiation from molecular effects becomes dominant.

As part of a collaboration with The DIFFER institute, ELM-like pulses were reproduced
in the linear machine Magnum-PSI. The steady state plasma was progressively detached
by increasing the neutral pressure in the target chamber, simulating the burn through in a
tokamak divertor. It was observed that by increasing the neutral pressure it was possible to
reduce the energy delivered to the target, up to complete shielding in extreme cases. This is
associated with a reduction of the heat flux factor, a measure of the effect of heat transients
on wall components. This observation could potentially be applicable for tokamaks, as the
connection length between the radiation front and the target can be of the order of meters (in
deep detachment) while the pressure can reach a few tens of Pa, as it was in Magnum-PSI.
This can be further improved if the divertor is baffled, so that the neutral compression is
enhanced, and an advanced divertor configuration like the super-x is adopted, resulting in a
much longer connection length.

The optical emission spectroscopy (OES) setup was upgraded by the author and Gijs
Akkermans in order to acquire intra-ELM data. The OES is composed by a series of parallel
poloidal lines of sight, so that Balmer line emission can be determined radially. This was
used, together with a crude model of the plasma column, to infer the processes in the plasma
via a Bayesian inference. For this study the effect of molecular reactions was accounted for
in terms of line emission and in both the particle and power balance. It is observed that
even if radiative losses are significant, exchanges of potential energy dominate the plasma
energy losses. Of the molecular reactions, the path to molecular assisted dissociation is the
most important, as it is more efficient than electron impact dissociation. Molecular assisted

recombination is also important, especially at intermediate temperatures, but electron ion
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recombination dominates for cold plasmas. It is found that ionisation dominates for tem-
peratures above ~5eV while molecular processes become important in colder plasmas and
electron ion recombination dominates below ~1.5eV.

The results from both devices indicate that in deep detachment and during the burn
through, when plasmas interact with colder neutrals and molecules, the effect of molecular
reactions becomes important at mid to low temperatures. This is a useful insight for the
development of models used to estimate the plasma energy losses during detachment or

removed from ELMs before they reach the target.



Chapter 1

Introduction

In this section I will describe the background and the current status of the fusion energy

research related to this PhD thesis.

1.1 Fusion energy

In a fusion reaction two light nuclei fuse and a heavier nucleus is generated. The energy
released in the reaction depends on how strongly protons and neutrons are bound in the
nucleus of reactant and products. This strength is expressed by the average binding energy
per nucleon, that is the energy necessary to decompose one nucleus divided by the number of
nucleons. The energy released by the nuclear reaction is given by the difference of the total
binding energy in the products minus the reactants. Figure 1.1 shows that it is possible to
obtain energy in two ways: fusion and fission. In fusion, the lighter the reactants the larger
the energy released per nucleon tends to be.

Another factor to consider in comparing different fusion reactions is the likelihood of
the reaction to happen. This is characterised by the fusion cross section, which depends on
the kinetic energy of the incident particle. Considering an ensemble of particles this kinetic
energy translates to temperature. The lower the temperature for which the cross section
reaches its peak, and the higher the peak, the easier it is to achieve fusion. For this and
other reasons the reaction that is the main focus of current research is the fusion of deuterium

and tritium to helium: [23]

2D 43T - 4He + }n (1.1)

35



CHAPTER 1. INTRODUCTION 36
9 ‘Msﬂﬁmmmmﬁw ,
o AT \pen e A
BicLE wy T {:f',;-Um
3 e
=
g 1
£ ol
g LI’
c || ue
z Binding energy D + T fusion:
& Fusion
S 4 He*=28 Mev
c
(a1}
D of] T ~8.2 Mev
= (T
T
- D ~2.2 Mev
2
m -
g M Gain : 17.6 MeV
s 1H> D
=z
=t
o &
0 30 60 a0 120 150 180 210 240  27C

Number of nucleons in nucleus

Figure 1.1: Average binding energy per nucleon [9]

In this reaction 3.5MeV kinetic energy is released to the « particle and 14.1MeV to the

neutron. Tritium is not available in nature because it is radioactive with a short half life, so

it must be produced. It is envisaged that it will be produced using the neutron released in

reaction 1.1 in reactions 1.2 and 1.3

SLi+mn—*He+ T+ 4.78MeV

"Li+n—*He+T+n+247TMeV

(1.2)

(1.3)

The initial fuels in this cycle then are deuterium and lithium, both widely available in

nature.

1.2 Plasma confinement

The temperatures that are relevant for fusion applications are measured in keV, correspond-

ing to millions of °C. At these temperatures matter is in the state of plasma, meaning that
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atoms are ionised and nuclei and electrons can move freely. These temperatures are of the
same order of magnitude as the centre of the Sun. No material can withstand them so special
techniques must be adopted to confine the reactant long enough for a significant fraction to
fuse. The most important figure of merit of the achieved confinement is the fusion triple
product, related to the Lawson criterion, that gives the minimum product of plasma density,
temperature and confinement time required to achieve ignition (Equation 1.4). Ignition is
the condition when the fusion power output is sufficient to maintain a constant temperature

against all losses without external heating.

netgTe > 5-102'm 3 skeV (1.4)

The most viable way to maintain this environment is expected to be through magnetic
confinement fusion (MCF), and specifically the tokamak. In MCF the fuel is confined in
plasma state thanks to its behaviour when exposed to electromagnetic fields. Every electri-

cally charged particle is subject to the Lorentz force:

F=q(E+vxB) (1.5)

In the presence of a magnetic field the particle gyrates with a circular motion in the
direction perpendicular to field lines and is unperturbed in the parallel direction. In a
tokamak the plasma is arranged in a doughnut shape, closely surrounded by two main sets
of coils. The toroidal field coils generates a magnetic field that is closed in on itself, so that
charged particles can be maintained in circular spiralling motion. This toroidal geometry,
though, causes an up/down drift in the plasma that would cause it to quickly reach the
walls and cool down. This is prevented with a current through the plasma, induced by a
central solenoid with a time varying current, that generates the poloidal magnetic field. To
further stabilise the plasma and shape it as requested other coils are added to this basic
configuration. [24] The magnetic field generated in this way is composed of concentric flux
surfaces expanding out to the coils. The final configuration is outlined in Figure 1.2. Shown
in pink is a magnetic flux surface, the surface on which a magnetic field line lies. JET is
currently the largest tokamak and has achieved triple products higher than 102'm=3 s kel
in 1997 [25] and recently achieved the record for fusion energy produced, at 59MJ. [26]

The plasma can move freely along the field lines and slowly across it, so in time it drifts
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Figure 1.2: Schematic of the main components of a tokamak [10]

from the centre toward the wall via cross field transport caused by collisions and turbulence.
One of the important evolutions of the tokamak design is to add a coil parallel to the plasma
with a current in the opposite direction. This changes the magnetic configuration in such a
way that the core of the plasma is no longer in direct contact with a solid limiter, as shown in

Figure 1.3. The first magnetic surface that crosses a solid surface, adjacent the Last Closed

(b)

Confined

plasma
Confined
plasma

Inner 1‘ 4 Outer
Divertor targets

Figure 1.3: The poloidal cross section of a limited (left) and diverted (right) plasma. [9]

Flux Surface (LCFS), is referred as separatrix, and where the poloidal field goes to zero is
known as the x-point. The region below the lower x-point (and above the upper in the double

null configuration) is called the divertor. The separatrix crosses the solid surfaces in well
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defined regions, called divertor targets. The plasma that escapes from the core (the position
of which is usually referred to as ”"upstream”) reaches the separatrix and then follows the
magnetic field around the core and eventually reaches the targets. In this way the core is
shielded from the impurities generated by the plasma/surface interaction and can efficiently
expel the fusion products. This motion along field lines is much faster than across them and
is associated with a layer beyond the LCFS called the Scrape-Off Layer (SOL). The time a
particle needs to cross the plasma from the centre and reach the wall defines the confinement

time.

1.3 H-mode

A way to limit cross field transport in the core region and move towards ignition is to operate
in the so called high-confinement mode (H mode), as opposed to the low-confinement mode
(L mode). This regime is reached when the energy flux across the separatrix is increased over
a threshold that depends on the discharge conditions. [27] The physics behind the specific
value of the L-H threshold is still not fully understood, but its effect is to induce a transport
barrier at the edge of the core plasma. This barrier strongly reduces the anomalous transport
due to turbulence in a thin region around the core, allowing for a better energy and particle
confinement there. One drawback of the H-mode is that it causes cycles of accumulation of
energy in the core (up to 10% of the core plasma thermal energy [28]) that is then released in
sub millisecond bursts of hot plasma. These so called Edge Localised Modes (ELMs) cause
a temporary increase of particle and thermal flux on the target of 2-3 orders of magnitude,
which is not expected to be tolerable in a large tokamak. [29] The transport barrier is also
very effective in confining impurities and fusion products in the plasma core. [30] This leads
to a dilution of the fusion fuel and a possible radiative collapse of the plasma. ELMs are
beneficial in this context as they provide a mechanism to transport impurities across the
transport barrier. [31]

Various solutions to the ELM problem have been put forward, in the form of different
operational regimes where the instabilities that cause the ELMs are prevented or limited,
but such solutions usually involve some degree of degradation of the confinement properties
typical of the ordinary ELMy scenario, or a limitation of the operational space. Another

solution is to cause intentionally more frequent and smaller events that can release part of
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the accumulated energy and particles in a more controlled and gradual manner. [31]
In order to sustain the H-mode a certain amount of power must cross the separatrix,
otherwise the H-L back transition can occur. This constitutes a lower bound to the heat and

particles that need to be dissipated from the separatrix to the target.

1.4 The exhaust problem

A consequence of the divertor configuration is that the SOL is very narrow, of the order
of mm [32,33], therefore all the exhaust heat is delivered to the small area of the target in
contact with the SOL. The situation is even worse in H-mode, as even more power crosses
the separatrix and is exhausted via the SOL. For ITER, a fusion device in construction in
France that will be a step closer to a power production device, the heat flux parallel to field
lines is in the order of GW/m?. [34] The maximum power that can be removed from a surface
with current technologies is 10 —20M W /m?. [35,36] If the heat to the target is not mitigated
this will pose a serious limitation on its lifetime and the amount of impurities reaching the
plasma, making profitable operations impossible.

Sputtering is the phenomenon of emission of one or multiple atoms from a solid surface
caused by interaction with an ion. This happens even for heat fluxes much lower than
those required for melting the surface. [37] There are various types of possible interactions
but, as a whole, the larger the energy of the ion, the larger the number of atoms that are
sputtered from the surface. The local interaction of the plasma with a solid surface creates
a sheath where the ions are accelerated towards the surface, exacerbating sputtering. The
flow velocity at the sheath entrance amounts to vse > \/ICT%;M with m; the ion mass,
k the Boltzmann constant, v = 5/3, T, and T; electron and ion temperature respectively,
and is higher than the plasma sound speed ¢ = % The sputtered atoms can end up
in the plasma, polluting it, or be redeposited to the target, changing its composition and
properties. Sputtering can be so severe as to be the main limiting factor of the lifetime of
the plasma facing components.

This work fits into the broader effort of reducing the heat flux to the target and associ-
ated sputtering to acceptable levels while maintaining an acceptable performance. This is

important both during the plasma steady state phase (to which the work in Chapter 2 and

3 is mostly concerned) and during transients (for which Chapter 4 is more relevant) as will
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be explained later.

1.5 Divertor shaping

The heat and particle flux can be reduced by tilting the target with respect to the separatrix,
by locally reducing the magnetic field, thus spreading the heat over a larger surface, and by
moving the strike points to a larger radius to spread the heat over a larger surface. Different
divertor designs are under investigation (see some on Figure 1.4) with the purpose, among

others, of easing the thermal burden on the target.
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Figure 1.4: Example of different divertor configurations. Left: Standard Vertical Plate
Divertor (SVPD), Super-X Divertor (SXD) and X-point Divertor (XPTD). Right: Long
Vertical Leg Divertor (LVLD) [11]

The above mentioned mitigations combined lead to a reduction of the heat flux density
of around 20 times for a tokamak of Standard Vertical Plate Divertor (SVPD) divertor type,
such as will be implemented on ITER, still short of the additional 10 times reduction needed
to respect the 10 — 20M W /m? limit. The divertor configuration introduces an asymmetry
in the poloidal geometry due to the two targets being located at different radii. In terms of
energy and particle redistribution in the SOL the inner target will receive a higher ion flux
and lower energy flux compared to the outer one. As will become clear later, on the inner
target this causes stronger recycling and eases the thermal load, while the outer target is

normally subjected to more severe conditions. [ [38] and references therein]
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1.6 Radiative dissipation scenario

Another way to decrease the heat flux to the target is to induce radiation in the SOL.
Radiation occurs naturally in plasmas and it depends greatly on the temperature and density
of each species. When an atom is not yet fully ionised its electronic levels can be excited
by collision and de-excite emitting a photon. The ionised atoms can recombine with free
electrons and release a photon too. The energies at which these effects are more likely
correspond to the peaks in the curves in Figure 1.5. If the temperature is so high that
atoms are fully ionised, then the only radiative mechanism is Bremsstrahlung radiation that
is much less efficient. This corresponds to the monotonically increasing right-hand-side part

of the curves in Figure 1.5.
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Figure 1.5: Loss function data from the Atomic Data and Analysis Structure (ADAS) data
base (solid lines) for the different elements [12]

At the temperatures of interest in the SOL (100s of eV [39]) hydrogen is fully ionised
and radiates weakly. With the addition of impurities sputtered from the wall, or specifically
seeded in the discharge, energy can be transferred from the plasma to the impurities and

then radiated. This mechanism can be exploited to dissipate a significant amount of power
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from the core and edge of the plasma, but also the SOL. This regime is referred to as the

radiative scenario.

1.7 Detachment

At low upstream densities the plasma that enters the SOL can flow relatively unimpeded
towards the target. The temperature in the SOL is about constant and the particle flux is
limited only by the sheath condition (e.g. ”sheath-limited”). By increasing the core and
SOL density, plasma heat flux conductivity decreases (e.g. ”conduction limited”), leading
to negative temperature gradients and positive density gradients, with an almost uniform
pressure. The heat flux to the target is the sum of the component parallel to field lines gpqr,
the orthogonal one q,-+, and a component given by the energy released with recombination

Grec, given by Equation 1.6.

0.5
qpar :ne,tcsf}/sthTe,t « pe,tTe,t
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where vy, is the heat sheath transmission factor, n.; and 7T, ; are the electron density
and temperature in front of the target, c, is the sound speed, B, and Bg are the poloidal
and toroidal magnetic fields and F,,; ~ 15.8eV is the potential energy released per ion when
recombining to form neutral deuterium molecules on the target plate. [40] The temperature
cannot be indefinitely reduced because of operational limits such as the Greenwald limit. [41]
Moreover, a reduction of the temperature does not alone guarantee a decrease of the heat
flux. One possible solution to achieve it is to cause gradients of temperature and pressure
along the field lines in the SOL. This should be done in such a way to minimize the impact
on the core plasma.

A way to achieve this is to induce plasma detachment. This phenomenon has been
observed in a series of tokamaks [ [40] and references therein| and can be induced by impurity
seeding or fuelling. In Alcator C-Mod [42] and AUG [43] it was shown to significantly reduce
target heat flux in conditions scalable to burning plasmas like ITER.

In an attached regime the plasma streams through the SOL and reaches the target. At

the target the charged particles recombine and become neutrals. These are generated in an
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excited state and, therefore, there is strong radiation at the strike points. The neutrals are
not bound by magnetic fields and can move freely until they collide with other neutrals or
particles from the plasma. A neutral can then re-ionise and stream along field lines, returning
to the target or entering the plasma again. This process is called recycling and the region of
the leg where it occurs is called the ionisation or recycling region.

If the density in the SOL is high enough then the neutrals generated at the surface by
the plasma will interact mainly in the SOL and the plasma will lose part of its energy and
momentum on its way to the target via radiation and transport. [44] To further increase
the energy loss, low Z impurities like Nitrogen can be seeded in the SOL: they will ionise
only partially, radiating efficiently at a higher temperature than hydrogen or helium. The
lower the temperature, the higher the energetic ionisation cost will be. This is because lower
temperature means slower progressive excitation by collisions of the bound electron up to
ionisation, with radiative losses in the process, instead of a single higher energetic collision
directly to ionisation. This causes even more radiative cooling. In most cases volumetric
ionisation from neutrals constitutes the main source of ions for the target flux. This effect is
even stronger if the divertor is separated from the main chamber by a physical barrier, the
baffle, that confines the neutrals increasing their density in the divertor, like in the Mega
Amp Spherical Tokamak Upgrade (MAST-U) tokamak. [45-47] This is referred to as high
recycling, where the recycling region constitutes a self-contained system that is supplied
from upstream with the energy to ionise the neutrals. This is believed to be one of the most
important differences between tokamak divertors and linear machines, where the main source
of ions is usually the plasma source upstream. Simulations for the linear machine Pilot-PSI,
characterised by a very high density, show that ionisation could account for up to a third of
the plasma source, but in a region very close to the source itself. [48,49]

From detachment experiments it is observed that the particle flux to the target increases
with increasing core density. Increasing the density or seeding impurities causes the particle
flux to reach a maximum and then decrease. This is called rollover and corresponds with
the onset of detachment. Other metrics for detachment onset have been used, such as the
decrease of the target temperature below a certain threshold [50,51], but the Langmuir probe
particle flux roll over constitutes a direct and simple measurement, hence their widespread
use. Further increasing the density the particle flux decreases and saturates. In the case

that the plasma loses all its kinetic or thermal energy it still maintains the energy absorbed
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during its creation, the ionisation and dissociation energy, 15.8eV. In a DEMO scale device
this residual energy flux would be still high enough to exceed the 10 — 20MWm ™2 limit
on the target. [46] To reduce it even further the temperature must drop below leV to
trigger volumetric recombination. This is accompanied by a strong radiation increase from
where volumetric recombination occurs. The particle flux drop can continue up to the
point that the measured plasma temperature at the target reaches a minimum and the
radiating region (radiation front) recedes upstream along the field lines. [52] At different
stages in this process different fronts will in turn detach from the target like the ionisation
and thermal front. [22,53,54] The front’s movement comes from the balance between the
power and particles entering the SOL with dissipation by radiation and interaction with

recycling neutrals.

1.8 The x-point radiator

When a discharge, either L-mode or H-mode, is close to the detachment threshold in a
tokamak with a conventional divertor configuration, and the impurity or core density is in-
creased, 4 stages of detachment are defined as per the description in [38,40] (here detachment
is intended to mean the particle flux roll over and deviation from what is expected in the

attached case, see Section 1.11).

1. Onset of detachment: the inner target detaches inter-ELMs (both from impurity seed-

ing and from upstream density increase), the outer target is attached

2. Fluctuating state: inter-ELM radiative fluctuations (of the order of kHz) appear at the

X-point and, inter-ELMs, the inner target detaches

3. Partial detachment at outer target: inner target always detached, outer target detached
inter-ELMs, strong radiation at the X-point, fluctuations frequency decrease to ELMs

scale, ELM’s amplitude decrease.

4. Complete detachment: inner and outer target always detached, sporadic ELMs, radi-

ator moves from X-point further into the confined plasma

For this type of discharge the radiator close to the X-point appears when detachment

starts at the inner target, while it is only enhanced by the detachment on the outer target.
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Because the parameter of interest is the reduction of thermal flux on the outer target, a
feature that will always be present in reactor relevant conditions is a strong radiator located
close to the X-point.

If the density is further increased, the radiator can either move vertically upwards entering
the core [55], or move along the inner separatrix up to the midplane and enter the core from
there forming a MARFE. [56] In both cases a degradation of the confinement properties is

observed.

1.9 Effect of X-point radiator

The X-point radiator (XPR) [55] or X-point MARFE [43] is a region of steep temperature
gradient, where the temperature goes from that of the hot upstream plasma from the core
to the cold region where ion / neutral interactions dominate. The presence of such a region
at or inside the separatrix can lead to confinement degradation. In this context, what is
referred to as confinement H98 is the ratio of the actual energy confinement time 7y, to a
reference. The reference is a confinement time from a scaling law obtained by fitting the
confinement time of many tokamak experiments in a certain operating mode. For ELMy
H-mode the scaling law mostly used is the ITER Physics Basis (IPB) 98(y,2). [57] For L-
mode the ITERL-97P scaling can be used. [58] The scalings are given by Equation 1.7 and
1.8. For spherical tokamaks an H-mode [59] and MAST L-mode [60] scaling are given in
Equation 1.9, 1.10 respectively

0.93 0.15 0.41 —0.69 1.97_0.58 . 0.78 .19
Hgg = Tth/Tth,98y2 y Tth,ggyg = 00562.[]3 Bt ni19 PL R 13 Rgq MO (17)

0.74 15 02, 0.241p —0.75 p1.69_0.31,. 0.67 3,70.26
Lo7 = 7un/Teno7p 5 Tehorp = 0.0371p" "By “nig " Pr, RY090:31y 0670 (1.8)

053 1.05. 0.65 —0.58 2.66,. 0.78
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Lst = Tin/Tin, ST » TenLsT = 0.1531p" 01 B"Tngg =007 pp =057 (1.10)

with Ip plasma current in M A, B; toroidal magnetic field in T, n'? averaged electron
density in units of 10194 /m3, P, = P — dW/dt power loss in MW with P heating power
and W stored energy, R major radius, ¢ minor radius, ¢ = a/R inverse aspect ratio, k,
elongation, M ion mass number in amu. It is possible to calculate the energy confinement
time from magnetic coil measurements and the energy transferred to the plasma as heating

(Preat). Tt is defined by

dW w 3 I~
Y o P w =2y () = 0l
dt Tih 2 8m2a (111)
nkgT ’
Bp:< B >aPheat:Pohmic+PNBI+PRF

By?*/(240)

With V' plasma volume, (p) volume-averaged plasma kinetic pressure, /3, poloidal beta,
B, poloidal magnetic field, a minor radius, Popmic, PnBI, PrF, power transferred to the
plasma by ohmic heating, neutral beam injector and radio frequency respectively. [61,62]
The confinement loss is usually determined by comparing the confinement before and after
the appearance of the X-point radiator, or by comparing a series of discharges in similar
conditions with and without X-point radiator. The confinement degradation can be due to
direct cooling caused by the cold region (e.g.poloidal temperature gradients driving power
to that location [63] ) or to easier penetration of impurities in the core | [22] and references
therein]. The degradation significantly affects the outer part of the core region with signif-
icant reduction of temperature, pressure and an increase in density. [43] It was found on
some experiments that the inner core (i.e. where the ratio of poloidal magnetic flux over
poloidal magnetic flux at the separatrix p,o < 0.8 —0.5) is only marginally effected. | [64]
and references therein | It is therefore suggested that the reduction of the gradients in the
pedestal region could be recovered in a portion of plasma 0.8 < p,e < 0.95. [40]

The X-point radiator will also have the effect of radiating a substantial fraction (75—90%
of the heating power achieved [65]) of the power input to the core. This could reduce the
power crossing the separatrix, causing the H-L transition. This is not a major risk for ITER
and larger machines, because the power crossing the separatrix is expected to be significantly

larger than the threshold requirement. In fact, seeding a higher-Z impurity into the plasma
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to enhance core radiation (radiative mantle) and lower the power needed to be exhausted
through the separatrix to about the minimum for the L-H transition, has been considered.
Then a lower-Z impurity will be fed to radiate in the divertor. [ [43,64] and references
therein]

There are two active areas of research to limit confinement losses with XPR.

One is in trying to achieve detachment while not allowing the radiator to move all the
way to the X-point and cause confinement degradation. The main difficulty in achieving
this is that, for standard divertor geometries, the operational window of any given control
parameter to move the radiator from target to X-point is very narrow. Considerable effort has
been put forward to find a predictive model. An early attempt is the two point model, a 1D
model where the conditions outside the separatrix and at the target are correlated and some
approximations on the heat and particle transport adopted. [66-72] The thermal front model
proposed by Lipschultz [22] is an improved 1D model that, balancing input / output power
on the thermal front (edge of the radiator toward the core), tries to identify the operational
window of a control parameter and its stability for given plasma / magnetic configuration.
This model finds that for all the control variables analysed, the operational window widens
for an increasing ratio of X-point to target magnetic field B, /By; and increasing ratio of the
connection length between X-point and target to upstream and target zx /L. It is also found
that increasing connection length should lower the detachment upstream density threshold.
Stability analysis indicates that for decreasing zx /L there is an increasing minimum Bx/Bt
for a stable solution. [22]

This puts additional emphasis on research of different divertor designs. TCV in Switzer-
land and MAST-U in UK are the best suited for these type of investigations due to the
flexibility of their divertor geometry. Recent data from TCV seems to prove that the sensi-
tivity on control parameters decreases with flux expansion (larger operational window) but
didn’t verify the threshold dependence on connection length. [73]

A second strategy is to live with the radiator located at the X-point (it is further apart
from the target and ELMs have to burn through more divertor volume before reaching the
target) and try to understand and minimize the loss of confinement in the core. The reality of
current conventional tokamaks is that the X-point radiator always appears if full detachment
from the target is pursued, with different variations depending on the seeded impurity as

can be seen in Figure 1.6.
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Figure 1.6: Different radiation profiles with the clear presence of an X-point radiator for
different impurities [13]

The X-point radiator cannot be idealised as easily as the thermal front of detachment,
because it is much more related to core and edge dynamics. Modeling its behaviour requires
the use of codes that account for all atomic interactions, drifts, etc. such as SOLPS-ITER,
EDGE2D-EIRENE, SOLEDGE2D-EIRENE [ [37] and references therein]. The presence of
the radiator significantly affects temperature, pressure and density distribution, especially
in the pedestal, therefore it is likely to have an effect on the current distribution and MHD
activity. In recent years a large effort has been put forward to characterise the behaviour
of the X-point radiator and its macroscopic effects on the core / edge. This has been done
mostly in conventional geometry tokamaks, both with metal and carbon walls.

A recent effort in the analytical modeling of the XPR with a simplified power and particle
balance [74] allowed for discrimination between conditions conducive to the XPR compared
to a MARFE at the midplane (which causes a significant loss of performance and often a
disruption). The stability of the XPR strongly depends on the radiation curve (Wm? vs
T.) of the plasma. Due to the relatively high temperatures at the edge of the core, this
dependence is influenced by the type of impurity present in the plasma. It was found that
for carbon, which is an intrinsic impurity in machines with carbon walls, the transition

from XPR to MARFE occurs at low plasma densities, such that a stable XPR is usually
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not possible. In metal machines, it is easier to control the type of impurity, and if heavier
elements like nitrogen are present, then the XPR is stable for a larger parameter space. This
could be partially tested in MAST-U by seeding nitrogen, but carbon will always be present,
sputtered by the graphite tiles.

1.10 ELMs and XPR

Another important feature of the XPR is the reduction in amplitude of ELMs. This can
be attributed to the fact that the energy associated with an ELM first heats up the XPR
and then moves toward the target. If the neutral density between the X-point and target,
and in the radiator itself, is high enough then it could be possible to avoid ELM “burn
through”, where the ELM penetrates the detachment front and reaches the target. [45] This
can be further improved by alternative divertor configurations, like the super-x divertor with
a long outer leg, since the ELM has more time to interact the cold gas and dissipate some
of its energy. The burn through is a complex phenomenon because of the short time scale
(hundreds of ps), complex geometry and complex interactions between the core plasma being
expelled by the ELM with the neutrals.

Simulations with simplified atomic and neutral physics have been carried out with the
code JOREK to study the dynamic of the burn through in MAST-U, showing a significant
reduction of the peak target heat flux compared to empirical scalings. [75,76] Other attempts
with the code SOL-KiT have shown the importance, given the short time scale of the burn
through, of including kinetic effects and that the target flux could be underestimated with
fluid models. [77] Attempts to better understand the physics of detachment and the burn
through with a more detailed model that includes molecular reactions with simpler geometric
approximations (SD1D) have revealed that molecular reactions are important for the plasma
momentum balance and cause Balmer a radiation to increase at and after the roll over.
[78] These attempts could recreate target power fluxes similar to experiments, but require
significant refinement to return sensible results. [79] No simulation yet, to the knowledge of
the author, includes a complete treatment of the molecular reactions that become relevant at
the low temperatures typical of deep detachment (< 5eV') together with the 3D and kinetic

effects that have been shown to be important.
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1.11 Analytic models

1.11.1 Two Point Model

In order to qualify and characterise the evolution of detachment it is useful to build approxi-
mate analytical models for the properties of interest, like particle and power fluxes, depending
on the upstream plasma conditions. The most widely model is the two point model (2PM)
and its variations. [66-72] In it the complex 3D geometry of the SOL is translated to a

simpler 1D system as shown in Figure 1.7.
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Figure 1.7: Schematic of how the poloidal SOL geometry can be straightened into a 1D one.
‘v’ indicates the location of the upstream location where core plasma enters the SOL.Adapted
from [14] and the JET image database.

Then a series of assumptions are made:

there are no power losses along the SOL

ionisation does not affect the energy and flow profile

heat is transported only via parallel heat conduction

plasma pressure is considered constant in the entire SOL
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e quasi neutrality, and the same temperature for electrons and ions (ne = n; = n,

T.=T,=T)
e all the power to the SOL is transferred at the upstream location.

At the target surface the presence of the sheath accelerates the ions to the sound speed,

so the local pressure given by the static and dynamic component p; is

Dt = Pstatic T Pdynamic = 2ntkﬂ + ntmicst2 (112)

Upstream, the dynamic component of the pressure is assumed to be negligible so, p, ~
2n, kT, so that if the pressure is considered uniform then this returns the first equation of

the 2PM

20 kT, = 20k Ty + nymics;® = 2nikTy + 20k Ty — ny Ty = 20Ty (1.13)

Since no volumetric power loss is considered, the heat transferred to the SOL is trans-

ported to the target, and it is determined by the sheath physics to be

2KT})3

)

q = ynikTics; = ymy (1.14)

returning the second equation of the 2PM.

This heat is carried to the target via conduction. In order to calculate it, using Spitzer
conductivity (k) = KT®/?) [72,80], one should consider that the parallel heat conductivity
for charged particle self-collisions is proportional to nsvis s = NsVins2/Vs With vy, the
unidirectional thermal velocity of the species s, ns species s density, As the self-collision
mean free path and v, the self-collision frequency. v, is given by \/m while v, is
proportional to ns/ \/'nTT;3 . The heat conductivity is then proportional to T>/2 /ms'/2. This
indicates that, given the mass difference, electrons dominate the conduction heat transfer,
and that there is a strong dependency on the temperature. The heat flux can then finally
be written as per Equation 1.15 where the electron parallel heat conductivity coefficient & is

of the order of 2000. [72]

dT
— _RTY2 1.15
a=" (1.15)
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This equation can be integrated from upstream to target (amounting to the connection
length L), and considering that q|| is constant one can obtain the last equation of the 2PM

model

7qHL
2K

7

T2 =772 4 (1.16)

Assuming fixed g, L, v, m; Equation 1.13, 1.14 and 1.16 contain 4 unknowns (ng, ny, Ty, Ty)
and can be used to numerically solve for 3 when one is known or measured. If one assumes

T, >> T; Equation 1.16 can be further simplified neglecting 7; and the 2PM reduces to

_ Qﬁ 2m;
- nTE 4%k

373 213
_nady vk
ng =—s5—

t

7 am (1.17)

_ 7q”L 2/7
YO\ 2k

The target particle flux can finally be calculated as the heat flux over the energy released
by each particle (neglecting the energy from surface recombination) from Equation 1.14 as

shown in Equation 1.18 (the arrow refers to the further simplification as per Equation 1.17).

q| [2KT,  n2T? ~k
Iy = = — 1.18
¢ ~kT} " m; q 2my ( )

This correlation is the one that has been used in the literature to find detachment. The

particle flux from Langmuir probes and the expectation from this scaling roughly match for
an attached target. Increasing the upstream density further, the particle flux plateaus and
then starts to decrease, deviating from the expected trend. This can be quantified in the
Degree of Detachment (DoD) given by the ratio of the two quantities. [54,72] Of relevance for
the present work is that the depth of detachment increases with upstream density. This will
be used to characterise density ramps in MAST-U during the first experimental campaign
(MUO1). It has also been demonstrated that the threshold for rollover is proportional to
a certain value of the ratio ?;TTE: (grec is the specific energy flux into the hydrogen recycling
region). [45,52,81]

This simple model can then be improved by including more of the true physics of the

divertor and SOL such as: volumetric power and momentum losses due to interactions with
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neutrals, volumetric radiated power losses, variation in ¢ and pressure along field lines, sharp
transition regions from x-point to target (e.g. ionisation / density / radiation front), magnetic
configuration, etc. [22,72,82,83] This increase of sophistication also allows, depending on the
model, the study of the conditions along the leg, and investigation of the relevance of different
phenomena and the stability of the front’s movement. The front’s stability is particularly
important because, as detached scenarios become more and more relied upon to provide the
volumetric dissipation required for the target survival, it is paramount to be able to control

their location.

1.11.2 Thermal front Model

Following the formulation in [22,53] the thermal front is defined as the region with steep
thermal gradients where the temperature transitions between the hot upstream, and the cold
target region where ionisation, recombination and other neutral processes dominate. The
front is thin in the direction parallel to magnetic field and is located in the divertor leg
(between x-point and target). From the upstream side of the front (temperature T}) to the
midplane the pressure is approximated as constant, with the parallel heat flux driven entirely
by conduction in the same fashion as for the 2PM (see Equation 1.15, this approximation
will be later adopted within the front too). From the downstream side of the front to the
target temperature is low (~ T¢), in the eV level, and processes that can reduce the particle
flux like recombination are possible.

Unlike before, Equation 1.15 is integrated from the upstream location to the front and
the variation of g along the field lines is considered. No power enters the SOL apart from
upstream and no power losses are assumed in the SOL, so the conducted heat flux has a
functional form g (SH) = q\\,u%j”' The upstream temperature is then given, neglecting 7,

by

T, ~

2/7 2/7
7 (b Tq). (1 B(s))
%/sw q(S”)dS”] = [ P /S B, ds)| (1.19)

Il f

Now one can perform a power balance on the front. Assuming the power losses due to
impurity radiation are dominant and no power enters the region other than via conduction,

this results in
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dg

dz = nen]LI(T) = f]ngL[(T) (120)
- — gy Bu — o, Bidl :
with ¢ = ¢ = —r) g8, a scaled form of the parallel heat flux, 2 a scaled version

of the parallel distance such that dz = %ds”, I the main radiating impurity and L; and
fr the electron cooling function and impurity fraction respectively. Ly is low at very low
temperatures, as a minimum energy for an impacting electron is required to excite an atom,
but is also low above the temperature that leads to the full ionisation. Therefore, depending
on the specific impurity, there is a temperature range where its radiation is significant,
identified with the T, and T}, previously mentioned. T} can be determined as the temperature

at which L decreases below a set small fraction of its peak, usually around 60-80eV for
B2 dT

nitrogen. [22] Multiplying Equation 1.20 by ¢ = —x 5% %, and integrating between T;. and
T3, one obtains
h 2
h B
(2] = 2/ flngLI(T)n”B—ng (1.21)
C

Taking fr and p = n.1, = n,Ty as constant inside the front as well as up to the upstream
location, and assuming that the heat flux at the cold side of the front is negligible as most
of the energy is radiated in the front, this reduces to

2 272 " B;
qf o = 20272 frs / ﬁLI(T)B—g dT (1.22)
(&
Assuming the parallel distance between the cold and hot locations to be short, B inside

the integral can be approximated with By, constant over T', and T, can be replaced as per

Equation 1.19 to finally obtain

Ly B(s 2/7 3
7Q||,U/S [ Bj(g )ds] \/Qfm/c VTL(T)dT (1.23)

26 Jsy; Bu

By

d|lu = nugf

This equation contains variables that can be externally controlled while others depend
on the magnetic configuration and the intrinsic characteristics of the plasma. Separating the

two one can construct a lumped detachment parameter C' as
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h -1/2
C(s)y) = ”“;fff = 72/T(2,) 731 [ / VTL(T) dT} gi

||7u

—-2/7
/LI B(S”) ds”]
S.f By

C() Cl

(1.24)

The grouping indicated with Cj is independent on the front location, therefore variations
of external conditions will impact the front location as per C;. If (' increases from the target
to the x-point, it means that if the front moves towards the upstream location (getting more
detached) a lower g ,, (as an example of one of the control variables) is required to maintain
that location. If g, doesn’t change, the front will be pushed towards a more attached
configuration, restoring the original front position. In this case, therefore, the front is stable.

If C decreases from the target to the x-point, when the front moves upstream from
equilibrium a higher ¢ ,, is required. If ¢, doesn’t change the front will move so as to make
the target more detached, moving further towards the x-point in an unstable manner. This
means that in a leg where this condition on C} is present, the model predicts that as soon
as the conditions for the formation of the thermal front occur at the target, it should then
rapidly move to the x-point.

In both standard and spherical tokamaks, when the inner leg goes from a region of high
to low magnetic field from target to x-point, C is often decreasing, leading to the prediction
of an unstable detachment front movement. Meanwhile, on the outer leg, the possibility to
vary the total and poloidal flux expansion allows for a greater range of outcomes. [22,82]
These predictions can be verified in MAST-U observing the movement of the peak radiation

on the leg, as will be shown later.

1.12 Goals and objectives of the thesis

The main objectives of this work are related to the radiation distribution on MAST-U and
its relation to detachment, with the ultimate goal of reducing heat and particle flux to the
target. Of particular interest is: understanding the movement of the radiating regions com-
pared to other metrics of detachment in MAST-U compared to other tokamaks; examining
the feasibility of the XPR configuration; comparing the stability of the movement of the
detachment front with theoretical expectations; analysing the plasma behaviour in the novel

super-x regime. This is achieved by measuring the total radiated power profiles, with the
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design, implementation, calibration, validation and use of the new infra-red video bolometer
diagnostic in MAST-U. As will be shown in detail in Chapter 2, the diagnostic is based on
previous work on NSTX-U [21] and Alcator C-Mod [84] and its goal is to measure the radi-
ation distribution in the lower section of MAST-U with particular emphasis on the x-point
region.

Significant work was necessary to design the system and to balance the strength of the
signal with the desire to maximize spatial resolution (see Section 2.3). For this, new and
accurate ray tracing methods were used in order to accurately determine the intensity of the
radiation from the plasma on the diagnostic.

Once the diagnostic was built it was necessary to calibrate it in order to convert the data
to a form related to the power radiated by the plasma (see Section 2.4). This was done by
characterising all parts of the diagnostic and by finally verifying its accuracy compared to a
known source. Once installed on MAST-U the orientation and the field of view was verified
using features of the plasma, obtaining good agreement with the original design.

Finally the data from MAST-U is collected and analysed (see Section 2.5). The changes
of line integrated brightness in different region of the plasma correlated well with the progress
of detachment. The measurements match observations from another diagnostic that observes
the total radiated power (the resistive bolometry system), albeit being negatively affected by
imperfections in the sensing element and a signal from the NBIs unrelated to the radiated
power effecting part of the field of view.

In parallel to the hardware development, an effort was made to develop inversion rou-
tines capable to tomographically invert the line integrated brightness to emissivity (see Sec-
tion 3.2). Different methods were tested and a probabilistic approach was adopted to take
into account the uncertainties arising from the different parts of the system.

The results show, for the first time in a spherical tokamak, the changes of radiation
distribution in relation with detachment with high spatial resolution (see Section 3.3). The
movement of the radiation in the inner and outer leg can be compared with literature [38,
40, 55,56] and it is found that the progression is similar to expectations for L-mode in large
aspect ratio tokamaks. It was not possible to clearly determine a consistent behaviour for
H-mode discharges (see Section 3.3.3). The progress of detachment in L-mode is compared to
measurements from other diagnostics (see Section 3.3.2). The particle flux on the outer target

is observed to consistently roll-over after the radiation is detached on the inner target and
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at the same time as the outer target radiatively detaches. It is also shown that the radiation
moves gradually on both the inner and outer legs, against expectations from analytical
models [22,82] that predict a sharp transition on the inner leg. The XPR regime is briefly
observed after both legs detach, before a MARFE-like structure is observed on the high
field side midplane. In MAST-U, where only the intrinsic impurity carbon was present in
the first experimental campaign, this is only a transient phase, matching recent theoretical
predictions. [74] The radiated power in the core region scales well with measurements from
the resistive bolometry system while the total power radiated in the super-x chamber is
used in conjunction with measurements of the hydrogen and carbon line emission to confirm
recent results on the processes involved with detachment [85,86] and the importance of
molecular assisted reactions as an intermediate step between electron impact ionisation and
electron-ion recombination (see Section 3.3.4).

A secondary goal of this work, developed thanks to a collaboration with the DIFFER
institute in The Netherlands, is understanding the behaviour of ELM-like pulses during de-
tachment and the role of atomic and molecular processes. This was achieved by conducting a
series of experiments on the linear plasma machine Magnum-PSI, and upgrading the existing
optical emission spectrometer to operate intra-shot measurements, as detailed in Chapter 4.

Conditions similar to those at the end of the divertor leg in a tokamak were reproduced,
changing the neutral pressure to cause the target to transition from attached to detached.
Superimposed on this steady state regime, ELM-like pulses are recreated with a dedicated
power supply system. This causes a sudden increase of the plasma temperature and density
such that the heat flux increases transiently by half an order of magnitude. Temporally and
spatially resolved measurements are taken with different diagnostics to understand the burn
through process. This is difficult to do in a tokamak because of poor diagnostic access and
reproducibility.

Direct measurements from a fast camera observing the burn through process tangentially
and an infrared camera observing the target are used to determine that, when the neutral
pressure is sufficiently high, the ELM-like pulse is prevented from effecting the target and
the plasma is dissipated in the volume instead.

The measurements from the optical emission spectrometer were used in conjunction with
other diagnostics to build a Bayesian algorithm capable of inferring the most likely properties

of the plasma, poloidally and temporally resolved. This is used to show, similarly to what was
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done in the study on MAST-U, the importance of molecular assisted reactions. Molecular
processes are important in the exchange of potential energy, while less so in radiating the
energy from the ELM-like pulse. It is also found that, for some conditions, the volumetric
ionisation source is more important than the plasma input from the source, making these

conditions closer than other linear machines to what observed in tokamaks.



Chapter 2

MAST-U IRVB hardware activities

2.1 Motivation

Parts of this chapter have been adopted from:
F. Federici, M. L. Reinke, B. Lipschultz, A. J. Thornton, J. R. Harrison, J. J. Lovell, and

M. Bernert. Design and implementation of a prototype infrared video bolometer (IRVB) in

MAST Upgrade. Review of Scientific Instruments, 2023.

As explained in Chapter 1 the location of the radiating regions can have a significant
impact on the core plasma. [40]. It is important, therefore, to well characterise the power
balance and radiated power profile in current machines to understand the stability and
performance of strongly radiating plasmas and support predictions for future devices.

Key diagnostics are bolometers that usually operate by exposing a thin foil to plasma
radiation and by monitoring its temperature. The subject of this chapter is a prototype in-
frared video bolometer (IRVB) installed on MAST-U to study x-point and divertor radiation.
The IRVB concept has previously been demonstrated on tokamaks (Alcator C-Mod [84], HL-
2A [87], JT-60U [88], KSTAR [89,90]) and stellarators (LHD [91,92], Heliotron J [93]) and
its basic operating principles are well known. A thin foil is exposed to the plasma radiation
through a pinhole aperture so that each point of the foil corresponds to a different line of
sight (LOS). The foil heats up according to the radiation it receives and the change in foil
temperature is measured via an infrared camera. The advantage, relative to discrete resistive
bolometer sensors [94], lies in the very large number of LOS accessible with a single IRVB de-
vice and the capability to image very large or small portions of the plasma based on foil and

pinhole relative position. The foil is also a completely passive component, potentially better

60
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resistant to neutron irradiation therefore more reactor relevant, than in a resistive bolome-
ter, where on the foil is glued the active resistors used to measure its temperature. The
downsides are that the physics of thermal diffusion needs to be considered which introduces
a limit in the time resolution of the diagnostic.

The IRVB technique is not new, but the current application in MAST-U represents
the first successful implementation on a spherical tokamak. Additionally, in most cases,
the IRVB is tuned to image the core plasma, while in this case the aim is to measure the
radiated power profile in the vicinity of the lower x-point with high resolution. This choice
also comes from the need to complement the MAST-U resistive bolometry system with a
radiated power diagnostic with high resolution in a region of the plasma characterised by
sharp variations. This chapter will detail the considerations that dictated this prototype
design. The entire calibration procedure and the lessons learned from this implementation
will also be presented. It will be shown how the line integrated data was analysed to extract
the emissivity profile and early results from the first experimental campaign in MAST-U

(MUO1).

2.2 IRVB basics

A sketch of the IRVB in MAST-U is in Figure 2.1.

Separatrix Aperture IRV foil IR window
IR camera

O

IRVB tube

X-point
Vacuum
vessel

Target

Figure 2.1: Schematic representation of the main components of a IRVB diagnostic

As mentioned above, the radiation from the plasma reaches the absorber through a
pinhole. The radiation is absorbed by the foil and its temperature increases accordingly.
Knowing the thermal characteristics of the foil the absorbed power can be calculated, then a

tomographic inversion can provide the emissivity profile from the plasma. There are various
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elements to consider in the design of the IRVB diagnostic as shown in Figure 2.1.

Considering how thin a typical carbon coated foil is (composed of 10um graphite + 2.5um
platinum + 10um graphite as per [95] and their standard properties), when the temperature
on one side is increased by a set amount it takes ~ 7ns for the other side to reach the 99%
of that increase. The heat transfer across the foil is so fast compared to the maximum frame
rate of the infrared (IR) cameras available (tens of kHz) and the timescale of the phenomena
of interest (1-10ms) that it permits treating heat diffusion as a 2D problem. The thinner
the foil the lower the thermal inertia, allowing for a higher temperature rise for given input
power. The thickness must nevertheless be large enough for the vast majority of the radiation
to be absorbed. The foil must also (if a significant amount of neutrons are produced by the
plasma) be made of a material weakly prone to neutron induced transmutation and vacuum
compatible. [96] It is important that the foil has low reflectivity for the wavelength range
of interest. Metals normally used in bolometers have low reflectivity for UV and shorter
wavelengths, but high for longer as the majority of radiation from the plasma is emitted at
VUV wavelengths. This is usually addressed by coating the foil with a thin layer of carbon
(as done in our case), known as ”blackening”, that weakly absorbs and weakly reflects high
energy photons but has low reflectivity and high absorption at low energies. [97] The coating
does not significantly impact the reflectivity of radiation entering the diagnostic at shallow
angles and reaching the foil supports. [98] This light would require multiple reflections to
reach the foil and would, therefore, be scattered resulting in a weak offset in a large portion
of the foil. This would not change its capability to observe sharp features from the plasma.
The coating introduces an interface between materials that might impede heat transfer and
increases the mass of the foil increasing its inertia. The coating could also, depending on
the technique, be deposited non uniformly on the foil, adding to the non uniformity already
present on the foil. The coating must also be stable and vacuum compatible. [99]

The infrared camera must be positioned as close as possible to the foil in order to increase
the resolution and signal to noise ratio. If the neutron flux is significant, or there are
mechanical constraints, mirrors or periscopes must be used. All apparatus must be suitable
to transmit infrared radiation and properly coated to avoid reflections. The camera itself has
to be suitable for measuring temperature differences of few K around room or vacuum vessel
temperature. Of great importance in the design is the positioning and size of the pinhole

aperture with respect of the foil. The distance and position impacts the field of view (FOV)
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of the diagnostic, its spatial resolution and the radiation intensity.

2.3 MAST-U IRVB design

The entire IRVB hardware design and optimisation was originally done by Matthew Reinke,
based on work previously done for NSTX-U. [21] The definition of the materials, verification
of compatibility with MAST-U vacuum and magnetic environment, procurement as well as
the initial training of the author on the calibration and assembly of an IRVB system was by
Reinke. The design was then verified and confirmed by the author with the selection of the
fine tuning hardware feature mentioned in this section.

Here it will be shown how the design was adapted to the specific geometry of MAST-U.
The vertical location of the IRVB was dictated by the available ports on the machine. The one
assigned to the IRVB is HE11-2, located in sector 11 and centred 0.7m below the midplane.
The pinhole was placed as close as possible to the plasma to enable an unobstructed, wide
field of view while being protected by the surrounding structures and safely outside the
plasma scrape-off layer (SOL), at a radius of 1.55m. The resulting positioning of the IRVB

tube can be seen in Figure 2.2.

n
J‘ hMP coil

Figure 2.2: Top view of the lower half of MAST-U, showing the positioning of the IRVB
inside the vacuum vessel respect to other features. The numbers identify the sectors, assigned
clockwise in the toroidal direction.

With the above constraints, the pinhole was located off the centre of the foil so that the
LOS starting from the x-point in the poloidal view of the plasma would land in the centre of
the foil. The left two-thirds of the foil surface will have a mostly poloidal view of the plasma
so that the radiation is integrated along the LOS mainly along field lines; the one-third of
the foil on the right will have a mainly tangential view, with radiation integrated across field

lines (see Figure 2.8). This was done to help the tomographic inversion that must then be
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performed. The foil is composed of a 2.5um platinum film coated with graphite on both
sides of dimensions 9 x 7em as supplied by the National Institute for Fusion Science (NIFS),
with the longer side aligned with the vertical axis of the machine to provide a large coverage
in that direction. An exploded view of the components and their final appearance are shown
in Figure 2.3 and Figure 2.4 respectively. In the design of the assembly, particular care was

dedicated to:

1. The presence on the re-entrant and air side section of the diagnostic of features that

can be used to align the view with the MAST-U geometry as intended.

2. The mechanical rigidity of the assembly and the increase of magnetic permeability due
to welds. The tube has a weld along its length that was heat treated to reduce the

relative magnetic permeability below 1.05.

3. Blackening all the surfaces that could cause reflections and direct light to the foil. The
entire detector sub-assembly was blackened with Moly-Paul powder in an isopropanol
solution (the same used within the MAST-U vacuum vessel (VV)) while it was deemed

sufficient to grit blast the other surfaces.

4. The presence of cutouts in the tube to equalise the pressure within. The effect of rapid
pressure changes was tested on a dummy foil created for this purpose in the benchtop
setup (see Figure 2.16) causing no motion of the foil with depressurization of up to
0.05bar /s (only cooling due to ambient air decompression) and visible motion but no

damage up to 0.2bar/s.

5. Maintaining electrical isolation between the tube and the absorber assembly (foil and
copper plates) with PEEK isolation washers to avoid eddy currents through the ab-

sorber.

6. Use of vented screws for tapped holes to avoid trapping air and slowing down the vessel

pump down.

The power density on the foil was estimated with CHERAB [100-102], a code that can
perform ray tracing with the full geometry of MAST-U. Its advantage compared to simpler
analytical techniques is that it can accurately account for the shape of the pinhole and the

details of the machine geometry. The foil is assumed capable of fully absorbing radiation at all
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Figure 2.3: TRVB components overview: exploded view showing all internal components
before welding and assembly.

the wavelengths relevant in MAST-U, as explained later. Based on prior experience with the
IRVB on NSTX-U [103], the noise equivalent power density (NEPD) is expected to be in the
region of ~ 5W/m?, and so a desired signal of ~ 100W/m? was utilized in the pinhole camera
design. Three possible diameter sizes have been evaluated for the circular pinhole in order
to tune the signal strength and resolution: 4, 6, 8 mm. The larger the pinhole, the larger the
fraction of the radiation that can reach the foil, but the radiation from neighbouring regions
can overlap and decrease the spatial resolution. In order to tune the magnification of the
system three possible lengths of the bracket that connects the foil assembly to the pinhole
one (the stand-off) have been considered: 45, 60, 75 mm. The longer the stand-off, the more
magnified the plasma image on the foil, so the better the spatial resolution, but the lower
the signal. The results from the simulations of a homogeneous toroidal emitter of radius 8cm
located at R=0.55m and Z=-1.2m, emitting a total of 0.5MW (equivalent to ~ 7.2kW/m3)
for the 9 combination of configurations is shown in Figure 2.5. [104] The stand-off distances

of 60 and 75cm allow the entire foil to observe the plasma and not be obscured by coils.
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Figure 2.4: IRVB components overview: (a) photograph of the exterior of the foil assembly
inside the tube, (b) the view port side of the tube installed in MAST-U and (c) the camera
installed on the flange respectively. Photographs taken 2018/07/23, 2018/12/03, 2021/05/14
respectively. To change pinhole size and foil pinhole distance the tube must be removed while
the camera is always accessible.

With a 75cm stand-off both a smaller fraction of the SXD chamber and of the outer leg in
the tangential view (right side of the foil) would be out the FOV. Pinhole diameters of 6 and
8mm return a much larger signal than the desired minimum of 100W/m?. In Figure 2.6 it
is illustrated how, with a smaller pinhole, the signal level is lower but it is easier to identify
close but distinct structures in the radiation distribution, even from the poloidal view alone
(left side of the foil). For closer radiating structures it would be easier to distinguish them as

separate in the tangential view with a smaller rather than large pinhole. For these reasons,
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the configuration that includes in the FOV the features of interest and allows for the highest
spatial resolution, while maintaining a sufficiently high SNR, is a stand-off of 60cm and
pinhole diameter of 4mm. This equates to a minimum angle between the LOSs of adjacent
infrared camera pixels of ~ 0.36 deg and an approximate solid angle per pixel of 3.5msr.

The power distribution on the foil was also simulated in the case of the entire plasma
volume filled with a 50k /m? homogeneous emitter to establish the foil "wetted area”, see
Figure 2.7. The bottom left region of Figure 2.7a is where no radiation can arrive. This
was helpful for the prototype phase, because that area could be used as a reference where
the power is zero. For this reason it has been decided to adopt a stand-off between pinhole
and foil distance of 45mm for MUO1, which covers the results shown in this work. This
also returns an even larger radiation from the X-point. The MAST-U IRVB diagnostic has
been returned to operation on MAST-U for the second campaign (MU02) with the optimal
60cm stand-off after re-evaluating the noise levels and the spatial resolution achievable (see
Chapter 3).

An approximate view inside MAST-U, imagining that the IRVB operates as a camera
to show the features and obstructions, is shown in Figure 2.8. The view of the plasma is
mainly poloidal on the left side of the central column, but the field of view is large enough
to see both sides of the central column.

Figure 2.9 displays the overlap between the coverage and views of the resistive bolometry
system and that of the IRVB. The core resistive bolometer LOSs are mostly suited to measure
the fairly homogeneous core emissivity profiles on a flux surface, as there is no overlap
between the various LOS. The super-x chamber has a good coverage, but only between the
strike point and the entrance to the divertor defined by the baffle. The IRVB is aimed to fill
the gap between the two systems. It must be noted that the resistive bolometer sensor is not
carbon coated, meaning it has a lower sensitivity to lower energy photons. [97] In detached
conditions this was assessed to cause a reduction of the brightness of ~15%. [105]

The assembly holding the foil is composed by a 2.5um thick platinum foil from Nilaco,
Japan, held between oxygen free copper plates and was originally prepared by NIFS. The foil
is the same as that used in Alcator C-mod [84] where it is described in more detail. The foil
thickness is optimised to stop photons with energies up to 8.2keV" [92,98], higher than the few
keV expected in MAST-U. The foil and its support frame have been spray blackened on both

sides with Aerodag@®) G Graphite Aerosol and calibrated with a procedure analogous to the
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thickness is larger than the platinum layer [95] it should be thermally irrelevant. [97] Lower

one described in [106]. The layer of graphite helps to absorb radiation in the visible range,
preventing reflection becoming significant for photon energies below ~ 40eV [98]; even if its

MAST-U structure on the foil for reference.
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Figure 2.6: Radiated power deposited on foil, modelled with CHERAB, of two tori of 4
cm minor radius separated by 16cm in vertical position with uniform emissivity such as to
total 0.5bMW of radiated power, located at the expected x-point location. The pinhole size
was varied from 4mm (a) to 6mm (b) to illustrate the loss of spatial resolution. The power
deposited on the foil below 100W/m? is not shown, as that is the minimum desired signal
level. Only the relevant section of the foil is shown. In black are overlaid the projection of
relevant features of MAST-U structure on the foil for reference.

energy photons like visible light represent a minor energy loss channel, but their relevance
is expected to increase in deeply detached and cold plasmas, therefore the importance of
the coating. [107] In [99] it is shown that this type of coating causes irregularities in the
foil, leading to non uniform temperature increases. To alleviate this issue, the carbon layer
can be deposited with a vacuum evaporation technique that guarantees reproducibility and
uniformity, as done at LHD. [99] Given the prototype nature of the present implementation

and the availability of a vacuum compatible certified absorber, this spray-blackened foil was
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Figure 2.7: Radiated power deposited on foil, modelled with CHERAB, with a 4mm diameter
pinhole and (a) 45mm and (b) stand-off between pinhole and foil, for the case of the core
and divertor regions emitting homogeneously at a level of 50kWW/m?. The white regions do
not receive any radiation from the plasma, in black are overlaid the projection of relevant
features of MAST-U structure on the foil for reference.

deemed sufficient.

To guarantee consistency in the positioning and orientation of the foil with respect to
the pinhole, a series of markings were inscribed by NIF'S on the copper plates as shown in
Figure 2.10. The yellow numerical markings are also used to define the thermal calibration
supplied with the foil. The compatibility of the assembly with the thermal expansion caused
by the MAST-U VV bake was studied. The bake causes the VV and internal components
to reach ~ 110°C' and 120 to 200°C respectively, likely causing the absorber assembly to
reach an intermediate temperature. The thermal expansion coefficients for Cu and Pt are
16pm/mK (similar to steel) and 9um/mK respectively. This could have led to stress and
thus tearing of the foil, but confidence was gained with the pressure test mentioned in
Section 2.3 on the mechanical resilience of the foil. Another item of concern related to the
bake is the stability of the carbon coating on the absorber foil. The technical datasheet
for Aerodag®) G used for coating, indicates that it can be used as lubricant up to 200°C.
Considering the possible failure modes, any piece of carbon detaching from the absorber
assembly was expected to stay within the tube, posing no risk for MAST-U operations. The
IRVB has ultimately undergone the entire bake cycle prior to MUO1 and after inspection did



CHAPTER 2. MAST-U IRVB HARDWARE ACTIVITIES 71

)

Figure 2.8: Approximate view inside MAST-U as if the IRVB operates as a camera. Blue
labelling is used to highlight the various sectors and the fuelling locations in the IRVB field
of view (FOV). At the bottom of the image is the coil P6 obstructing the field of view.

not seem to suffer any damage.

The tube where the foil is installed extends from the vacuum chamber wall to a position
close to the plasma, but still safely outside the SOL and potential particle and power loads.
The camera images the absorber foil through a 10mm thick ZnS view port from Crystran
with 4 — 5um and 8 — 10um anti reflection coating on both sides and is bolted to the tube.
The orientation of the view port with respect to the camera, even if it should not matter
substantially, was maintained throughout the test and assembly phases for consistency. The
view port assembly was leak checked before final installation with the setup in Figure 2.16.
The camera, a FLIR SC7500 with InSb detector array, is equipped with a 4 —5um pass band
filter and has a spectral range of 1.5 — 5.1um. This model was selected so that the same
could be adopted for other diagnostics in MAST-U and the same acquisition software could
potentially be developed. This is inconvenient for the IRVB, as the optimal wavelength for
a black body radiator around room temperature is around 10 — 14pm. Considering that the
volume between foil and camera is fully enclosed in the IRVB tube and that the temperature

of the entire assembly does not deviate appreciably from room temperature during the short
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Figure 2.9: (a) Poloidal view of MAST-U showing the comparison of the resistive bolometer
system LOS (magenta) with a colour plot obtained by scanning all the voxels with a 1W/m3
emitter and integrating the power absorbed by the foil, indicating the regions of higher
sensitivity of the IRVB. (b) Top view of MAST-U showing the position of neutral beam
injectors (NBI, green), of the co- and counter-NBI resistive bolometer LOSs and the IRVB
FOV (yellow, mostly counter-NBI). Adapted from [15]. For reference the separatrix of a
typical plasma is shown as an overlay of a blue dashed line. The resistive bolometer LOSs
that will be used in the later analysis are here identified. The LOSs not operational in
MUO1 are red rather than magenta. The location of CH9 in b indicates where the entire
core poloidal fan is located.

duration of the pulse, the use of the filter would not have prevented any stray light to effect
the measurements. For this reason the camera was used without the internal filter, increasing
the signal. At the maximum frame rate at full frame (383Hz) and 2ms integration time a
signal around 11000 counts is measured at around room temperature (see Figure 2.14) with
saturation at 2' = 16384 counts and a noise floor ~ 5 counts (noise equivalent temperature
difference, NETD, ~ 15mK). During testing a design flaw of the present IRVB design was
discovered. It became clear that, even with the presence of the anti reflection coating, the

view port caused the so-called "narcissus effect”. This happens when the camera can see its
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Figure 2.10: Photographs of the foil in relation of the pinhole (a) and of all the identifying
markings (b), taken 23/07/2018.

own reflection on the view port, hence "narcissus”. The view is orthogonal to the camera
FOV, so at its centre is the image of the reflection of the sensor array. The detector array
is cooled to about —203°C, while around it the body of the camera is slightly above room
temperature. This causes a ”dark spot” to appear at the centre of the image. The main
difficulty in dealing with the effect arises from the inability to perfectly match the orientation
of the view port during calibration and on the machine. Ultimately this systematic error, if
stable intra-shot, does not effect the temporal and spatial temperature derivatives on which
the analysis primarily relies. In future iterations of the diagnostic, the view port should be
angled with respect to the camera so as to reflect light from an area with a more homogeneous
temperature and emissivity.

The camera is bolted to aluminium plates cantilevered off an insulating G-10 piece that
is connected directly to the vacuum vessel flange (to stop induced current loops) as shown in
Figure 2.4. The aluminium plates holding the camera have multiple holes so that the camera

can be located at 4 fixed distances from the view port (8.7, 11.2, 13.7, 16.2c¢m), with the
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closest being the one with the foil in focus. The ability to vary the camera location allowed
us to progressively test the compatibility of the camera with magnetic field. That data was
collected during the commissioning phase of the MAST-U magnets while the camera was
first as far as possible from the VV. Once the maximum field was reached the camera was
then progressively moved towards its final position whilst checking that no anomalies in its
operation arose. The camera operated normally at all distances, making a magnetic shield
around it unnecessary.

The IRVB tube was installed on MAST-U in November 2018 while all parts outside the

vacuum vessel by early 2021. The calibration of the system was performed in 2018.

2.4 System calibration

Before scientific utilization, the IRVB diagnostic has to be properly calibrated. This includes
the temperature response of the IR camera, the thermal response of the foil and spatial
alignment of the pinhole and camera. Laboratory tests can be performed for the first two
calibrations, while the third was verified during operation, using observed features inside the

tokamak.

2.4.1 Counts to temperature model

The temperature calibration is the procedure used to convert the camera raw data from
counts to temperature. It involves defining the mathematical model for the conversion and
finding the coefficients required. Once defined it can be applied to MAST-U data to obtain
the IRVB foil temperature. The surface of the foil is approximated as a black body emit-
ter. The total number of photons emitted by a unitary BB source ®, within the camera

integration time can be modelled as per Equation 2.1

A2 9 1
®,(T :ei/ — ——d\ 2.1
p( ) \ )\4 e % 1 ( )
where € is the emissivity, ¢ the integration time, A the wavelength, A\; — Ao the wave-
length range allowed by the camera or filter and T' the surface temperature. To simplify the

calculations the interpolators a and a, are built to encapsulate the non linearity between

temperature and photon flux, using Equation 2.1, such that:
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=a(T),T = o (Pp) (2.2)

The number of photons reaching the camera is proportional to the number of photons
emitted from the absorber foil (a1), with an additional offset due to thermal photons origi-
nating from the view port and the air between sample and camera as well as their reflections
(a2). This offset will be approximately constant because it will not depend on the surface
temperature observed by the camera. Assuming that the number of counts is proportional
to the number of photons, and that this does not depends on the photon wavelength, the

number of camera counts can be expressed as:

C=ay- q)p(T) + as (23)

where a; € [0,00] and ag € [—00, 00| the proportional and constant components. Once

aq is determined the temperature is calculated as:

T = 0, (®,(T)) = o <C — a2> = a, (C —Co | q>p(T0)> (2.4)

ay ax

Ty and Cy are the temperature and counts relative to the initial conditions at the begin-
ning of the shot (approximated with the vacuum vessel temperature). The power absorbed
by the IRVB foil is obtained using the temperature increase over the profile before the pulse

so the constant offset from the calibration will not impact the results.

2.4.2 Temperature calibration

Given that the IRVB relies on measuring small temperature differentials with high precision
it was necessary to calibrate all camera pixels independently. Given a black body source
that could encompass the entire field of view with the image in focus was not available,
the method employed was similar to the one by Reinke. [84]: A Sofradir non-uniformity
correction (NUC) plate, built such that it emits black body radiation uniformly with an
emissivity close to 1, was used. The plate was then heated in an oven to ~ 70°C, then left
to cool to room temperature while taking samples with the IR camera. Similarly, the plate
was also cooled below room temperature and observed while heating up. The temperature
of the plate was monitored with a thermocouple. For consistency, two cooling and heating

temperature ramps were performed and the data fitted with the model in Section 2.4.1.
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NUC plate IR window IR camera

57cm 8.7cm

Figure 2.11: Schematic of the calibration setup. The NUC plate and the IR window are
located at the same distance from the camera as when installed and as per design. Effort
is made to keep the window with the same rotational orientation. See the marking for the
view port alignment in the detail.

The infrared camera is equipped with two distinct digitizers therefore the calibration will be
operated independently for each. This means that the two digitizers behave as two distinct
instruments; the power absorbed by the foil will be calculated independently for each and
then averaged, causing a reduction of the maximum (full frame) frame rate from 383 to
192Hz.

The geometry of the calibration is represented in Figure 2.11. The relative distances are
the same as when the camera is installed. The rotational orientation of the view port was
maintained during calibration and on the machine thanks to markings on the side of the
window. During testing the narcissus effect was clearly observed.

Figure 2.12 displays the qualitative effect of the presence of the view port. Figure 2.12a
shows the typical view when the camera images the NUC plate; vignetting due to the camera
lenses is apparent. Figure 2.12b shows the effect of the window reflections. In Figure 2.12¢
the effect on the foil image is shown. The dark spot caused by the narcissus is at the centre
of the image, decreasing the counts by ~200 counts at an integration time of 2ms. This
should be a systematic error and, therefore, should mostly impact the ao coefficient that
ultimately doesn’t impact the temperature measurement. During the temperature ramps it
was observed that the NUC plate, albeit having a uniform emissivity, shows a non uniform
temperature across the FOV due to heat transfer. The plate is naturally cooled/heated via
conduction, convection and black body radiation. Air flows around the plate and can lead
to uneven heat transport.

The temperature non uniformity across the image was estimated for different temperature
ramps as shown in Figure 2.13b and it was found to be at most 0.3°C on average in the

temperature range of interest. As shown in Figure 2.13a the spatial variation of temperature
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Figure 2.12: Example of non uniformity of the counts of the IR camera when aimed at the
NUC plate at room temperature. Shown are the images without the view port (a) and with
(b). The same scale is applied to both plots and there was a 2ms integration time. The
black cross indicates two reference points (inside/outside the narcissus) that will be used in
later analysis. ¢ shows the position of the foil (the red square) inside the camera field of
view. Around the foil are the bolts that lock the foil in between the two copper plates, that
can be used to identify the foil orientation.

0 50 100

is very slow, with a very minor impact on the spatial and temporal derivative. The effect of
the location where the thermocouple is connected to the NUC plate was also investigated by
moving it to different corners of the plate. The spread of the temperature around a curve
that fits average camera counts and temperature for all the probe positions with the model in
Section 2.4.1 is about 0.25°C. There was, though, no pattern found so the difference is most

likely due to the connection of the sensor to the plate rather than the actual temperature of
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Figure 2.13: (a) Shown are the IR camera counts at 41.9°C' minus the counts at room tem-
perature, scaled up such that the average across the foil is the same as at high temperature.
In black is highlighted the region corresponding approximately to the IRVB foil and the two
reference points defined in Figure 2.12. The vertical orientation is here bottom to top, with
the top of the image being up. (b) Peak temperature difference between the temperature

deriving from the counts at high temperature and the counts at room temperature scaled up
as previously mentioned.

the plate.
The result of the scan for the two pixels identified in Figure 2.12, one close to the centre
of the narcissus effect and one on its side, are shown in Figure 2.14. Equation 2.3 can

reproduce the measurements with high accuracy. As expected the presence of the narcissus
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Figure 2.14: Comparison of the temperature calibration curves for a pixel at the centre
of the narcissus (red) with one on its side (blue). The legend gives the fit parameters
(a1 proportional and ag additive components), their uncertainties, and the coefficient of
determination of the fit.

mostly affects the as offset.

The results of the calibration for the entire foil are shown in Figure 2.15. Both coefficients
are affected by vignetting and the narcissus effect. It is noteworthy that the ~200 counts
at the centre of the narcissus are assigned entirely to the constant parameter, as one would
expect for a systematic error. Some of the variation in aj, especially the red ring around the
centre, could be related to the narcissus, meaning that its effect is not completely independent
of temperature. The variation in aj is very small, however, only ~2% and changes fairly
slowly across the FOV, resulting in a small impact on the spatial and temporal temperature
derivatives. Both coefficients seem to have a general dependency on the vertical direction
(right to left in the figure), possibly due to the slight non-uniformity of the temperature
of the NUC plate. The measured difference in fit coefficients between digitizers is small, <
0.2% and < 0.5% for a; and as respectively, with no particular structure.

For future calibrations, a large flat black body calibration source with the capability to
cool below and heat above room temperature could be used to further reduce the uncertain-

ties in the NUC plate temperature.
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Figure 2.15: a1 and a9 coefficients of Equation 2.3 obtained via calibration with the NUC
plate. In black is highlighted the region corresponding approximately to the IRVB foil and the
two reference points defined in Figure 2.12. The vertical orientation during this calibration
is right to left, with the top on the left.

2.4.3 Foil model

The foil thermal response is dictated by heat transport: the source is the radiated power from
the plasma reaching the foil (Pfe;) while the local sinks are its black body radiation (Ppp),
conduction (Par) and temperature variation (P%%). The foil is very thin and therefore 2D
heat transport can safely be considered instead of 3D. Equation 2.5 shows how to calculate

the power absorbed by the foil based on its temperature.
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where k is the thermal conductivity, ¢; the thickness, x the thermal diffusivity, € the
black body emissivity and ogp the Stefan-Boltzmann constant. L is the matrix containing
the coefficients to build the temperature Laplacian via the dot product. It is built such
that its dot product with the temperature returns the sum of the second order central
finite difference in all directions. In the Laplacian matrix the elements corresponding to the
derivative in the diagonal direction are divided by 2, to account for the increase in distance.

Assuming a(T") (from Equation 2.2) to be slowly varying the uncertainty in the temporal
variation, diffusion and radiation terms of the heat equation can be calculated with Equations

2.6, 2.7 and 2.8 respectively for the pixel i:
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2.4.4 Foll calibration

In this section the calibration procedure followed to obtain the foil properties will be detailed.
To calibrate the foil its thickness ¢f, thermal x diffusivity and black body emissivity € must
be determined (assuming nominal Platinum thermal conductivity k = 71.6WW/mK). A set
of spatially resolved parameters was supplied together with the foil of which the average
and variability across the foil corresponds to € = 0.85 4 0.04,%7 = 1.29 & 0.17m. Nominal
platinum thermal diffusivity is assumed x = 2.5 107°m?/s. These values were obtained with

a single exposure of a laser of known power, pulse and and spatial shape by monitoring the
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cooling down phase of the foil in vacuum as described in [106]. There are different ways to
find the foil parameters, all reliant on shining a laser on the foil (see references [106,108,109]).

Rather than using a single laser exposure, the method of choice relied upon varying
the laser intensity, frequency and focus as done by Reinke. [84] With slow pulses, the time
variation component tends to become irrelevant such that only black body radiation and
diffusion remain. With a defocused laser (low laser power density), the temperature increase
is low and the spatial distribution slowly varying, increasing the relevance of the black body
radiation. With a fast pulsed laser the time dependent component is dominant.

A bench top vacuum system was built for the foil calibration, shown in Figure 2.16. The
vacuum is necessary to eliminate convection as a heat loss mechanism, as it is also absent
during the experiments. The pressure during calibration was ~ 3 - 10~°bar, compared to
~ 1078bar during MAST-U experiments. A 5mW, 655nm BlueLyte laser was used, capable
of gradually reducing the total power output to zero and with a maximum modulation up
to 750kHz. The laser was equipped with an adjustable lens to change the focus. The laser
was calibrated with a Thorlabs PDA100A2 diode in combination with a variable aperture.
The maximum laser intensity was measured to be about 1200W/m? and 50W/m? when
focused and defocused respectively, with a maximum total power of 4.16mW. The laser was
controlled with a square wave function generator so that the laser output was modulated in
intensity, frequency and focus. The transmission of the vacuum window on the laser side
was measured at 93.3% and taken into account. The power delivered to the foil integrated
over the pinhole area, P, can be determined with Equation 2.5. To find the foil thermal
properties, the running average of P is computed, averaging over the duration of half the
square wave duration. The peaks Pj, and troughs P, of the running average are compared to
the input values Pj,.

A scan in laser power from 0 to 100% and frequency from 0.2 to 90Hz with the laser
fully focused and fully defocused was carried out in the location of the foil closer to the
pinhole. The fit was done with data up to 10Hz returning the following fit parameters:
e=1,tf = 2.69um,x = 1.35 1075m?/s. The tr/k ratio is similar to foil properties measured
prior to the installation on NSTX-U, differing significantly from the supplied one. [103] The
difference in the ¢y and  values is likely due to the difference in emissivity inferred.

An example of the power calculated in the laser experiments is shown in Figure 2.17

while Figure 2.18 shows the quality of the fit for varying power and frequency and for
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Figure 2.16: Photograph (a) and CAD model (b) of the bench-top setup used for the foil
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calibration. In the CAD model the re-entrant tube is shown in white and the foil assembly
is on the left side. The photograph, taken on 02/08/2018, shows the laser used to illuminate
the foil, as well as the diode and aperture used to calibrate the laser and vacuum system.

focused and defocused laser light. It can be observed that above 30Hz the inferred power

drops, implying a limit in the temporal resolution of the IRVB. The data corresponding to

the defocused laser degrades at lower frequencies, as the total delivered laser power is lower.
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Figure 2.17: Examples of the power absorbed by the foil and its components (total absorbed

power P and its components black body radiation Pgpp, conduction Par and temperature

variation P%T ; peaks and troughs of P running average, P, and Fj; peak input power Pj,)
t

with the laser at maximum intensity for a focused low frequency case (a), a focused high
frequency case (b) and a defocused low frequency one (c).
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Figure 2.18: Variation of the measured power compared to the expected values with laser
intensity (top) and frequency (bottom). The blue colour indicates the defocused cases while
the red the focused ones. P, and P; are the inferred high and low power level of the laser
square wave, area is the area of the foil receiving laser light, P, is the known peak laser
power density.

During these experiments it was also observed that a fixed oscillation of 0.01K at about
29H z is superimposed on the data so measurements at the same frequency or higher will be
affected. The oscillation seems to be independent of the power supply system and the frame
rate but proportional to the integration time, ultimately due to the internal operation of the
camera.

These foil properties were measured in a single location and were therefore assumed
uniform across the foil. To account for the variability across the foil the uncertainty from
the fit is increased by the variability of the properties provided to us with the foil. This
returns the uncertainties o /e = 8.61%, 0y, /t; = 13.6%, 0, /K = 13.9% (for & is used the same

variability across the foil as for ty).
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2.4.5 Etendue

In order to convert the measurement from the power absorbed by the foil to the brightness
at the pinhole, the geometrical configuration of the foil compared to the pinhole has to be
considered. This is given by the etendue, that it is calculated here for the section of the
foil corresponding to the (i,7) pixel of the IR camera with the simplified formulation in
Equation 2.9 [110,111]

U, = Ai,jApinCO§(¢)COS(¢) (2.9)

0]

Where A;; is the area of the pixel, Ay, is the area of the pinhole, d;; is the distance
from the centre of the pinhole to the pixel and v and ¢ are the angle from the normal to the
pinhole to the vector from pinhole to pixel and the angle from the normal to the pixel to the
vector from pixel to pinhole respectively. A; ; is considered equal for all pixels (Apix) and is
given by the size of the foil as seen from the camera. As it can be seen in Figure 2.3 the foil
is parallel to the aperture therefore cos(1)) = cos(¢) = dy,/d; ; where dy, is the minimum

distance from the pinhole to the foil. Equation 2.9 reduces then to Equation 2.10.

Apiz Apind?
Ui = %’mﬁ’ (2.10)
iij
The brightness is then simply obtained with Equation 2.11.
47
B = me-l? (2.11)

2.4.6 Viewing geometry validation

The viewing geometry of the diagnostic as designed in Section 2.3 has to be validated to
make sure that each IRVB pixel FOV into the plasma is as expected. For diagnostics where
a camera is directly imaging inside the vacuum vessel this is usually done by acquiring long
exposure images and matching the observed features on the machine surface with features
from CAD models. For bolometers this is not possible as the black body radiation of the
vessel surfaces is many orders of magnitude below the detection limit, even when heated
up by the plasma. For this reason this spatial calibration has to rely on laser light sources.
The size and orientation of the LOS viewing cone is often measured in dedicated laboratory

experiments and translated into machine coordinates using some reference point of the diag-
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nostic assembly and the vessel. [112,113] If there is good access to the inside of the machine,
a laser can be placed in fixed locations to measure the bounds of the light detection region
of every LOS. [110] More recently, in the effort to develop the bolometer system for ITER,
a robotic arm was developed on AUG which can probe the relation between the origin of
the emission and sensor response by moving a laser to various positions in the field of view
of the bolometer. [114] An inability to access the interior of MAST-U prevented these types
of measurements. For these reasons the geometry of the IRVB was verified by comparing
known features of the plasma during operation with their expected locations, adapting meth-
ods used for visible imaging. The bright features of interest are fuelling locations, alignment

of the centre-column and the flash heating of the foil from disruptions.

2.4.6.1 Spatial calibration using fuelling valves and EFITH+

The plasma can be fuelled via a multitude of entry ports, of which only some are directly
visible by the IRVB. The names of the valves corresponding to the visible outlets are indi-
cated in Figure 2.8. If hot plasma is present in the immediate vicinity of the gas outlet, the
hot electrons dissociate and then excite and ionise the injected neutrals. If the electron tem-
perature is not too high and the plasma is close enough, a bright non-toroidally-symmetric
emission appears in the vicinity of the gas outlet. In all the observed discharges when the
gas injection valve PFR_BOT_B01 was employed, a localised bright region never appeared,
possibly because the separatrix was too far away or the gas flow too low. The fuelling valves,
then, that caused a visible localised emission to appear in the IRVB FOV are HFS_MID _L08
and HFS_BOT_B03, although HFS_BOT _B03 was only used once and thus not very useful
to compare across pulses.

The 2 HFS_MID _L08 valve outlets locations at the inner wall can be used as one spatial
calibration of the IRVB viewing geometry. The valve is consistently used throughout MUO1
and its outlets are both in the field of view of the high speed visible light camera (HSV), shown
in Figure 2.19, while only one outlet is in the IRVB FOV. Strong visible light brightness does
not necessarily indicate a strong total radiated power, but indicates regions where neutral
hydrogen is interacting with the plasma. [115]

Figure 2.20 shows the comparison of the localised emission arising from the use of valve
HFS_MID_L08 for HSV and IRVB for the shot 45351. Figure 2.20a shows the brightness
from the IRVB while Figure 2.20b shows the brightness from the HSV. The IRVB shows
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Figure 2.19: Field of view of the high speed visible light camera indicating the sector numbers.
In yellow the locations of the outlets of the gas valve HFS_MID_LO08 are indicated. In red is
shown the location of the outlets of the gas valve HFS_MID_U02, dashed because they are
on the other side of the central column, hidden from view.

that the emissivity is clearly non symmetric and localised in the proximity of the outlet.
The HSV data is affected by saturation but the bright spot due to both outlets is clearly
visible. To further illustrate the validity of the comparison Figure 2.20b shows the time
evolution of the average of the relative brightness around outlets compared to the flow rate
of gas programmed for the valve. Both IRVB and HSV measure an increase and decrease of
the local emissivity that matches the gas output.

Figure 2.21 shows a later stage of the discharge when the HFS_MID_L08 valve is off. The
image, determined with EFIT++ magnetic reconstruction [116], shows that high emissivity
regions are present along the inner and outer legs as would be expected in the divertor for a
detached target. This consistency is true across all shots providing further indication of the

similarity of the real IRVB geometry to the designed one.

2.4.6.2 Spatial calibration using disruptions

During disruptions the core plasma can quickly move towards plasma facing components

(PFC). There the ion flux is recycled as neutrals which are then excited through electron-



CHAPTER 2. MAST-U IRVB HARDWARE ACTIVITIES 89
4000
I3500

3000

Z

600

2500

rightness [kW/m2]

4005 2000

counts [au]

1500

1000
200

500

1.0 — Rrvs

—— HSVC sec9
—— HSVC sec6

{ =-- HFs_MID_L08

relarive quantity [au]

-0.05 000 005 010 015 020 025 030
time [s]

()

Figure 2.20: Example of the radiation caused by the valve HFS_MID _LO08 from shot 45295.
(a) brightness data from IRVB at 132ms. Shown in dashed blue is the poloidal projection
of the separatrix. The toroidal traces of x-point and strike points are shown in solid red,
and in dashed red is the magnetic axis. The outlet of the valve HFS_MID_LO0S8 in the IRVB
FOV, marked by a black cross and a yellow arrow, is clearly visible in the IRVB image. In
(b) a cropped image of the raw data from the high speed visible light camera (HSV) for the
same shot at 50ms. The two bright spots correspond to the two outlets from the valve, both
in the HSV FOV, marked as in (a). Note: this data is affected by saturation. In (c), the
relative average of the readings inside the dashed regions that are outlined in a and b, and
the programmed flow for the HFS_MID_L08 valve.

atom interactions, leading to a strong localised radiation from the proximity of the PFCs in

question. Additionally, some carbon can be sputtered from the PFCs because of the sudden
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Figure 2.21: IRVB Brightness image of the plasma from shot 45295, 388ms, at a time
when high field side valves are off and the target is radiatively detached. In blue a tangential
projection the separatrix from EFIT++ magnetic reconstruction overlaid on the image using
nominal IRVB design geometry. The toroidal traces of x-point and strike points are shown
in solid red, and in dashed red, is the magnetic axis.

increase of particle flux and also lead to radiation from the excited C ions and neutrals.
Because of the transient nature of the phenomena it is sufficient to investigate the temporal
derivative of the foil temperature, neglecting the other components of the heat transfer
equation, to locate regions where a high emission originates.

Figure 2.22 shows the foil temperature increase due to a disruption at the end of shot
45225. The plasma moved towards the lower half of the machine and as a consequence a
strong emission comes from regions of the image within close proximity to the tiles. Details
of the radiation structure can’t be easily interpreted as the source of signal is not necessarily
toroidally symmetric. A bright emission is present close to the tiles around the baffle and it
is therefore possible to observe the presence of a part of the foil that cannot be illuminated
because of the interference of the P6 coil close to the pinhole seen in Figure 2.8. The
demarcation line between the region of the foil that can or cannot receive radiation from

Figure 2.7a is overlaid, and it lines up well with the observation.
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Figure 2.22: Image of foil temperature increase due to the disruption of the plasma in
shot 45225. No temporal or spatial binning of the data applied. Indicated in white is the
demarcation line between the region of the foil that receives any radiation or none from an
homogeneous emitter in the core and divertor region from Figure 2.7a.

From the above observations it can be stated that the IRVB is positioned ”close” to
what is expected from the design; we cannot be quantitative in determining how accurate
the view of each pixel is. The FOV calibration could be further improved by including the
valve HFS_MID_L02 and modifying the geometry such that the observation in Figure 2.7a
has an even better match with Figure 2.22, but a confirmation of the geometry as per design

is for now sufficient.

2.5 MUO1 Line integrated results

Once the IR camera, the foil and the viewing geometry are validated the IRVB can be used
to measure the radiation brightness from the plasma during experiments. The data is first
split between the two digitizers and the counts converted to temperature as per Section 2.4.1.
As mentioned in Section 2.4.4 the camera is affected by a pickup oscillation of the signal at

a frequency of about 29H z, so the temperature is binned in time over one period of such
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oscillation, returning a temporal resolution of about 30ms. In order to reduce the noise the
temperature is also binned spatially over the foil, with a good compromise between resolution
and noise being a 3 x 3 pixel binning, reducing the independent LOS in the plasma from
36700 to about 3900. The binned temperature is then used to calculate the power absorbed
by the foil and the result from the two digitizers averaged'. Finally the power is converted
to brightness with Equation 2.11.

In conventionally diverted discharges [117] in which the core density was progressively
increased with either fuelling from the midplane or the divertor, it can be observed that the
peak brightness is at first close to the targets before moving along the divertor legs to the
x-point forming the XPR. On further increase of the density, the radiation moves upstream
along the inner separatrix to a region around the midplane where a toroidally symmetric
MARFE-like structure forms at the high field side (HFS) of the plasma [56]. From there the
structure becomes brighter and moves slowly inwards from the inner wall, correlating with
the ensuing disruption.

These phases are shown for the double null low power Ohmic shot 45473 in Figure 2.23.
The movement of the radiation can be correlated with other plasma parameters like the core
plasma density and with the existing resistive bolometry system for which the chordal views
are shown in Figure 2.9. For MUO1, multiple LOSs of the resistive bolometers were damaged
(including the two poloidal LOS closer to upper and lower x-point) and the measurements
were severely affected by noise, but the system was robust enough to return low time resolu-
tion data. The two LOS closest to the x-point are not available, but the one just below the
midplane (CH9, see Figure 2.9) is.

Figure 2.24 shows the comparison between resistive bolometry CH9 chordal brightness
and similar brightness measurements from the IRVB. Figure 2.24a shows the average IRVB
brightness inside the regions marked with matching colours in Figure 2.23 vs time. The region
with the highest brightness changes with time according to the time development described
for Figure 2.23. This is related to a monotonic increase of the core density that causes
the plasma to detach from the targets. The brightness from the resistive bolometer CH9
(Figure 2.24d) has to be compared with the midplane data from the IRVB (Figure 2.24a).
The absolute value of the brightness is different, with the IRVB recording about two times
the brightness of the resistive bolometer (possibly because the LOS of the IRVB is integrated

The two digitizers return almost identical results, therefore this averaging results in a /2 reduction of
the noise.
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Figure 2.23: Changes in brightness pattern in a density ramp for a conventional divertor,
L-mode, Ohmic plasma (shot 45473, Double-null and 650KA). All MUO1 shots have ion VB
drift downward. First the inner target is radiatively attached (a), then it starts detaching
(b) to form an x-point radiator (c) and finally a radiation MARFE-like structure on the high
field side (HFS) midplane (d). Further increasing the density the structure moves inward
(e) leading to a disruption. Note that the all images have different colour bar ranges. The
average brightness in the regions marked by the dashed lines (green: outer target, violet:
inner target, brown: x-point, pink: midplane, grey: control) will be used for later analysis.
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Figure 2.24: Comparison of the measurements from different diagnostics for the shot 45473.
In (a) is the IRVB brightness averaged inside the regions indicated with dashed lines of
matching colours around the x-point and other regions in Figure 2.23 while the vertical
black lines indicate the time corresponding to the images in Figure 2.23. In (b) is the core
line averaged density, (c) is the Greenwald density ratio and (d) is the brightness from the
resistive bolometer core toroidal channel 9.

over a much longer path through the plasma). Most importantly, though, the emission starts

to rise for both at ~ 550ms and at a similar rate, indicating that both are observing the

same phenomena. An important observation to demonstrate the absence of systematic errors

is to check the region of the foil that should not receive radiation from the plasma shown

in Figure 2.7a. This is labelled as control in Figure 2.24 and while drifting upwards in time
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it is much smaller than the relevant quantities. This region can also be used to measure
the noise level of the diagnostic. The measured NEPD, with the binning mentioned above,
is 0.79W/m?, close to that indicated by previous models (0.58W/m? from [118]) and below
initial expectations. The uncertainty on the power density with the same binning, whose
estimate includes the uncertainty on the foil parameters and the camera calibration, has a
minimum of about 10WW/m?2, gradually increasing with a stronger signal up to about 30 /m?
in Figure 2.25d.

In higher power discharges, like when the NBI is used and H-mode can be achieved, a
similar sequence of events happens to that shown and discussed above for L-mode plasmas
and detachment. This is demonstrated in Figure 2.25 which shows the change in IRVB
brightness pattern for a conventional divertor beam heated discharge. The sequence proceeds
as for the lower power one, except that after the HFS MARFE-like structure is developed,
the core density decreases and the peak radiation moves back closer to the x-point. The
brightness is much higher than Figure 2.23 because of the increase in heating power. In
Figure 2.25a a region at the top left of the image that shows strong brightness but which does
not seem field aligned can be observed. This region typically has strong brightness in beam
heated discharges before and after the H-mode phase. Similar behaviour was observed also
in resistive bolometry for LOS aimed in the direction opposite to the NBI. The origin of this
effect is unclear but it is possible that the heat flux is associated with fast particles escaping
the core plasma and undergoing charge exchange. This could be verified by comparing the
brightness of the region of interest with data from the fast ion loss detector diagnostic, or
results from modelling, but it is outside the scope of this work.

Figure 2.26 shows the relevant time traces for shot 45401. The density is much higher
and the Greenwald fraction (a metric of the tokamak performance such that the maximum
usually achievable is 1 [119]) corresponding to radiative detachment is around 0.6 rather
than 0.15 as for the lower power shot 45473. Here the comparison with resistive bolometry
can be done both at the midplane (CH9) as well as close to the location on the separatrix
labelled as intermediate, that corresponds to channel 13 and 14 (CH13, CH14). Agreement
is good at the midplane but not as good in the intermediate position, where CH13 and CH14
detect significant radiation even before ~ 850ms, unlike IRVB. The difference is likely not
due to the NBI, as only the leftmost part of the foil is affected, and also only the outermost

counter-NBI resistive bolometer LOS is affected (see Figure 2.9b), while it could be due
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Figure 2.25: Changes in brightness pattern in a density ramp for a conventional divertor,
H-mode, beam heated plasma (shot 45401, Double-null and 750kA). All MUO1 shots have
ion VB drift downward. First, the inner target is radiatively attached (a). Then, it detaches
and forms an x-point radiator (b) and finally a radiation MARFE-like structure on the HFS
midplane (c). In this shot the density was decreased after this point and this resulted in the
peak radiation to move back towards the x-point (d). The bright region at the top left of (a)
is likely due to the foil being heated by a particle flux rather than radiation from the plasma.
In (d) are overlaid in dashed red and numbered, the resistive bolometer LOS through similar
regions as included in the IRVB brightness image shown. Note that all images have different
colour bar ranges. The average brightness in the regions marked by the dashed lines (green:
outer target, violet: inner target, brown: x-point, pink: midplane, grey: control) will be
used for later analysis.

to a different length of the resistive bolometer LOS in the emitting region or because it is
detecting some radiation from the inner leg (CH14 could be more affected than CH13, hence
the higher brightness in CH14).
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Figure 2.26: Comparison of the measurements from different diagnostics for the shot 45401.
In (a) is the IRVB brightness averaged inside the regions indicated with dashed lines in
Figure 2.25 while the black lines indicate the time corresponding to the images in Figure 2.25.
In (b) is the core line averaged density, (c) is the Greenwald density ratio and (d) is the
brightness from the resistive bolometer core toroidal channel 9, 13 and 14, where the first
corresponds to the midplane while the others to the intermediate regions of the IRVB.

2.6 Summary

The IRVB diagnostic was successfully deployed in MAST-U. This represents a new imple-
mentation of the bolometric diagnostic, not only because it is the first use on a spherical

tokamak device, but also because it is aimed at measuring the total radiation emissivity in
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the region of the x-point, where significant spatial gradients are expected and a high spatial
resolution is necessary. The choices that guided the design of all aspects of the diagnostic
are reported, with lessons learned for future implementations.

The calibration procedures for the IR camera and absorbing foil are detailed, in order
to calculate the brightness of the radiation from the plasma. Also shown are the methods
to verify the qualitative match with the IRVB design of: positioning, viewing geometry and
FOV. These can be challenging tasks for bolometers due to the high brightness required for
signals to be detected and if there is limited in-vessel access.

The early results from the first MAST-U experimental campaign show that the evolution
of detachment in a spherical tokamak, for both L-mode and H-mode conventional discharges
and only intrinsic impurities, follows similar trends to low aspect ratio tokamaks: the radia-
tion peaks move along the two divertor legs and the HFS separatrix, depending on the level
of detachment. The x-point radiator was observed as an intermediate stage, before the peak
of the radiation moves upstream along the inner separatrix up to the HF'S midplane forming
a toroidally symmetric, poloidally localised, MARFE-like structure. It was also shown that
the IRVB measurements are roughly consistent with resistive bolometry, further validating

the results.



Chapter 3

MAST-U IRVB scientific

exploitation

Once the system is fully characterised, and the general agreement of the line integrated data
with the plasma behaviour is verified, it is possible to further the analysis by calculating the
plasma emissivity via tomographic inversion. In this chapter different tomographic inver-
sion methods will be illustrated, together with the Bayesian method ultimately developed
specifically for the IRVB. This will be validated against SART, a more established one, re-
turning equal or better results. It will be also shown that because only a small portion of the
FOV enters the SXD chamber, from a limited solid angle, that the IRVB cannot reconstruct
the radiation profile there, but can only determine the integrated power with acceptable
precision.

The tomographically inverted data will be used to separate the changes of emissivity in
the inner and outer leg, as well as the HFS separatrix. It will be shown that the progression
of radiative detachment for increasing density in L-mode discharges is similar to standard
large aspect ratio devises: first on the inner leg, then the outer leg and then a MARFE-like
structure forms.

H-mode discharges suffered from low repeatability, so one example where both legs detach
is shown. Here the progression of radiative detachment happens with a different order than
L-mode, but this could be due to fuelling only from the lower divertor. The upper and lower
divertors are shown to behave differently, with the lower detaching while the upper being still

attached, indicating that thanks to the baffles the two could be controlled independently.

99
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Given the stronger signal in H-mode, the spatial resolution of the inversions is increased.
The IRVB data has been used in combination with line emissivity measurements to infer

what processes are important after the onset of detachment in a super-x plasma. It has been

found that molecular reactions are important for temperatures too low to cause ionisation

and too high to allow for recombination.

3.1 Tomography

A schematic of the entire process is shown in Figure 3.1.

— Signal measurement —

. Heat Black body
Integration diffusion radiaﬁonl
diffus ERA
Tomography Heat .| usion Temperature : .
equation calibration E 4 -
G _ 4 am N
X 2D incident radiation [W/m?] 2D temperature [*C] 2D Counts [Counts)

2D radiation [W/m?] (line of sight integrated) {on IRVB foil) {

IR camera pixels)
_@—

Figure 3.1: Path for forward modeling, left to right, and for experimental data analysis, right
to left.

Assuming the radiation from every voxel (a toroidally symmetric 3D volume element) of
the plasma is emitted isotropically, the opacity of the plasma itself is neglected (given the
relatively low density in MAST-U this should not be a concern [120-122]). Assuming also
that reflections are negligible, the relation between the emissivity profile m and power to

every pixel of the foil ¢ is linear and can be summarised in the matrix product

Wm =q (3.1)

To calculate the elements of W, the geometry matrix, for every voxel, what the power
absorbed by the foil would be if the voxel were to have an emissivity of 1W/m? was calculated.
This was done with the Monte Carlo ray tracing code CHERAB. The entire volume inside
the vacuum vessel was divided into regular toroidal annular voxels of 2cm in both radial and
vertical extent, and only the ones that are at least in part inside the IRVB FOV considered.

The power absorbed by the foil was calculated assuming;:

e no radiation penetrating the IRVB tube apart from the pinhole (the pressure equalisa-
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tion cutout close to the vacuum vessel, indicated as vacuum pump plug in Figure 2.3,

is neglected)
e 1o reflection inside the MAST-U vacuum vessel
e 1o reflection inside the IRVB tube

The result from this method, showing the region of the MAST-U vacuum vessel to which the
IRVB is most sensitive, is shown in Figure 2.9a. To obtain the emissivity distribution from
the power on the foil, the geometry matrix must be inverted, but this is an ill-posed problem.
A problem is well posed if a solution exists, it is unique and it has small changes for small
changes of the inputs. [123] In the case of tomographic inversions the last condition often
fails. [124] This means additional information has to be added in order to find a solution.
In the most famous case of tomographic inversion, MRI scans, the source and detector are
moved around the volume of interest so as to collect information from different angles. This
decreases the under-determination of the problem and a solution can be found. In our case
neither observer or observed object can be moved so additional information is required for a
stable solution.

It must be noted that, as mentioned in Section 2.5 and shown in Figure 2.25, some parts
of the foil are affected by particle flux from the NBI. This is a heat source not related to the
power radiated from the plasma, and would change the inferred emissivity profile. For this
reason, for MAST-U shots where NBIs are used, the red section of the foil in Figure 3.2 is
not considered. Additionally some parts of the foil near the right and top edge show regular
patterns, characterised by spots of lower power density vertically and horizontally aligned.
These can cause a variation between neighbouring bright and dim areas of up to a fifth of the
peak power density. These features do not change with time or radiation pattern, implying
that are likely due to non-uniformities in the foil properties, like a thicker foil or carbon
coating. To prevent these affecting the inversion, the edge regions are also not considered,

leaving only the region indicated in green in Figure 3.2.
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Figure 3.2: Example of power density distribution on the foil from the shot 45401, showing
the region of the foil used for Ohmic discharges (green) and that which is excluded when the
NBI is used (red)

3.2 Inversion techniques

3.2.1 Truncated singular value decomposition (SVD)

The SVD method for tomographic inversion relies on the direct inversion of the geometry
matrix. The inversion is performed by finding the eigenvalues and eigenvectors associated

with the geometry matrix. An m x n matrix, W, can be written as
W = AxBT (3.2)

where the columns of A (m x m) are the eigenvectors of WW7T | the columns of B (n x n)
are the eigenvectors of WTW and the values on the diagonal of & (m x n) are the square

roots of the eigenvalues of WW7T and WTW [125]. Using singular value decomposition it
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is possible to define T as a diagonal matrix where the elements on the diagonal are the

reciprocal of the elements of X, therefore
wt =B3StAT  mgyp =Wy (3.3)

where mgyp is the solution of Equation 3.1. The decomposition can often be numerically
performed, but the smaller eigenvalues greatly enhance the effect of noise in the measured
data and the numerical rounding errors. [17] This can be limited by neglecting the smaller

eigenvalues (truncating) and considering only the more significant ones.

3.2.2 Tikhonov regularization

This method relies in replacing the ill conditioned problem in Equation 3.1 with another
that is closely related but well conditioned. Rather than finding the solution m that exactly

matches the input data and that translates to the residuals
r=|[[Wm—gq||=0 (3.4)
sought instead is the solution m’ that minimizes
[Wm' — gl + o®|| L || (3.5)

where the regularisation coefficient « is a scalar and the penalty function L indicates what
type of constraint is applied to the solution. There are various choices for the penalty
function depending on prior knowledge, but the most common is to limit one of the spatial
derivatives of the solution: from the zeroth order (limitation on large values) to the second
order (limitation of the Laplacian). For the specific application of tokamaks, the derivative
can be limited preferentially along field lines, such to obtain a smoother profile within flux
surfaces. [17] In this work a uniform Laplacian penalty is considered. The solutions from this
method do not match the input data exactly but are normally more scientifically relevant
and less affected by noise. The regularisation coefficient o determines the strength of the

regularisation and needs to be determined. This will be shown in Section 3.2.5.
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3.2.3 Simultaneous algebraic reconstruction technique

The Simultaneous algebraic reconstruction technique (SART) is an iterative method that
aims at minimizing the difference between the measured ¢ and the synthetic image Wm/,
and the difference at each step informs as to how to correct the previous guess. The emissivity

at the step ¢ + 1 is calculated from the estimation at the step ¢ with [111,126]

g=Wm', W = ZWk,l , Wi = ZWk,l
=1 k=1

: y LS W,
my ) =m, ) 1 — V[;;l

(3.6)

(¢—4q)

k=1
This method too is affected by the problem being ill conditioned, therefore the use of
prior information is required. Similarly to Tikhonov a penalty function mediated by a

regularisation coefficient can be added to the scheme returning Equation 3.7.

(i+1) _ ) () 4 & Wi A 2 L (1)
my my + ngl W (¢—q) —a (1;1 kM) (3.7)

By limiting to the addition of positive values only to m;(¥, SART can also be modified to
avoid negative emissivity. [111] Because of its relatively low computational cost, this is often
the method of choice when inverting imaging data from plasma. This method also requires

other techniques to determine the optimal regularisation or penalty coefficients.

3.2.4 Bayesian method

This approach was developed specifically for the IRVB in MAST-U and it is similar to
Tikhonov regularisation in that the aim is to find a solution m’ such as to minimize Equa-
tion 3.5. Crucially, the residual norm is calculated including the uncertainty oj of the
measurement in each pixel pg. This effectively changes the problem into a maximum likeli-
hood optimisation. The practical effect is that power density levels much smaller then the
estimated uncertainty (see Equation 2.6, 2.7, 2.8) are neglected, allowing only the patterns
associated with the stronger signals to become apparent.

Here, the Laplacian operator is multiplied by the regularusation coefficient «, divided by
the voxel grid resolution d, squared (so as to return the real second derivative) and divided

by an arbitrary factor 105%/m? to avoid floating point precision errors. The addition of this
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prior makes the problem Bayesian in nature, because the emissivity profile that maximises
the likelihood of generating the observed foil power density, given the probability of observing
a specific power density, is found.

In order to penalise negative emissivities a dedicated term is added, mediated via a
coefficient. This coefficient should be optimised alongside o but it would be prohibitively
computationally demanding, so it is, instead, arbitrarily fixed to 200/(106W/m3). This prior
is, unlike the one deriving from the Laplacian of the emissivity, non-linear. This means that
an analytic solution to the maximisation problem cannot be found and numerical methods
have to be used.

Additionally two variables are included: a uniform power density value over the whole
foil (Qy); and one only over the region of the foil actually affected by the plasma (Q,, see
Figure 2.7a). This is done to allow for uniform signals arising from a change of the IR camera
temperature or sensitivity, sources of radiation close to the pinhole that must be accounted
for, or other systematic errors. This did not prove very successful in preventing some non
field aligned emissivity features, especially close to the pinhole (an example of SART being
affected by this will be shown in Section 3.2.6.2). To compensate for this, the voxels that are
closer to the pinhole and that have the largest impact on the foil as shown in Figure 2.9a,
defined as the ones for which > ;" Wi, > 0.2+ (-7, Wk.i)maz, have been excluded from
the Laplacian penalty. This allows for the emissivity associated with slowly varying power
density patterns on the foil to be separated out from the emissivity in the region of interest.
The emissivity in this small region is then discarded. As will be shown later, this will account
for a very minor part of the foil power density.

This approach is similar to the ordinary Maximum Likelihood (ML) reconstruction
method, an iterative method that aims at maximising the likelihood of the measurements
being generated by the searched emission pattern. [127,128] The differences between ML and
the Bayesian method developed here are that in ML the effect of noise is limited by observing
the evolution of the iterative solution rather than with a regularisation parameter, the use of
a Poisson distribution for the emissivity (that considers only positive values and introduces
non linearity) rather than a Gaussian, and that the simple mathematical formulation of
Bayesian method allows for specific corrections like the uniform offsets to be added. An even
more relevant aspect is that with the Bayesian method the strength of the measured signal

is scaled by its modelled uncertainty, while in ML the variance of the Poisson distribution
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depends solely on the mean. This should make the Bayesian algorithm more resilient and
provide a more rigorous treatment of the uncertainty. In the opinion of the author these
are minor differences that, given similar equations are solved, would lead to similar results.
A comparison is therefore not provided here. The choice to use a Gaussian distribution
was made, beyond the simpler mathematical treatment, to allow for negative values so as
to see if any unaccounted systematic error would give rise to negative emissivity patterns.
Now that this is verified not to be the case, a probability distribution that considers only
positive values could be similarly developed for the IRVB. This would prevent the need of
an arbitrarily fixed coefficient to limit the negativity of the inverted emission profile. The
feature of weighting the measurements by their estimated uncertainty, not possible with only
a Poison distribution, will need to be conserved. Another possibility is to maximise the same
equation but to use an Empirical Bayes method to determine simultaneously the optimal
regularisation parameter, as well as the strength, of the negative emissivity penalty. With
this method the two coefficients are treated as variables and included in the maximisation
of the likelihood, without the need to scan a predefined parameter range. [129]

The Bayesian method results in the maximisation of the log probability in Equation 3.8
2

PR oY (TS5 RS o § SR /F R 0023 (a0 mp)y*
mr=Ty ok QR 2 d 10°W /m? 106W /m3

k=1 =1

(3.8)
with

n
e =Y Wiimj+ Q + Qp - F(k)
=1

1, k in area shone by plasma.
F(k) = (3.9)
0, otherwise.

m m
Ly =0Vjif Y Wi, > max <Z Wk,l) 0.2

k=1 k=1
where the function F'(k) identifies the pixels exposed to light from the plasma as previ-
ously identified. This method is very computationally demanding as all emissivities and
offsets are independent variables to be optimised. To alleviate the computational cost, the
derivative of L£(m’) with respect to all variables is generated analytically at each itera-
tion. The maximisation was achieved with the L-BFGS-B algorithm, specifically the Python
scipy.optimize.fmin_1_bfgs b package. [130] Like SART this method requires other means to
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define «, as will be shown in the next chapter. Differently from SART this method allows
direct estimation of the uncertainty of the solution. As mentioned before, the Bayesian
method is non linear, so the probability distribution of the solution is not exactly Gaussian
and cannot be analytically determined. If £(m') is close to its maximum, and the problem
satisfies certain regularity conditions, the distribution can be approximated as Gaussian.
This is called the Laplace approximation and it is widely used in practice. [131,132] Approx-
imating the posterior distribution as Gaussian, the covariance matrix of standard errors of
the parameters can be approximated as the inverse Hessian matrix. [133-135] The Hessian

matrix is given by

o*L(m’
Hp jo = ——— ( /) (3.10)
’ Omy. Om.
where [*, j* means all parameters: not only the n emissivities but also Jy and Q,. The
covariance matrix is C = H~!. There is a significant negative correlation between voxels,

so in order to correctly propagate the error the uncertainty for the total radiated power in

a region is calculated with Equation 3.11

P = Z 21y dy 2V (k)mi,

k=1
L& oP OP
7P =\ 22 2 Okt B
k=1 1=1 k l (3.11)
oP )
6717’112 27Trk-dg2V(k)
1, k in region of interest.
V(k) =

0, otherwise.

where V (k) selects the region of interest.

3.2.5 Regularisation optimisation

The regularisation method depends on the type of inversion technique chosen. The goal is
to find the best compromise between a smooth solution with a realistic profile and one that

fits best the measured data.



CHAPTER 3. MAST-U IRVB SCIENTIFIC EXPLOITATION 108

3.2.5.1 Eigenvalues truncation

It is often observed that the eigenvalues associated with the geometry matrix, sorted by

amplitude, behave as shown in Figure 3.3.
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Figure 3.3: Typical amplitude of the eigenvalues in an undetermined inversion problem.

In the process of inverting the geometry matrix, the reciprocal of the eigenvalues is used.
This means that the smaller ones, that have the lesser influence on the measured data, have
a disproportionate effect on the solution. Small variations due to noise and rounding errors
are amplified and the solution can lose physical meaning. To limit this effect the smaller
eigenvalues can be neglected. How to find the threshold is not simple and it can depend on
the noise level in the input data. In general truncated SVD returns more detailed inversions,
but it is more affected by noise than other methods. More detail can be found in [17]

and [136].

3.2.5.2 L-curve

For the Tikinov, SART, and Bayesian algorithms one has to establish the magnitude of the
regularisation coefficient and the quantity to regularise. As mentioned before in this work a
Laplacian penalty, defined as L - m/, will be used. The elements of L are such that L;; is
equal to the central element in Figure 3.4 and for the neighbouring cells j, the values around
it as per the figure. The more commonly used Laplacian penalties are as shown in Figure 3.4a

and b. [16] Using Figure 3.4a the derivatives on the diagonals are not calculated, favouring
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solutions with larger gradients in the diagonal direction, while the opposite happens for
Figure 3.4b. To properly account for the diagonals, important for the IRVB as the LOSs
directed towards the x-point are all at a downward angle, the elements of L are calculated

as per Figure 3.4c.

0|-1(0 -1 ]-1 (-1 0.5] -1 (0.5
1] 4 (-1 118 (-1 116 | -1
0|-1/(0 1)1 (-1 0.5] -1 (0.5

(a) (b) (c)

Figure 3.4: (a), (b): types of Laplacian operators commonly used for tomographic inversions.
[16] (c): Laplacian operator corresponding to the real 2D second degree derivative used to
analyse IRVB data.

A method to determine the regularisation coefficient has then to be defined. A commonly
used method is the L-curve. [17] With this approach the emissivity solution is calculated for a
range of regularisation parameters. The residuals norm (||Wm’ —q||) and Laplacian penalty
norm (||Lm/||) are plotted in a log-log plot to create the L-curve. A typical L-curve is shown

in Figure 3.5.
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Figure 3.5: Typical L-curve shape. On the horizontal axis is the residual norm, on the
vertical the penalty norm. Adapted from [17].

The optimal solution is one that fits the measured data well, but is not dominated by
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noise. A good compromise corresponds to the lower left corner of the curve, determined
as the region of highest curvature. Rather than calculating the curvature analytically, as
in [17], here, a circle is fitted to a number of points that represent a pre-determined portion
of the entire L-curve length. The curvature corresponds to the inverse of the fitted circle
radius. By fitting different sections of the L-curve one can obtain its curvature smoothed
in a similar fashion as a running average. This procedure is computationally demanding as
it requires a multitude of solutions to be found for each inversion, but guarantees that the

regularisation is always adequate for the signal strength.

3.2.6 Comparison between SART and Bayesian method

One of the most commonly used inversion algorithms for imaging data in fusion is SART.
The optimisation of the regularisation coefficient is sometimes neglected with SART, but for

a fair comparison with the Bayesian method the L-curve method is adopted for both.

3.2.6.1 SOLPS phantom
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Figure 3.6: Emissivity distribution for the MDS+ SOLPS simulation 69590 corresponding
to a MAST-U conventional plasma with the NBIs injecting a total of 10MW (configuration
investigated for a future upgrade) characterised by a large radiated power. The approximate
location of the separatrix is shown by the dashed blue line.

The radiation pattern from the MDS+ [137] SOLPS simulation 69590, corresponding to
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a MAST-U conventional plasma with NBIs injecting a total of 10MW, shown in Figure 3.6,
is used for the comparison as it generates strong radiation in the divertor (572kW in the
lower half of MAST-U, of which 451kW is below the x-point). The emissivity is multiplied
by the sensitivity matrix W to calculate the power absorbed by the foil. This is used to
calculate the temperature increase of the foil from room temperature for a duration, and
with time steps equivalent to, what is set during the experiments. For this the foil properties
from Section 2.4.4 are used. The temperature is then converted to counts via the coefficients
found in Section 2.4.2 and to them is added a random noise of about 5 counts. This dataset
is then processed with the same routines used to process experimental data, to determine

the power density and uncertainty shown in Figure 3.7.
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Figure 3.7: Power density (a) and power density uncertainty (b) generated by the emissivity
pattern as per Figure 3.6. Of these only the area defined by the green line in Figure 3.2 is
used.

This is then inverted using SART and the Bayesian method, scanning a large range
of regularisation parameters. The respective L-curves, curvatures and optimal emissivity
profiles are determined for both as shown in Figure 3.9.

The power absorbed by the foil that is excluded (partly because of association to the
voxels close to the pinhole unbounded by the Laplacian, and partly because of the offsets)
is shown in Figure 3.8. Compared to Figure 3.7a it is clear that it is very low and does not
significantly impact the inversion.

Sometimes the L-curve of the Bayesian method can present two concave sections, or it
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Figure 3.8: Power absorbed by the foil excluded by Bayesian method because it is attributed
to the region close to the pinhole (outside the black solid line and close to the green cross in
Figure 3.6) or due to offsets (see Equation 3.9). This plot is restricted to the section of the
foil used as per Figure 3.2.

can be particularly flat and small deviations could result in erroneous identification of a peak
in the curvature. To filter out these anomalies, only the peaks of the L-curve curvature are
considered, and of those only the one with 2-107* < a < 10~! are considered valid. Of the
remaining peaks the highest is then selected.

The difference in the result between the two methods is minor. The Bayesian method
seems to return a better match than SART in the SXD chamber (approximately z<-1.5m and
r>0.8m), but that is of minor importance for the IRVB. From the inner strike point towards
the pinhole (both in green), a stripe of higher emissivity not present in the phantom can be
observed. This is a common feature for strong signal cases, where the radiation is distributed
from its real origin towards the pinhole. This happens because the sensitivity to the poloidal
view is higher than to the toroidal (due to a longer integration path in the plasma). In terms
of total power, SART is within 1% of the total radiated power (572kW’) while the Bayesian
method measures 517 & 207kW. The phantom power is within the uncertainty given by the
Bayesian method. Both methods have a very good agreement in the core but return about
33% weaker radiation below x-point and out of the SXD chamber. This is not captured by
the uncertainty given by the Bayesian method, which amounts to 6%. This is likely due to
the very peaked emissivity of the phantom on the inner target which is difficult to reproduce

because of the smoothing induced by the regularisation.
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Figure 3.9: Tomographic reconstructions from the SOLPS phantom (Figure 3.7) using SART
(left: a, c, e) and the Bayesian method (right: b, d, f). L-curve (a, b) and respective cur-
vature (¢, d). The blue point in the L-curve and curvature represent the selected optimal
regularisation. The green and red points represent respectively a low and high regularisation
coefficient. In (d) the dashed lines indicate the maximum and minimum acceptable regu-
larisation coefficient for the peak of the L-curve curvature. Note that the « regularisation
coefficients are not equivalent between SART and the Bayesian method. (e, f) tomographi-
cally inverted emissivity. The approximate location of the separatrix is in dashed blue. The
same colour scale as Figure 3.6 is used.
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3.2.6.2 Experimental data

To compare the performance of the two methods with conditions more typical of the first
experimental campaign, the conventional Ohmic shot 45473 shown in Section 2.5 will be
used, at the time corresponding to Figure 2.23b when the radiation peak transitions from
close to the inner target to the x-point. The power to the foil and its uncertainty are shown in
Figure 3.10. Note that the signal is low enough so as not to affect the uncertainty calculation
that is here dominated by the propagation of uncertainty from foil and camera calibration,

which is the minimum value it can be.

11.2

r15

—
-
=)

r10

-
o
=)

Power density W/m~™2
Power density std W/m~™2

10.6

10.4

Figure 3.10: Power density (a) and power density uncertainty (b) from the conventional
Ohmic shot 45473 at 511ms.

The inversions are performed by scanning the regularisation coefficient and the optimal
one is selected. The result is shown in Figure 3.11. The inversions again look similar, but
there are some important differences. This time it is possible to observe that the SART
inversion is affected by anomalous emissivity close to the magnetic axis and the low field
side (LFS) midplane while the Bayesian is not. Also significant are the presence of stripes
with higher emissivity converging on the pinhole as observed in Figure 3.9e and f. They
are much less prominent in the Bayesian inversion if not absent. In the SART inversion,
at large radius compared to the outer strike point, and below the inner strike point and
between it and the HFS midplane, it is possible to observe a series of non field aligned

features. These are all reduced or missing from the Bayesian inversion, likely because they
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Figure 3.11: Tomographically inverted emissivity using SART (a) and the Bayesian method
(b) for data from shot 45473 at 511ms.

are due to low intensity patterns in the power absorbed by the foil, that fall significantly
below the uncertainty and are, therefore, penalised. Despite this, the power within 10cm of
the x-point (33kW SART, 32 £+ 3kW Bayesian) and below the x-point and out of the SXD
chamber (21kW SART, 20 + 3kW Bayesian) is similar between the two. Also the radiation
patterns, with strong radiation between the x-point and inner target and at the outer target

is maintained, meaning the same physics is captured.

3.2.6.3 Self generated phantom

As a final test, the emissivity in Figure 3.11b was used as a phantom, to evaluate the
difference between the different inversion methods with an emissivity profile similar to what
is normally observed in MAST-U. The negative emissivity is set to 0 as well as the region
far outside of the plasma (solid black line). The result is shown in Figure 3.12.

Both inversions are close to the phantom even if the emissivity profiles are weaker, corre-
sponding to a measured total power 8.3% (SART) and 6.4% (Bayesian) lower. In the divertor
and x-point regions, the power is about 10% less than in the phantom. The SART inversion

is less accurate in the SXD chamber and close to the pinhole.
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Figure 3.12: Tomographically inverted emissivity using SART (a) and the Bayesian method
(b) for data from shot 45473 at 511ms. The same colour scale as Figure 3.11b is used.

Ultimately, being able to measure between 10 and 30% less of the input radiated power,
both methods can reliably invert the power absorbed by the foil from a conventional plasma
to the emissivity profile. The Bayesian method is preferred to SART because it is less subject

to anomalies when inverting real experimental data.

3.2.7 Inversions in the SXD chamber

We only mentioned conventional plasmas before because, during MUOQ1, it was noticed that
the radiation for super-x shots could not be properly inverted. In the SXD chamber, the
inverted radiation is elongated and moved along the LOS, from the position where it likely
to have originated towards the target. To characterise this phenomena, a series of localised
toroidal phantoms of constant emissivity of 1.26 MW /m? were forward modelled to the foil
and inverted. The centres of the toroidal phantoms were moved along 3 paths indicated by
the dashed lines in Figure 3.13: from the outer target to the x-point along the outer leg of
a super-x plasma (SXD, black), from the outer target to the x-point along the outer leg of
a conventional plasma (CD, green), and along the tiles (surf, magenta). The regularisation

coefficient was maintained fixed at & = 5- 1073, a common value for most experimental
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Figure 3.13: Emissivity profiles for 3 toroidal phantoms occupying 9 voxels (indicated by the
solid black square) with fixed emissivity of 1.26 MW /m3. The radiation from the phantoms
is forward modelled to the foil power density, foil temperature and camera counts and then
inverted to emissivity with a fixed regularisation coefficient o = 5-1073. Inside of the SXD
chamber the radiation is elongated along the IRVB LOS. The dashed black line indicates
the centre of different phantoms located as to follow the typical shape of the separatrix in a
super-x plasma. The green indicates the different shape for a conventional plasma separatrix
(the shape at smaller radii is shared with the super-x case so not repeated). In magenta is
a scan of location close to the target (surface, surf) to evaluate the precision at the strike
point.

conditions. Some of the results moving the centre of the phantom along the super-x separatrix
are shown in Figure 3.13. Figure 3.13a and 3.13b show the elongation of the radiation along

the IRVB LOS compared to the poloidal extent of the phantom indicated by the square.
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Figure 3.14: Impact of the location of the toroidal phantom centre on the capability to
reconstruct its location (distance of peak emissivity and phantom locations). The location
of the phantom is moved along 3 paths identified in Figure 3.13.

Important metrics for later discussion are the location of the peak radiation and the
radiated power over a larger region. In Figure 3.14 the distance between the centre of the
input phantom and the peak of the derived emissivity for the 3 scans is shown. On the x-axis

is the radius of the peak of the emissivity profile. In Figure 3.15 the direction and size of the
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Figure 3.15: Movement of the peak radiation (marked by the 'x’) compared to the phantom
centre (marked by the circle), indicated by the arrows. In the region right of the blue dashed
line the position of the emissivity is considered unreliable.

movement of the peak radiation from the centre of the phantom to the peak of the inverted
profiles is shown. A radiator located on the separatrix of a conventional plasma would
be marginally affected by the shift in position with an error comparable to the volume grid
resolution. Radiators along the super-x separatrix can be located with sufficient precision up
to the initial section of the SXD chamber, being pushed towards the strike point afterwards.
This is an important finding, as it implies that the IRVB, in the present configuration, cannot
directly observe the radiation front detach from the outer target in super-x. A radiator on
the tilted tiles (T2, T3) of the surf path is significantly affected because it is more closely
aligned with the IRVB LOSs, meaning that locating the peak radiator could be difficult in
the transition from a conventional to a super-x divertor in an attached regime.

In figure Figure 3.16, the difference with respect to the input of the total radiated power
is shown. As observed before in Section 3.2.6.1, when the radiation is concentrated on a
surface it is difficult to estimate the total power and this happens too in this case. Radiation
at the tiles can be reconstructed with an error up to 60%, while up to 30% in other locations.

It is noteworthy that for phantoms that follow the super-x separatrix the error is limited,
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Figure 3.16: Impact of the location of the toroidal phantom centre on the capability to
reconstruct its location (error in total radiated power relative to the input). The location of
the phantom is moved along 3 paths identified in Figure 3.13.

even when the profile is significantly affected by the elongation. This is an important result
as it indicates that even if the local information on the profile is lost, the integrated one
about the total radiated losses is still present and can be found with reasonable uncertainty.

It must be noted that these results are valid for the common regularisation coefficient
a = 5-1073. If the signal level is low and a stronger regularisation is necessary, the radiation
is more spread out and this results in the region with insufficient resolution to move towards
the x-point. Therefore extra caution should be used in examining data relative to super-x
plasmas. Given the above, we can say that the IRVB in the present setup can be used with
reasonable uncertainty to determine where high emissivity regions of the plasma are located
from the core up to the arbitrarily defined blue dashed line at the entrance of the SXD
chamber in Figure 3.15. Beyond that only integrated information like the total radiated
power can be obtained.

Now that the Bayesian inversion method is characterised and benchmarked against a
commonly used method like SART, we can analyse the inverted data from the first exper-
imental campaign in MAST-U. We will first analyse the same shots from Section 2.5 and
compare the results with other diagnostics, then try to find correlations between multiple

shots to gain physics understanding and characterise the behaviour of MAST-U plasmas.
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3.3 MUO1 tomographically inverted results

3.3.1 Metrics from diagnostics
3.3.1.1 Radiator location from IRVB

In order to characterise the change of the radiation distribution along the separatrix a scaling
was defined as shown in Figure 3.17. First the poloidal path along the inner (outer) separatrix
and inner (outer) leg is found from the EFIT++ magnetic reconstruction. Then the peak
of the emissivity within 10cm of the path just defined is found. (Lpeak — Ltarget)sep is the
distance along the path between the position on the path closest to the peak radiation and
the target. (Lz—point — Ltarget)sep 15 the same calculated for the x-point. The scaling ﬁpeak

is the ratio of the two quantities.

peak inner

Figure 3.17: How the metric for the movement of the peak radiation along the separatrix is
defined. (Lpeak — Ltarget)sep is the distance between the position on the separatrix closest
to the peak of the radiation and the target, calculated along the separatrix. (Ly—point —
Liarget)sep is the same calculated for the x-point. The region where the peak is selected
is within 10cm of the inner separatrix. For the radiation at the x-point not to affect the
location of the peak radiation, the observed region is first limited to 10cm away from the
x-point. When the peak reaches the region of the x-point then the region is extended to the
entire separatrix. The same is done on the outer separatrix.

This metric was defined such that when ﬁpeak = 0 the radiator is at the target, referred
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to as radiatively attached. When ﬁpeak increases above 0 the radiation is said to detach
from the target. When ﬁpeak = 1 the radiator has moved to the x-point and for numbers
greater than 1 it has moved further upstream (the midplane is usually around 5). Radiative
detachment is not to be confused with (particle) detachment. With this metric established
one can compare its variation with metrics of detachment like target ion flux from Langmuir

probes and plasma density.

3.3.1.2 Target current from Langmuir probes

Langmuir probes (LPs) are widely used to diagnose the plasma properties close to solid
surfaces. They consist of a small conducting element protruding from a solid surface into the
plasma. To this a voltage sweep relative to the rest of the surface is applied and the measured
current can be used to infer properties like electron temperature, density and plasma flux to
the target. [138] In MAST-U a large number of probes are located in the upper and lower
divertor to help characterize the behaviour of the super-x divertor. [139,140] As explained
in Section 1.7 the onset of the detached regime can be identified by the decrease of the
target current for increasing upstream density or rollover, so LPs are fundamental. Due to
hardware problems a large number of probes were not available during MUO1 as shown in
Figure 3.18.

This is more severe in the lower divertor which, unfortunately, is the one where most
other diagnostics are available. When integrating the current density over the surface of the
target bad probes are ignored, while a time step is skipped if a bad probe is within lcm of
the strike point. Nevertheless, the qualitative change of the current to the target can still

be used to identify detachment.

3.3.1.3 Resistive bolometers

As mentioned in Section 3.1 the IRVB does not have the HF'S midplane in its useful FOV. To
examine the change in radiated power there, the resistive bolometer LOSs CH26 and CH27
will be used. As per Figure 2.9 these are part of the tangential midplane fan and correspond
to the LOS closer to the central column (CH27) and the one immediately further away from
it (CH26), with a tangency radius of 36.5 and 49.6cm respectively, compared to a central
column radius of 26.1cm. When the radiator moves upstream along the HFS separatrix it

stops at the midplane and from there penetrates further in the core forming the MARFE-like
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Figure 3.18: Location of the working (green) and broken (red) Langmuir probes for MUOL.
The probes are in two toroidal locations (sector 4 and 10) but are shown overlapped.

structure. When this happens it is observed that the brightness ratio CH27/CH26 increases,
indicating strong radiation close to the separatrix. Later when the radiation moves into the
core the brightness of CH26 is also increased, and the CH27/CH26 ratio decreases. The
increase in the CH27/CH26 ratio can therefore be used to determine when the radiation is
increasing at the midplane. CH26 has a shorter integration path into the plasma compared
to CH27, although the difference is small. If the emissivity is uniform, the different path
lengths will return different brightnessess. To compensate for this, the brightness of CH26
is multiplied by the ratio of Lomgar/Lomas.

Additionally, the poloidal view of the resistive bolometer system can be used, even con-
sidering the large uncertainty because of the dead channels shown in Figure 2.9, to give an
approximate figure for the total core emissivity that can then be compared with the IRVB.
In order to calculate the radiated power from the brightness it would be necessary to per-
form a tomographic inversion, but the resolution is deemed insufficient. Instead, an integral
approach, the weighted sum method, is used as done before for the JET resistive bolometer

system. [141] Here it is assumed that the line integrated emission from each LOS is generated
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at the radial distance of the magnetic axis. A weight, corresponding to the vertical distance
between LOSs at the same radius, is applied to the brightness. In JET the result using this
approximation is shown to be within 10% of the phantom used and, not requiring an actual
inversion, more resilient to noise in the data. In MUO1 the LOS close to the x-point are not
operational, as shown in Figure 2.9, therefore this estimate is likely an underestimation of
the real core emission. As the line integral along the LOS includes regions between the HFS
separatrix and the central column and regions outside of the LFS separatrix, this estimate
is more representative of the radiation between upper and lower x-points rather than only
the core plasma.

The comparison with IRVB is done assuming emissivity up/down symmetry. Even if
fuelling is symmetric, up/down symmetry can be affected by the vertical displacement of the
plasma and the fact that all shots are run with ion VB drift downward. Vertical displacement
was maintained very low in most cases, below lcm. As will be shown later, the direction of
the ion VB drift downward was expected to have a significant impact on the up/down power
sharing (40-60% respectively of the power crossing the separatrix outward). [142] Conversely
recent SOLPS simulations indicate that, likely because of the relatively low plasma current
in MUO1 compared to MAST-U design (I < 0.75M A instead of 2MA), the effect of drifts is
limited and the errors introduced by the up/down symmetry approximation are marginal.

For ease of analysis the volume in the IRVB FOV is partitioned similar to [143]. The
regions are shown in Figure 3.19. Additionally, the radiation around the legs and outside the
x-point region is also recorded. In order to compare the emission with the resistive bolometer

system, the core+SOL region is composed of the core plus both inner and outer SOL region.

3.3.1.4 Upstream density

Lastly an important metric for the characterisation of detachment is the upstream SOL
density. During MUO1 it is believed that the plasma was effected by MHD modes, that
could appear or not during repeats or density scans. The upstream density is preferred
here as an indicator for detachment progress rather the core density, as is sometimes done,
because there is then no need to assume that a direct proportionality exists between the
two. This, however, requires the upstream density to be estimated. The Thomson scattering
system (TS) on the midplane can measure the electron density across the LFS separatrix

region, but it is characterised by strong gradients (see Figure 3.29 as an example). A small
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Figure 3.19: Regions in which the plasma volume is divided similar to [14]: red = x-point
(radius of 10cm around x-point), green = core, yellow = inner SOL, light blue = inner leg
and SOL below the x-point, blue = outer leg and SOL below the x-point, magenta = outer
SOL. The distinction between inner and outer leg region is made via the extension of the
line between magnetic axis and x-point. The radiation within 10cm of the legs and out
of the x-point region is also separately accounted for. The green dashed line indicates the
left limit of the SXD chamber region limit; that is also the limit below which the radiation
distribution is considered unreliable. The red dashed line indicates the upper limit of the
MWTI diagnostic FOV.

error in the calculation of the separatrix location can yield a large difference in upstream
density, and at the moment the precision of the EFIT+4 magnetic reconstructions is yet to
be determined.

For these reasons the upstream temperature is here preferred to be estimated with an
analytical model and the upstream density is defined as the density at the LFS midplane
corresponding to that temperature. The analytical model used is the variation by Cowley [82]
of the DLS model [22] as described in Section 1.11.2. The expression for the upstream
temperature is Equation 1.19 where the location of the front is assumed to be at the target
(s, = 0). The parallel heat flux at the midplane is calculated as the input power (Ohmic
and from NBI, accounting for beam absorption) minus both the core radiated power (from

resistive bolometers as mentioned above) and the variation in stored energy, all divided by
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the cross section at the midplane. This is obtained using a fixed characteristic SOL power
decay length at the midplane (\;) of lcm. g is then scaled linearly from the midplane to

the x-point to account for a progressive power inflow from the core.

3.3.2 L-mode and detachment characteristics

The tomographically inverted emissivity from the shot 45473 is shown in Figure 3.20. As for
the line integrated data, it is possible to observe the movement of the inner leg, but also the
outer one can now be examined. In these conditions, Ohmic L-mode conventional divertor,
the outer leg radiatively detaches after the inner one and it has a lower emissivity. After the
formation of the XPR, the radiator moves along the inner separatrix. Here it seems that the
radiation is concentrated inside the core, but the resolution is not deemed enough to say it
for certain. Conversely, when the HFS MARFE-like structure grows in the later stages of the
discharge, a general movement of the radiation inward can be observed. In Figure 3.20e the
radiation is still concentrated at the midplane, only outside the IRVB FOV. This sequence of
events is similar to what is expected from Section 1.8. The radiation seems to move forming
small continuous spots of higher radiation rather than in a continuous manner. This is most
likely due to irregularities of the foil properties that cause similarly irregular changes of the
measured foil absorbed power (similar to what observed in [99]).

This shot was fuelled from HFS_MID_U02, a valve on the HF'S 26cm above the midplane
(see Figure 2.19), with a usually negligible impact on up/down symmetry. Another factor
in up/down symmetry is how close the two separatrixes, defined by the upper and lower x-
point, are. This is expressed by the 0 R,., parameter equal to the radial distance between the
separatrixes at the LF'S midplane. It has been shown that a small change around 6 Rsep = 0
has a significant influence on the up/down and inner/outer leg power balance. [142] For this
shot 0 Rscp evolved from -2mm to +5mm, with A, of 4-7Tmm at the midplane (estimated with
LPs [140]); in TCV double null (DN) experiments, with a similar A;=3-6mm, this would
have caused a change of about -25 to +50% of the heat flux to the lower divertor. [38] This
might not be happening here, as a particle flux difference from LPs is present but limited (see
Figure 3.21c), however up/down particle flux symmetry does not necessarily imply heat flux
symmetry. Moreover, beyond some noise caused by a strike point sweep and the presence of
bad probes, the difference stays fairly constant. For this shot, also, neither the high speed

camera (see Figure 3.23) or the resistive bolometer display dramatic asymmetries, indicating
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Figure 3.20: Changes in emissivity distribution in a density ramp for a conventional divertor,
L-mode, Ohmic plasma (shot 45473, Double-null and 650KA), same as Figure 2.23. First
both inner and outer target are radiatively attached (a), then the inner detaches (b) to form
an x-point radiator while the outer detaches too (c) and finally a radiation MARFE-like
structure on the high field side (HFS) midplane (d). Further increasing the density the
structure moves inward (e) leading to a disruption (the radiation peak is here too close to
the midplane and out of view). Note that the all images have different colour bar ranges.
The limit below which the radiation distribution is considered unreliable is marked in dashed
green.
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that MAST-U could be less sensitive to 6 Rse, than other devices. An important parameter to
assess the quality of the discharge is the inner gap, the distance between the central column
and the separatrix. This was maintained higher than 4cm throughout the shot, much larger
than )\, thus guaranteeing no local interaction of the plasma with the central column.

These observations can now be compared with other diagnostics as shown in Figure 3.21.
Figure 3.21a shows again how the inner leg detaches radiatively before the outer. Notewor-
thy is that the movement of the radiating regions on both legs seems to be gradual, with a
progressive movement along the separatrix. This behaviour can be compared with expecta-
tions regarding the stability of the thermal front from the DLS model (see Section 1.11.2).
Figure 3.22 shows the profile of C; for the inner leg (solid line) and the outer (dashed line)
for three reference times during the movement of the radiator. The data shown regards the
hottest flux tube in the leg, as it is the harder and last to detach. The C profile is always
decreasing on the inner leg, up to a location very close to the x-point. This leads to the
prediction that the thermal front should move sharply from target to the x-point as soon as
the front forms at the target. This contrasts with the observations, as the radiator on the
inner leg moves gradually. A SOLPS simulation that reproduces the evolution of detachment
for this shot via an increase of the upstream density indicates that, for the inner leg, the
movement of the radiator towards the x-point causes the radial heat transport out of hottest
flux tube of the leg to decrease. This equates to an increasing g, for increasing degree of
detachment, that would have a stabilising effect. Another possibility is the that as the front
moves away from the target and the plasma temperature there decreases, carbon sputtering
is suppressed, causing a decrease of the carbon fraction, causing a further stabilising effect.
The latter, at least, is not confirmed by the simulations. In these simulations, the radiated
power in the inner leg is due almost entirely to carbon, but radiation constitutes less than
10% of the total power dissipated in the leg, with the majority being due to ionisation.
The carbon fraction in the divertor decreases from 2 to 1% in the divertor as detachment
progresses, implying a minor reduction of the power dissipated in the leg due to reduced
sputtering.

The C] profile is always increasing on the outer leg, indicating that the location of the
front is stable and it should move gradually with increasing detachment. This was indeed
verified by the IRVB measurements, even if the irregularities of the foil prevent observation

of a truly smooth transition.
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Figure 3.21: Results from different diagnostics related to detachment for a conventional
divertor, L-mode, Ohmic plasma (shot 45473, Double-null and 650KA). (a): movement of
the peak radiator along the separatrix as per the scaling defined in Section 3.3.1 for the
inner and outer separatrix. The vertical dashed lines indicate the time that corresponds to
the data in Figure 3.20. (b): Components of the global power balance: input power defined
as the sum of Ohmic and NBI minus the variation in stored energy. The IRVB power is
obtained by adding all voxels at Z<0 then multiplying by 2, therefore assuming up/down
symmetry. The divertor region is obtained adding the inner leg + SOL and outer log +
SOL region (see Figure 3.19). (c): particle flux from Langmuir probes at the outer targets.
The oscillation on the lower target is due to a strike point sweep close to a dead probe. (d):
brightness for the tangential LOSs CH25, CH26 and CH27 (CH25 and CH26 scaled up to
match CH27 integration path length) and (red) the radio of the two, showing the growth
of the MARFE. The vertical red line corresponds to when the CH27/CH26 ratio starts to
grow. (e): averaged core density (7¢) and upstream density from TS as per Section 3.3.1
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Figure 3.22: Variation of the C parameter as per Equation 1.24 in the shot 45473 for a front
position from target (L;=0) to x-point (Ly=1). Solid lines for the inner leg, dashed for the
outer.

One point is missing in Figure 3.21c, but the particle flux roll over seems clear, happening
at about the same time, or slightly after, radiative detachment.

From Figure 3.21b one can see that the total radiated power from the IRVB is below the
input power available to dissipate. The radiated power in the core from resistive bolometry
and IRVB match up to the start of the inner leg detachment. From there the resistive
bolometer is measuring a higher power in the core. This is not what would be expected.
At the beginning of the detachment process the x-point region, and even more the legs,
(the outer leg has usually a lower emissivity, but its weight in power is higher because of
the larger radius and poloidal spread) dominate radiatively. These regions are out of the
FOV of the resistive bolometry system (because of the bad LOSs) so a lower power is to
be expected until significant radiation climbs along the separatrix. An explanation for this
not happening is that the fuelling location for this shot is above the midplane, out of the
IRVB FOV, and in Section 2.4.6.1 it was already noted that strong radiating regions can
be localised there. The resistive bolometric LOS CH6 (close to the fuelling location, see
Figure 2.9) from ~500ms shows a noticeably higher brightness than the others and could
explain the over-prediction from the early stage of detachment. Later in the discharge the
MARFE-like structure on the HFS midplane becomes dominant and, because it is outside
the IRVB FOV, a higher measured power is to be expected. Figure 3.23 shows high speed
visible imaging data showing the visible emission profile at the beginning and end of the
MARFE-like structure growth. It can be observed that the visible emission is stronger at

the top of the machine and that the strong emission region grows from the plasma fuelling
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location. An increase in visible light emission could also be related to the presence of a cold
plasma, where molecular and recombination reactions become important. The visible light
brightness increase could be therefore contributed by a localised cooling of the plasma in the
HF'S SOL because of the increasing fuelling of cold gas. The strong visible light emission can
also be due to electron ion excitation of the dissociated gas fuelled from the valve. For these
reasons it is not clear if the interaction of the fuelled cold gas with the plasma represents
a significant contribution to the formation of the MARFE-like structure compared to the

radiation-condensation phenomena driven by impurities observed during MARFEs. [56]
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Figure 3.23: Data from the high speed visible camera for shot 45473 showing the minor
up/down symmetry in a shot fuelled only by the midplane HFS_MID_U02 valve at the
beginning of the formation of the MARFE-like structure (a). At the end of its growth (b)
the up/down asymmetry is more significant and centred close to the fuelling location (see
Figure 2.19).

The growth of the MARFE-like structure on the HFS midplane can be inferred by the in-
crease of the ratio of CH27 and CH26 brightnesses, shown in Figure 3.21d. The CH27/CH26
ratio starts to rise from the early stages of detachment, after the inner leg radiatively de-
taches. This is consistent with IRVB and HSV measurements, as the emissivity on the inner
separatrix starts to increase early on too. The CH27/CH26 ratio plateaus after the outer
leg detaches both radiatively and from LPs. It is hard to tell in this process when a proper
MARFE starts, if it does. The growth of the MARFE-like structure is gradual according
to resistive bolometry and HSV measurements, consistent with the slow movement of the
high density (more than twice the core peak) and low temperature (below 10eV) region
towards the magnetic axis, as observed by TS from around 600ms. The presence of an

XPR at around 600ms between the divertor leg’s radiative detachment and stronger signs
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of a proper MARFE from TS, agrees with analytical predictions that the XPR can more
easily be achieved in lower power discharges [74]. This is also supported by recent data
from the newly installed x-point imaging system, that shows deeper detachment and the
neutrals escaping from the SXD to the main chamber more easily in lower power discharges.
The transition to MARFE, though, is fast, requiring a small increase of the upstream den-
sity, due to carbon being the dominant impurity in the plasma. This apparent consistency
with predictions is only qualitative, requiring further analysis and parameter scans to be
confirmed.

Finally Figure 3.21e shows how the core and upstream density both rise during the
discharge. This mirrors the fuelling, that was linearly increased during the discharge from
0.3s.

The consistency in the order in which the legs undergo radiative detachment, the MARFE-
like structure formation and their relation with the particle flux roll over and upstream
conditions can be verified comparing data from different shots. Within the same session
another 3 discharges were performed to complete a density scan from attached to deeply
detached by increasing the fuelling. The data from the 4 shots can be combined by using
the plasma upstream density as a coordinate. The relation between target particle flux and
radiative detachment is shown in Figure 3.24. There is a significant spread in the change
of upper particle flux with detachment. This is significant because the upper target is well
diagnosed with LPs, so the spread for n, > 0.5-10#/m? is most likely due to imprecision
in determining n, with the method mentioned in Section 3.3.1. The spread on ﬁpeak and its
almost step-wise appearance are most likely due to the non uniformity of the foil mentioned
before. Even considering this, it can be observed that the behaviour of 45473 for increasing

upstream neutral density is consistent across shots:

e Radiative detachment happens first on the inner target. This is gradual, different to

what is expected from the DLS model of the thermal front movement [22, 82]

e Radiative detachment on the outer leg, slightly earlier or at the same time as particle
flux roll over, with a gradual movement in agreement with DLS predictions. The

emissivity on the HFS separatrix starts increasing.

e The radiation moves upstream along the HF'S separatrix towards the midplane and the

MARFE-like structure emerges, impacting the core plasma
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Figure 3.24: Comparison of the target current, providing the detachment condition from

particle flux

roll over, with the movement of the emission radiator, indicating radiative

detachment. The vertical coloured dashed line indicates the beginning of the growth of the
MARFE-like structure on the HFS midplane.

3.3.3 H-mode and detachment characteristics

H-mode discharges were obtained in MAST-U by increasing the power injected in the core
plasma via NBI, increasing the power traversing the separatrix beyond the threshold for
H-mode. H-mode plasmas are characterised by steep temperature and density gradients in
the pedestal and ELMs, that can potentially affect the detachment process. The two NBIs
(located as per Figure 2.9) were, for MUO1, not capable of running at full nominal power
(2.5MW each) and, on top of that, the fraction of the beam energy retained by the plasma
was difficult to quantify, due to the beams being still in commissioning. Additionally, it
was found after the conclusion of MUO1 that the SS beam had been misconfigured for the
majority of the campaign, leading to a much lower proportion of the injected neutrals being
injected at the full beam energy. For these reasons the beam absorption are estimated to be
roughly 40% for the south west (SW) and 80% for the south (SS) of the NBI injected energy.

The data shown in Figure 3.25 and 3.26 is in regard to the same high power discharge
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as in Section 2.5. Here both NBIs are used and d R, stays within 2mm but the plasma
is mainly fuelled from the valve LFSD_BOT_L0102, located inside the SXD chamber on the
flat top wall. This means that the plasma is most likely not up/down symmetric. The inner
gap was maintained at around 5cm.

This sequence of events is significantly different than that of the low power case. The
outer leg starts detaching first, but then appears to stop 2/3 of the way to the x-point.
Then the inner leg detaches completely and the radiation climbs up the HFS separatrix,
with the outer leg only fully detaching later. The radiation profiles are sharper than in
Figure 3.20 because of the higher signal level and lower regularisation (a ~ 2.5- 1073 rather
than ~ 4-1073 in Figure 3.20) and the poloidal spread seems similar for both legs. As shown
in Figure 3.26e the ratio CH27/CH26 started to grow at the beginning of the shot, but does
not provide the same clear marker as in Figure 3.21e, therefore indicating that the MARFE
never develops. This is confirmed by the lack of a cold and dense region on the HFS from
TS. The initial CH27/CH26 ratio increase could be due to plasma recycling on the inner
wall, but the inner gap is much larger than \,, suggesting that this early signal might be
an artifact due to the relatively low signal level of the two resistive bolometer LOSs. More
significant is the increase in the ratio after 800ms, when the signal is much stronger, but this
never develops as in Figure 3.21e, indicating that the formation of the MARFE-like structure
at the midplane is halted at an early stage. From LPs the current is similar for the upper
and lower divertor, indicating minor up/down asymmetry.

Fuelling from the LFSD_BOT_L0102 valve was increased from 400ms throughout the
discharge up to 1000ms and then maintained constant. At about 800ms an event occurs
such that there is a net separation between the upper and lower divertor. This is confirmed
also by comparing the resistive bolometer CH4 and CH13 where CH13, pointing towards
the lower part of the separatrix, measures significantly higher radiation after 800ms. From
the fast camera images in Figure 3.27 the asymmetry can be observed too, especially in the
divertor region, after 800ms.

The core density decreases while the upstream density increases, indicating that the
core might start being negatively affected by the fuelling. At this stage a dense region is
observed with TS, penetrating the core from the HFS from 800ms, but then does not progress
inwards, indicating the initial growth of a MARFE-like structure at the midplane, but which

then stops. This is confirmed by the brightness of the tangential resistive bolometer LOSs
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Figure 3.25: Changes in emissivity distribution in a density ramp for a conventional divertor,
H-mode, NBI heated plasma (shot 45401, Double-null and 750kA), same as Figure 2.25. First
both inner and outer target are radiatively attached (a), then the outer starts detaching (b)
and closely after the inner to form an x-point radiator (c). Then a radiation MARFE-like
structure forms on the high field side (HFS) just below the midplane (d) and moves slightly
back towards the x-point for decreasing core density (e). A disruption then follows. Note
that the all images have different colour bar ranges. The colour range in (b) was adapted to
show the early detachment of the outer leg. The limit below which the radiation distribution
is considered unreliable is marked in dashed green.
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Figure 3.26: Results from different diagnostics related to detachment for a conventional
divertor, H-mode, NBI heated plasma (shot 45401, Double-null and 750kA). (a): movement
of the peak radiator along the separatrix as per scaling defined in Section 3.3.1 for the inner
and outer separatrix. The vertical dashed lines indicate the time that corresponds to the
data in Figure 3.25. (b): Components of the global power balance: input power defined as
the sum of Ohmic and NBI minus the variation in stored energy. The NBI power is already
scaled by the corrective factors 0.4 and 0.8 for SW and SS respectively. The IRVB power
is obtained by adding all voxels at Z<0 then multiplying by 2, therefore assuming up/down
symmetry. The divertor region is obtained by adding the inner leg + SOL and outer log +
SOL region (see Figure 3.19). (c): particle flux from Langmuir probes at the outer targets.
(d): brightness for the tangential LOSs CH25, CH26 and CH27 (CH25 and CH26 scaled up
to match CH27 integration path length), (red) the ratio of the two, showing the growth of
the MARFE, and poloidal LOSs CH4 and CH13. The vertical red line corresponds to when
the CH27/CH26 ratio starts to grow. (e): averaged core density (7;) and upstream density
from TS as per Section 3.3.1 (n,).
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Figure 3.27: Data from the high speed visible camera for shot 45401 showing the level of
up/down symmetry when only the midplane HFS_MID_U02 valve is used (a), the valve
LFSD_BOT_L0102 is initially used (b) and when the core density decreases (c).

decreasing.

The fact that in the upper divertor the current increases with n, while it decreases in
the lower can indicate that the upper is still attached while the lower is detaching. This
could be confirmed by T, from LPs averaged around the strike point, that steadily decreases
from 8 to 4eV from 400 to 1000ms for the lower outer leg while on the upper outer it drops
from 12 to 8eV. The current gaps in LPs coverage make, at this moment, this interpretation
tentative. This could mean that the detachment of the two divertors could be controlled
independently. This will require further examination with a better diagnostic coverage of
the upper part of the machine (LPs, radiative, etc.).

From Figure 3.25d and 3.25e it seems that towards the end of the pulse the radiation
penetrates into the core of the plasma. This is similar to what is observed in Figure 3.20
but happens here at a much earlier stage of the MARFE-like structure growth. This might
indicate that the radiation is indeed still on the separatrix and there is an issue in the exact
location of the separatrix itself or IRVB alignment.

From Figure 3.26b it can be observed that the core radiation from IRVB quite accurately
matches the estimate from the resistive bolometer up to when the inner leg completely de-
taches radiatively. This is a fair comparison, as up to that point no significant radiation from
the detachment process reached the resistive bolometer FOV. After 800ms strong radiation
is observed close to the x-point, missed by the resistive bolometer, and close to the mid-
plane, missed by the IRVB, and the two coincidentally compensate. Because of the strong

asymmetry, the radiation is likely overestimated by the IRVB after 800ms. It is noteworthy
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that even after the outer leg radiatively detaches there is still significant radiation dissipated
in the divertor region, mainly due to the outer leg and related SOL, with a significantly
larger influence of the x-point than in the low power case. The real total radiated power
probably peaks at about 1.5MW, amounting to more than half of the input power of which,
even during detachment, the core and especially the region around the separatrix provides

the largest component.
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Figure 3.28: Hydrogen D, emission from the midplane, used to assess the type of ELM
regime of the H-mode. Each zoomed section can be identified by the colour.

The core D, emission can then be used to evaluate the type of ELM regime present during
the detachment process, as shown in Figure 3.28. At the beginning of the shot, immediately
after the SS NBI is fired, the plasma is in a small ELMs regime, where a negligible fraction
of the stored energy is dissipated via ELMs, and the density at the edge of the pedestal
quickly decreases by 1/5 during the ELMs as measured by TS, as shown in Figure 3.29 for
the same small ELM highlighted in Figure 3.28. Then from 300ms up to the full detachment
of the outer leg, the plasma is in a quiescent H-mode, without ELMs and with a stable
shoulder. After 800ms, while the MARFE-like structure starts growing on the HFS and the
upper and lower divertor diverge, the plasma becomes dithering (meaning switching back
and forth between L and H-mode). This happens at the same time as the decrease of the
average core density and the radiation reaching the x-point from both legs (see Figure 3.26)
further indicating that such a level of detachment on the lower divertor might negatively
impact H-mode and confinement.

The event at 800ms could be explained by analytical predictions of XPR stability. [74]
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Figure 3.29: Electron temperature and density profiles from core TS before, during and
after the small ELM highlighted in Figure 3.28, showing the small decrease of n. at the
outer midplane separatrix. p is obtained from EFIT magnetic reconstructions.

It is expected that for higher power discharges, the plasma would transition sharply to a
MARFE, skipping the XPR state. From IRVB measurements, the transition between the
movement of radiation on the legs (Figure 3.25¢) and the appearance of radiation on the
HF'S separatrix higher than the x-point (Figure 3.25d) seems sharper than in the low power
case. The MARFE never fully develops at the HF'S midplane, but the radiation is much more
spread along the HFS separatrix in Figure 3.25d and 3.25e than in Figure 3.20c. This could
imply that the MARFE develops mainly below the midplane after 800ms, possibly due to
asymmetric fuelling. After the initial appearance of strong radiation below the midplane, the
general performance of the plasma worsens, with core density decreasing and the H-mode
becoming dithering, while the density upstream keeps increasing with increasing fuelling
and low pump-out due to lack of ELMs. The change in H-mode regime could be related to

the MARFE penetrating the core from an intermediate position between the x-point and
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midplane, as suggested by the radiation moving slightly inside the separatrix in Figure 3.25e.

Not as many H-mode NBI heated shots were successfully performed as L-mode ones, so it
was not possible to identify a significant sample of shots with similar conditions to compare.
This data shows that the progress of radiative detachment could be different in H-mode and

L-mode, but this could be due to the non symmetric fuelling.

3.3.4 IRVB and MWI correlation in SXD discharges

During MUO1 the super-x divertor was investigated, as it is a possible configuration with:
improved access to detachment, increased detached operational window [22] and reduced
detachment front sensitivity leading to enhanced detachment front position controllability.
The hydrogen and carbon line emission in the SXD chamber can be monitored with the MWI
diagnostic and compared to the integrated radiated power in the SXD chamber from IRVB,
to understand which processes are important with increasing detachment. The results can
be compared with a recent interpretation of the evolution of detachment, after its onset, in
phases. [86]

As mentioned in Section 3.2.7 the IRVB is incapable of reconstructing the emission profile
inside the SXD chamber, but can be used to infer the total emission there with a sufficiently
small uncertainty. Figure 3.30 shows some of the emissivity profiles for the shot 45371,
an Ohmic 650KA discharge where the outer leg is initially forming a conventional divertor
and is then moved inside the SXD chamber to form (starting from ~400ms) the super-x
configuration. After this, the plasma is fuelled only in the lower SXD chamber with the
valve LFSD_BOT_L0102 for an increasing density scan. The regularisation coefficient for
the IRVB inversion is o ~ 0.4 - 1073.

As expected the radiation fades from the SXD chamber as fuelling is increased. In
Figure 3.30a the radiation on the outer leg seems to be peaked at the strike point, but
this is not guaranteed to be the case as shown in Section 3.2.7. The change of radiation
distribution can be compared with the fuelling level by integrating the region around the
outer leg and inside the SXD chamber separately as shown in Figure 3.31. It can be observed
that there is a good correlation between the fuelling level, the decrease of the radiation in
the SXD chamber and the increase of radiation in the remaining part of the outer leg below
the x-point.

This measurement, in particular, can be compared with the diagnostic suite that mon-
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Figure 3.30: Changes of emissivity distribution in a density ramp for a super-x divertor,
L-mode, Ohmic plasma (shot 45371, Double-null and 650KA). After the outer leg is moved
into the super-x configuration the inner one is already radiatively detached and significant
radiation is present in the SXD chamber (a). Then fuelling is increased and radiation inside
the super-x decreases (b) up to becoming negligible and the radiation climbs the inner
separatrix (c¢). Then fuelling is cut and the radiation starts to come back towards the strike
point (d). Note that the all images have different colour bar ranges. The limit below which

the radiation distribution is considered unreliable is marked in dashed green.

itors the plasma inside the SXD chamber. A previous study found that in MAST-U SXD

discharges after detachment starts on the outer leg, its progress is in 4 phases, each one

corresponding to lower divertor temperatures and dominance of different processes. [86]

Starting from an attached plasma (phase 0), first the ionisation region, where the recy-
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Figure 3.31: Results from different diagnostics related to detachment for a super-x divertor,
L-mode, Ohmic plasma (shot 45371, Double-null and 650KA). (a): Components of the global
power balance: input power defined as the sum of Ohmic and NBI minus the variation in
stored energy. The IRVB power is obtained by adding all voxels at Z<0 then multiplying by 2,
therefore assuming up/down symmetry. The regions indicated are defined as per Figure 3.19.
The vertical dashed lines indicate the time that corresponds to the data in Figure 3.30. (b):
averaged core density (7iz) and upstream density from TS as per Section 3.3.1 (n,). (c): gas
flow programmed for the valves used to fuel the plasma. There is no measurement of the
effective gas flow produced by a valve setting.

cling deuterium neutrals are converted to plasma via electron-impact ionisation, detaches
from the target and moves towards the x-point (phase I). The Fulcher emission arises from

molecules being electronically excited by the plasma. Only a plasma hot enough to cause
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electron impact dissociation and electron impact ionisation can excite Hs molecules electron-
ically. Therefore the movement of the Fulcher band emission region can be used as a proxy
for the movement of the ionisation region, as determined in earlier work. [19] Although a
correlation between the Fulcher band intensity and the ionisation source was found in SOLPS
simulations, the Fulcher band emission intensity is not necessarily a proxy for the ionisation
source magnitude.

Ionisation also scales with electron impact excitation (EIE) that excites preferentially
lower deuterium excited states, leading to low p Balmer lines emission. Then a colder region,
where recombination (occurring due to a chain of plasma molecule interactions) dominates,
grows near the target and starts to move away from it (phase II). This region is characterised
by an increase in emission of Ha. Then an even colder region dominated by electron ion
recombination (EIR) grows at the target (phase III). This is characterised by an increase of
the ratio €, /e, with > y and an increase in higher p Balmer lines emissivities. Lastly even
this region retracts from the target and the density below it decreases (phase IV).

On top of this picture, that regards molecular and atomic hydrogenic reactions, impurities
could be present in the plasma. Impurities can, as mentioned in Section 1.6, greatly increase
the radiated power from the plasma, as electrons can be retained on the inner shells at
higher temperatures. No impurity was injected in MAST-U in MUO1, but the wall is made
of graphite, so carbon can play a significant role. In literature, the end of the region with
strong Carbon III emission (465 nm) on the outer leg towards the strike point is used as
a proxy for the presence of cold plasmas with electron temperatures in the range of 3-11
eV. [143-145] The movement of the point at 50% of the peak CIII emission, on the target
side, was used as a proxy for the progress of detachment and to control it. [146]

The multi-wavelength imaging diagnostic (MWTI) can record data inside the SXD chamber
for 11 wavelength regions. [147,148] This can then be tomographically inverted and then
integrated in the FOV (shown in Figure 3.19), to return the total number of emitted photons
in that volume and given wavelength range. We can then take the total number of photons
in the deuterium Fulcher band, from CIII and deuterium Balmer lines p = 3,5,6 — 2 as a
proxy for the detachment steps mentioned above. The result is shown in Figure 3.32. Here
are shown the number of photons relative to their temporal peak level.

The changes before 400ms are mainly due to the strike point entering the MWI FOV.

The initial rise of SXD chamber power scales well with Fulcher, Balmer 3 — 2 and CIII
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Figure 3.32: Number of photons per MWI target emission line radiated in the SXD chamber
relative to the maximum level from MWI, compared to the power radiated in the same region
from IRVB. The number of photons is smoothed with a running average of the same length
of the temporal resolution of the IRVB data (~ 37ms). The arrow in the legend indicates to
which y axis each line refers to. The number of photon axis is scaled so that 1 corresponds
to the peak level of the SXD chamber power.

emission, indicating that ionisation and carbon emission might be both important there.
While the radiated power decreases after 400ms, when divertor fuelling starts, also Fulcher
band and CIII emission decreases. Although tomographic MWTI inversions show [85] a move-
ment of both regions, the CIII emission region moves out of the divertor chamber more
quickly, consistent with the more rapid decrease of the CIII emission in Figure 3.32. Given
the radiated power in the SXD chamber does not decrease as quickly, one might argue that
during detachment carbon radiation in the SXD chamber is not the main contributor to the
total radiated power. This is consistent with preliminary estimates of the total hydrogenic
radiated power (excluding Hy*) via spectroscopic inference. This is estimated to be 125[70-
200]kW at 450ms and 60[30-90]kW at 750ms, while the IRVB measures ~90kW and ~45kW
respectively. [86] This is in agreement with interpretative SOLPS-ITER simulations, which
indicates the majority of the divertor chamber radiation radiative losses are hydrogenic. This
is in stark contrast with previous estimate for TCV, where only 30% of the radiation was
hydrogenic. [149, 150]

From 400ms fuelling increases the Fulcher band emissivity, but the total number of pho-

tons plateaus, because the emitting region recedes from the target (not shown, previously



CHAPTER 3. MAST-U IRVB SCIENTIFIC EXPLOITATION 144

observed in [86]).

From 500 to 650ms both the SXD chamber power and the Fulcher band emission decrease
in a fairly similar manner, while the power in the leg outside the SXD chamber increases,
suggesting that radiative losses due to EIE and ionisation dominate in the outer leg from
400 to 650ms. The Balmer 3 — 2 emission instead increases, while higher lines are still
negligible. This might indicate the increase in relevance in the SXD chamber of molecular
processes, albeit not necessarily dominating the radiative losses. From 400 to 500ms the
plasma in the SXD chamber can be associated with phase 1, while phase 2 up to 650ms.
After 650ms the Fulcher band emission becomes negligible and the emission on the outer
leg outside the SXD chamber peaks, indicating that the ionisation front has left the SXD
chamber completely. The higher p Balmer lines now start to increase up to a maximum at
~750ms, very close to when the fuelling ramp is stopped. The common presence of strong
emission from the 3 Balmer lines, combined with the increase of €, /e, with > y, indicates
that EIR becomes more important, characteristic of phase III. It must be underlined that all
the above pertains to observations inside the SXD chamber. In the rest of the leg, SOL and
core, the temperature is higher, as the influence of carbon radiation is higher. Preliminary
data from the core Survey Poor Resolution Extended Domain (SPRED) VUV spectrometer
indicate that carbon radiation is important here. [151]

In this section the detachment characteristics of an L-mode super-x discharge were ex-
amined. The integrated emission in the SXD chamber and in the rest of the outer leg, paired
with measurement from the multi wave imaging system, was used to infer which processes
dominate the IRVB-measured radiation depending on the progress of detachment on the
portion of the outer leg inside the SXD chamber. From 400 to 750ms, for increasing fuelling
in the SXD chamber, the dominant processes are inferred to be first ionisation and EIE,
then molecular reactions and finally EIR. This matches well with a previous analysis that
suggests the division of the progress of detachment in phases. [86] In the sequence of phases,
the presence of a gap between the dominance of EIE and EIR, where molecular processes
dominate, is particularly important, as the relevance of molecular processes is still uncer-
tain in fusion plasmas. The fact that the radiated power in the SXD chamber decreases
much slower than the Fulcher band emission after 650ms indicates these processes can cause

significant radiative losses when the plasma is deeply detached.
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3.4 Summary

To fully exploit the potential of the IRVB, a tomographic inversion algorithm was formulated
in parallel to the hardware activities, capable of reconstructing the emissivity profile in the
FOV. The method is Bayesian in nature, and allows: accounting for all the known uncertain-
ties arising from the hardware; the highlighting of patterns related to strong signals; and the
application of corrective factors tailored to the particular radiation anomalies found. The
performance of the Bayesian method was compared with SART, one of the most established
tools for tomographic reconstructions, for different radiation phantoms and experimental
data, and returned similar or better results. During this analysis it was discovered that the
IRVB cannot reliably reconstruct the emissivity profiles inside the SXD chamber, due to a
small portion of the FOV observing it and within a small solid angle, but is still capable of
detecting the total radiated power in the region.

The IRVB tomographic inversions were used to further distinguish the behaviour of the
radiation on the inner and outer leg and to compare it with other metrics of detachment.
It was found that in low power Ohmic discharges, the inner leg radiatively detaches at
upstream electron density lower than the outer one, and that radiative detachment on the
outer leg happens slightly earlier than particle flux roll-over. The movement of the radiation
from target to x-point on the inner leg is, appearing to be contrary to expectations for the
detachment front from analytical models [22], gradual. An XPR is briefly present before
a MARFE-like structure is observed to start growing after the inner leg has completely
radiatively detached. Its presence becomes apparent from the radiated power and from the
presence of a region of low T, and high n, on the HFS midplane. The short duration of the
XPR phase matches expectations from an analytical model [74] when carbon is the dominant
impurity, as in this case. By increasing the density further, the MARFE-like structure moves
towards the magnetic axis. The growth of the structure for HFS fuelling seems to start from
fuelling locations.

High power H-mode (NBI heated) discharges in MUO1 lacked the repeatability of low
power ones, but show a different progression of radiative detachment. First the outer leg
starts detaching radiatively, then that process stops and the inner leg detaches completely,
and then the outer reaches complete detachment. This observation was obtained with a
discharge fuelled from the lower divertor, so this result might differ for an up/down balanced

plasma. When fuelling only from the lower divertor, the behaviour of the upper and lower
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outer leg diverge with detachment. This potentially indicates that the baffles isolate the
divertors and they are only connected through the upstream conditions, allowing to control
detachment in the two independently. A MARFE, or its early stage, is possibly observed
developing between the x-point and the midplane after both legs radiatively detach, the
asymmetry driven by asymmetric fuelling.

Super-x plasmas are difficult for the IRVB to diagnose, since the inverted spatial dis-
tribution of the emissivity inside the SXD chamber is not reliable. Nevertheless, the slow
decrease of the total radiated power in the SXD chamber due to detachment, in conjunction
with spectroscopic observations from the MWI diagnostic, support the progress of detach-
ment as a series of stages as described in [86], and that molecular processes play a significant

role.



Chapter 4

Magnum PSI activities

4.1 Motivation

In high performance regimes short (sub ms) bursts of heat and particles from the core (edge
localised modes, ELMs) happen cyclically increasing temporarily the heat flux by 2-3 orders
of magnitude, and this can hardly be tolerated by large tokamaks. [29] If ELMs happen when
the target is detached the plasma temporarily reattaches and looses energy in the process of
dissociating and ionising the neutrals. This is beneficial for the reduction of target heat load
but computational and experimental investigations are difficult due to the dynamic nature
of the phenomena.

The aim of this study, resulting from a collaboration with DIFFER, The Netherlands,
in 2019, is to investigate the behaviour of ELM-like pulses on a detached target. During
detachment the region in front of the target is cold so neutral and molecular density is high
and this might effect the ELM behaviour. Of particular interest is the relevance of molecular
assisted processes (ionisation (MAI), recombination (MAR) and dissociation (MAD)) over
atomic. This was studied before in tokamaks and linear machines but never during the ELM
burn through. [18,120] Another topic is if a regime in which the ELM energy can effectively
be fully dissipated in the volume, meaning the energy reaching the target is negligible for its
whole duration, exists. This work is also important because different phenomena are at play
and have to be correctly understood to gain predictive capability for the ELM burn through
in tokamaks. The filamentary nature of the ELM makes a 3D treatment necessary [75, 76]
while its fast transient nature makes kinetic effects relevant. [77] On top the interaction

with cold neutrals, with solid surfaces and the cooling of the plasma to sub eV temperature
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require transport and a large number of interactions to be accounted. [78,79] The presence
of molecular precursors like Ho™ and H~ and their interactions with plasma and neutrals
further complicate the picture, so it is necessary to asses if they play a significant role in the
burn through process.

To reliably investigate the above phenomena, ELM-like pulses are produced in Magnum-
PSI, a linear plasma machine located in the DIFFER laboratory in the Netherlands. Magnum
PSI is capable of producing steady state target perpendicular heat fluxes comparable to that
at at the ITER target. The configuration is different than a tokamak, but the simpler ge-
ometry allows for an easier interpretation, better repeatability and diagnostic access. The
ELM-like pulses are generated thanks to a capacitor bank (CB) and detachment is induced
by increasing hydrogen neutral pressure in the target chamber. The Optical Emission Spec-
troscopy (OES) setup was improved to increase the time resolution in order to collect data on
the ELM-like pulse behaviour. An analysis of the power and particle balance in the plasma
column inside the target chamber, separating molecular and atomic contributions to power
and particle losses, was performed through a purpose built Bayesian routine that also makes
use of the new OES data.

As mentioned before, linear machines are significantly different from the tokamaks. In
a tokamak divertor, especially the high recycling regime preceding detachment, the main
contributor to the ion target flux is not the flow from upstream but the ionisation of neutrals
recycling at the target, while the upstream acts as a power source. The divertor leg, in
terms of particle balance, acts more as a closed system being supplied with energy from the
upstream boundary [46]. In linear machines, the upstream plasma flow usually dominates,
and the ionisation source is minor. The plasma flows from the source to the target, where
its temperature and density are usually too low to cause recycling. Another difference is
the connection length, of the order of tens of metres in tokamaks while it is less than 1m
in Magnum-PSI. In tokamaks, the wave of hotter plasma due to the ELM can propagate
along field lines, progressively burning through the barrier of cold neutrals generated by
detachment. The temporal dynamics of the upstream conditions have comparable timescales
to the transport of heat along the magnetic field lines [75,152]. In linear machines the flow
from source to target is much faster than the evolution upstream, so that the discharge
behaves more as a succession of steady states. In linear machines is difficult, therefore, to

study the effect of the ELM burning through the gas buffer created by detachment, while
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they should be more representative of the cross field neutral transport. The ELM frequency
can be high in tokamaks, from fractions to tens of kHz. Considering recycling confines
the neutrals at the target, it was postulated from simulations that the neutral pressure in
the divertor could progressively increase as more ELMs happen, [75] making it difficult to
study a quasi steady state reference state. Due to the lower ELM frequency achievable in
Magnum-PSI, and the low ion source, this effect is usually not observed and the effect of
repeated ELMs can be studied with respect to the same steady state case. This enables
delineating the impact of an ELM on a neutral gas buffer from changes of the neutral gas
buffer due to previous ELMs interacting with the target. In tokamaks there is also a strong
correlation between ELM frequency and energy released during the ELM, [29] making the
independent study of these two aspects difficult, while in linear machines these can be more
easily controlled. The presence of impurities likely plays a role in the interactions of ELMs
with detachment, both due to increased radiative, and because of the increased sputtering
when reaching the target. This is not guaranteed to be reproduced in linear machines unless
specific setups are arranged. Even considering these differences, linear machines are still
useful tool in understanding the processes happening during tokamak ELMs and the effects
of neutral pressure.

It will be shown that by increasing the target chamber neutral pressure, energy is removed
from the ELM-like pulses. In some cases, the target is not significantly affected by the
ELM-like pulses. The pulse effect on the target is comparable to what is measured in
current tokamaks, even if significantly lower than the expectation for large scale devices like
ITER, and can be reduced by increasing the neutral pressure. It will also be shown that for
increasing neutral pressure, the energy and particles of the ELM-like pulse will increasingly
be removed in the Magnum-PSI target chamber volume and that an important role is played
by plasma-molecule interactions. The radiated power losses are a significant power loss
channel, but elastic collisions with neutrals and exchanges of potential energy dominate in

reducing the plasma temperature to levels where recombination becomes important.

4.2 Experimental setup

Magnum-PSI is a linear machine with a superconducting coil surrounding the vacuum cham-

ber to confine the plasma generated by a cascaded-arc source from it to the target. The
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vacuum vessel is split in three chambers separated by skimmers to allow differential pump-
ing. This ensures that the conditions in the target chamber are independent from the source
and the vast majority of the impurities and neutrals from the source are removed from the
plasma column before it enters the target chamber. [153] Magnum-PSI is capable of repro-
ducing ITER steady state orthogonal target heat flux, even if the parallel heat flux is much
lower. [153] A capacitor bank is connected in parallel to the plasma source power supply
to temporarily increase the heat flux tenfold and simulate ELMs. [154] A schematic of the

Magnum-PSI machine is in Figure 4.1.
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Figure 4.1: Schematic of Magnum-PSI linear plasma machine. z = 0 corresponds to the
surface of the target, Thomson scattering and Optical Emission Spectroscopy (OES) are
located at z = —31.2mm. The TS view is composed of 50 evenly spaced LOS orthogonal to
the plasma column length (z). The OES view is composed of 40 LOS perpendicular to the
column length. The fast camera, for measuring integrated light emission from the plasma,
has a radial view of the plasma through a lateral viewport of the vacuum vessel of diameter
~75mm. The IR camera has a radial view that is converted to looking at the target surface
by a mirror outside the target chamber. The mirror angle can be adapted to maintain the
view of the target when moved in z.

4.2.1 Experimental conditions

Table 4.1 indicates the experimental conditions used on Magnum-PSI for this work, with the
detachment stage of the discharge based on the visible light emission defined in Section 4.3.
ID 1-4 are referred to as weak pulses: the magnetic field intensity is lower so the steady
state and ELM-like pulse input energy is spread over a larger area, making it easier for the
background gas to dissipate it. The energy in the capacitor banks is also lower. ID 5-10 are,
conversely, referred to as strong pulses, with stronger magnetic field and higher capacitor
bank energy.

For every condition two discharges are performed. In each, first the steady state plasma

is generated, then a series of ELM-like pulses are generated on top. More detail on the
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procedure are given in Section A.1. During weak pulses a small neutral pressure increase
was observed from the initial steady state plasma phase to when repeated ELMs are delivered,
as is expected in tokamaks [75], but not for strong pulses. This is likely because the lower
magnetic field allows the plasma to spread over a larger volume (~50% more from OES)
and can therefore better fill the target skimmer, preventing gas from the target chamber to
be removed by the heating chamber pump, that always runs at 82% speed. The pressure
increase is from ~1% in ID4 to ~5% in ID1. This is likely due to the increase of the gas
temperature in the target chamber due to the heating from the ELM-like pulse, as the more

gas is present, the less is the pressure increase.

Steady state
. . Target
capacitor | capacitor . Target neutral Stage
Magnetic chamber . .

ID | voltage energy field [T] chamber Hy . pressure in (defined in

[V] [J] feeding [slm] pumb target chamber | Section 4.3)

speed [%] [Pa

1 370 10.3 0.6 0 82 0.223 1
2 370 10.3 0.6 0 25 0.385 1
3 370 10.3 0.6 10 25 5.991 2/3
4 370 10.3 0.6 20 25 10.956 3
5 800 48.0 1.3 0 82 0.296 1
6 800 48.0 1.3 0 25 0.516 1
7 800 48.0 1.3 5 25 4.370 1/2
8 800 48.0 1.3 10 25 8.170 2
9 800 48.0 1.3 15 25 11.847 2
10 800 48.0 1.3 20 25 15.040 2

Table 4.1: Table of the experimental conditions of Magnum-PSI for the experiments pre-
sented in this work. Common parameters are: steady state source current 140A to generate
the background plasma, 31.2mm target to OES/TS distance,TZM (a molybdenum alloy)
target. ID 1-4 are referred to as weak pulse conditions while ID 5-10 are referred to as strong
pulses. The stages are 1-3 and correspond to: fully attached (1), partially detached (2) and
fully detached (3) as it will be defined in Section 4.3.

4.2.2 Diagnostics

In this section, the diagnostics employed in this study will be described. Some diagnostics
have the time resolution to be able to observe individual ELM-like pulses, while others only
a limited part of it, so a sampling strategy was adopted to reconstruct the full behaviour of
the ELM-like pulse. More detail is given in Section A.1.

The results from the diagnostics used in the experiments are described in the following

sections:
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4.3 Vision Research Phantom v12.1 CMOS camera: axial and radial view of the plasma
4.4 Thomson scattering (TS): electron temperature and density

4.5 Infrared (IR) camera FLIR SC7500MB: target temperature (used with calibration from
FAR-Associate Spectro Pyrometer FMPI)

4.6 Jarell-Ash, Czerny-Turner spectrometer OES: Hydrogen atomic line emission (Balmer

seriessp=4—8 — 2)

4.6, A.4.5 Power source (ADC): temporal variation of the power delivered to the plasma

4.2.2.1 Optical emission spectrometer (OES)

The main component is a Jarell-Ash spectrometer connected to a fibre optic bundle with 40
individual cores that view the plasma radially with a spatial resolution of 1.06mm, individual
line of sight (LOS) width of ~Imm. See the OES LOS in the target chamber in Figure 4.1,
further detail from Barrois. [155]

Before this work was conducted the camera connected to the spectrometer was a Prince-
ton Instruments PIXIS 2048B, with a shutter speed of the order of seconds. In order to
obtain information on the behaviour during the ELM-like pulse this camera was replaced in
2019 by the author and Gijs Akkermans with a Photometrics Prime95B 25mm RM16C with
a minimum integration time of 20us.

The camera has a CMOS sensor with rolling shutter, meaning the exposure of one row
happens after the previous row is completed, forcing the accumulation of data on multiple
ELM-like pulses to reconstruct the full spatial and temporal brightness profile of the pulse.
Details on how to sample all stages of the ELM-like pulse so that one obtains a coherent pic-
ture are shown in Section A.1 while the steps from raw images to line emissivity are detailed
in A.2. The sensitivity calibration was done using a Labsphere as explained extensively by
Barrois. [155]

During the experiments hydrogen Balmer lines brightness (p = 4—o00 — 2) were recorded;
only lines p = 4 — 8 — 2 were considered to have a sufficient signal to noise ratio and were

used in this study.
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4.2.2.2 Fast Camera

A Vision Research Phantom v12.1 CMOS camera is installed such that it has a radial and
axial view of the plasma coming from the source (left) and directed to the target (right).
The view is through a lateral viewport of the vacuum vessel so the useful FOV is limited to a
diameter of ~75mm (see Figure 4.2, 4.4.) The camera records visible light and it’s not used
to deliver quantitative information but it is very useful to establish the qualitative behaviour
of the plasma. The frame rate used was 67kHz, enough to resolve individual ELM-like pulses
(~1ms in duration, 67 frames). The information from multiple pulses was then averaged.
Thanks to this diagnostic it is possible to identify 3 distinct regimes/stages that are evident
as the neutral pressure in the target chamber is increased and therefore increasing the level

of detachment.

4.2.2.3 Thomson scattering (TS)

Thomson scattering (TS) is a diagnostic that allows the measurement of T, and n. by
firing a laser beam through the plasma and collecting the scattered light from a particular
measurement volume determine by the intersection of the laser beam with each TS viewing
LOS. 50 LOS are measured simultaneously in the radial direction (in the same plane as
OES as shown in Figure 4.1) to reconstruct the profile of the plasma. In Magnum, TS can
be used for steady state plasmas but also for time dependent measurements, albeit with
reduced performance. For this campaign the system was used in time dependent mode with
50us time resolution and integration time, with an uncertainty < 3% for electron density
and < 10% in electron temperature for n, > 2.8 - 102°# /m?3. The time between consecutive
measurements must be equal to the laser frequency, 10Hz, thus forcing us to accumulate data
over multiple pulses to reconstruct the whole time evolution. [156] Details on the sampling

strategy is given in Section A.l.

4.2.2.4 IR camera

This data is collected by a FLIR SC7500MB infra red camera that views the surface of the
target in the wavelength range 3.97—4.01pym. The camera view is directed towards the target
by a mirror and enters the target chamber from a port upstream from the target as shown
in Figure 4.1. The temperature calibration is performed with a dedicated FAR-Associate

Spectro Pyrometer. The frame rate of the FLIR camera is about 3kHz, which corresponds
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to ~3 frames per ELM-like pulse and integration time was set to 100us. To increase the
confidence in the measurements, the records for multiple ELM-like pulses are overlapped
and averaged once the target reached a thermal steady state in a similar fashion as done by
Li. [157] The IR camera results are a 2D temperature profile on the target over time. Due to
differences in the triggering system it is not possible to directly relate IR camera time with

OES or TS so this results are used independently.

4.2.2.5 Power supply

The steady state power supply regulates the DC plasma source voltage such that its current
is equal to the set point. A capacitor bank composed of 28 individual sections consisting
of an inductor (L=160pxH) and a capacitor (C=150uF) is connected in parallel to the DC
source. The energy stored in each capacitor (shown in Table 4.1) is given by %CV? These
can be individually controlled such that they each charge to a set voltage and discharge at
a set time. The current released by the capacitor will be additional to the steady state one.
The voltage and current at the plasma source are recorded and data from multiple ELM-like
pulses is overlapped to compensate for small differences in each capacitor/inductor pair in a
similar fashion as done for the IR camera. The energy transferred into plasma energy was
measured to be 92% of the electrical energy dissipated at the plasma source during ELM-like
pulses. [154] Some of the energy can additionally be dissipated in the source and heating
chambers before the target skimmer. The pressure in those chambers is maintained as low
as possible via differential pumping to reduce interaction of the beam with cold gas and
consequent energy losses. Energy losses due to the interaction of the plasma with source and
target skimmers are here neglected.

The results that can be gathered by the examination of the data from individual diagnos-
tics will now be presented. The fast camera will be used to identify the spatial features of the
radiation profile during each pulse, which will be used to characterize the level of detachment
and to distinguish the influence of increasing neutral pressure on the burn through of the
ELM-like pulse. Thomson scattering allows to measure the main plasma properties so that
the plasma pressure losses can be compared with target chamber neutral pressure. The tar-
get surface temperature measured with the infrared camera allows to determine the energy
delivered to the target by the ELM-like pulse, finding it decreasing with increasing neutral

pressure until full dissipation of the pulse energy is achieved. Then the understanding will
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be deepened with the use of a Bayesian technique specifically developed to interpret in a
self-consistent way results from different diagnostics. This allows to quantify the relevance

of molecular assisted processes compared to atomic ones.

4.3 Fast camera

In this section the visible fast camera brightness is used to examine the spatial distribution
of the emission in the target chamber and how the ELM-like progression to the target is
impacted by increasing neutral pressure. This will allow to define 3 progressive stages of

detachment based on the averaged spatial brightness profile.

4.3.1 Steady state

In order to characterise the state of the plasma during the ELM-like pulse from the visible
fast camera brightness, the known characteristics of a steady state plasma are shown in
Figure 4.2. [18,158] These images are taken with a He filter with plasma in similar conditions
to the ones in this work (1.2T, 120A) during an experiment by Akkermans. [18] Because of

the presence of the filter the images are blurred.
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Figure 4.2: Visible fast camera brightness images corresponding to a steady state plasma
in conditions similar to this work from an experiment by Akkermans [18] (1.2T, 120A, Ha
filter present), (a) is affected by overexposure in the black region near the target. The target
chamber neutral pressure is increased to induce detachment and corresponds to 0.29Pa (a),
2.01Pa (b) and 17.3Pa (c). The shaded region indicates the position of the target. The OES
and TS measurement locations in z are indicated by the 2 vertical lines. The fast camera
view is through a lateral viewport, giving a useful FOV of ~75mm diameter.

For low target chamber neutral pressure, the plasma emitting region is concentrated
close to the target at the centre of the plasma column (Figure 4.2a). This indicates that

the interactions between plasma and the background gas are weak and the plasma can flow
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towards the target mostly unperturbed. This is due both to the low neutral density and to
the fact that the high plasma temperature typical of low target chamber neutral pressure
causes further neutral hydrogen dilution. [159]

For increased neutral pressure (Figure 4.2b) the radiation in the volume increases while it
decreases close to the target; the plasma volume away from the target plays an increasingly
important role. By increasing the neutral pressure even further (Figure 4.2c) the radiation
near the target is strongly reduced and the bulk of the plasma radiation recedes from the
target. The peak plasma density close to the target measured by TS first increases from 1.13
to 1.98-10%04# /m3 from 0.29 to 2.01Pa, and then decreases to the point that TS measurement
fails at 17.3Pa. The peak plasma temperature conversely decreases from 3.34eV to 1.53eV
and becomes undetectable at 17.3Pa. The characteristics of the plasma near the target from
TS thus display a monotonic loss of plasma pressure as neutral pressure increases, consistent
with the behaviour of a plasma that experiences detachment caused by the increase of neutral
pressure. [158] The plasma is classified as attached to the target in Figure 4.2a and b, while
detached in Figure 4.2c.

By averaging the visible fast camera brightness over the radial direction one obtains the
profiles in Figure 4.3. Those profiles reinforce how the main interactions of the plasma shift
from close to the target to the volume of the plasma column for increasing neutral pressure.
The increase in visible radiation correlates well with observations from simulations that Ha
emission is greatly increased from the detachment onset onward because of the influence
of molecular reactions. [78] Using this method of determining the detachment state of the
plasma, we can proceed interpreting the visible fast camera brightnesses during the ELM-like

pulses.

4.3.2 Effect of ELM-like pulses

For this study, the fast camera was set with a high frame rate of 67kHz and low integration
time of 900ns in order to capture the bright ELM-like pulse behaviour. With those settings,
the brightness of the steady state is not detectable and only the ELM-like pulses can generate
counts. The ELM-like pulse lasts 0.7 to 1ms (equivalent to 67-47 frames) depending on the
target chamber neutral pressure and a clear movement of a radiation front from the source to
the target could not be clearly identified with this settings. In order to extract information

on the behaviour across the ELM-like pulse the camera measurement is averaged in time
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Figure 4.3: Radial average of the visible fast camera brightness for the steady state cases in

Figure 4.2. The longitudinal position axis is cut after the target. The brightness decreases
towards the source as the plasma exits the field of view of the camera.

over the time interval with non zero data. The data from a few ELM-like pulses in the same
conditions is then further averaged. A sample of the results for the plasma conditions in this

work are shown in figure Figure 4.4.
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Figure 4.4: Fast visible camera images of the ELM-like obtained by averaging temporally
over the pulse duration. The images show a plasma which is increasingly detached and
corresponds to ID 5 (a), 10 (b), 4 (c) in Table 4.1 ((a) and (b) are effected by overexposure
in the black region near the target). The fast camera view is through a lateral viewport,
giving a useful FOV of ~75mm diameter.

Figure 4.4a corresponds to a low target chamber neutral pressure. Under such conditions,
it is typical to observe a bright emission in proximity of the target while almost nothing
is visible far from it; the vast majority of the plasma-neutral interactions and the resulting
emission happens at the target while the plasma is transported, mostly undisturbed, through
the bulk of the target chamber. This closely resembles what was observed in Figure 4.2a,

indicating that the plasma is, in this case, attached to the target. Another observation
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is that, during the ELM-like pulse, the visible fast camera brightness close to the target
increases and then decreases, while maintaining the same relative shape (see Figure 4.5).
This points towards the fact that the plasma is attached before, during and after the pulse.
This is also confirmed by independent TS and OES measurements away from the target.
From the steady state to the peak ELM-like pulse values T, rises from ~5 to 9.4eV and n,
from ~1 to 23 - 102°#/m3 (see Section 4.4 for further details). This experimental condition
is the first one encountered starting from low neutral pressure, so it is referred to a Stage 1.

In Figure 4.4b the neutral density is increased. The light emission in the bulk of the
target chamber increases with respect to at the target and is typically quite homogeneous
along the magnetic field direction. The emission closely resembles Figure 4.2b, meaning that
during the ELM-like pulse the plasma is still attached to the target. This in not the case
before and after, where the density is so low that TS measurements fail and no emission is
visible from OES. During the ELM-Like pulse, the peak T, decreases to ~ 4.6eV while n.
increases to ~ 52 - 10204 /m?3. This condition is referred to as Stage 2.

If the neutral pressure is further increased from what causes Stage 2 to occur, the baffling
in the bulk of the target chamber can be so severe that the strong luminous spot close to the
target might not appear. This is shown in Figure 4.4c. In such cases the interaction of the
plasma in the volume is so strong as to dissipate the ELM-like pulse almost entirely before it
reaches the target. Only luminosity in the volume is present, closely resembling Figure 4.2c
which corresponds to a detached plasma, meaning the plasma is detached before and during
the ELM-like pulse. The OES, TS, and visible fast camera brightness is measurable for a
much shorter time compared to the ELM-like pulse duration (~ 300us compared to the pulse
length of 700us), meaning most of the ELM-like pulse energy is dissipated in the volume.
This is further confirmed by TS as peak T, drops from 0.63 to 0.58eV and n. from 12.6 to
4.7 - 102°4 /m? increasing the neutral pressure from Stage 2 (ID 3 to 4 in Table 4.1). This
regime is referred to as Stage 3.

The information in Figure 4.4 is summarised in two figures: Figure 4.5 and Figure 4.6
(averaged radially and in time for each pressure) which displays the average of the visible
fast camera brightness as a function distance from the target. Both figures include analysis
for several neutral pressures for the two scans included in this work (ID 1 to 4 and 5 to 10
in Table 4.1).

Figure 4.5 corresponds to a strong ELM-like pulse. The emission is always peaked at the
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Figure 4.5: Radial and temporal average of the visible fast camera brightness for the neutral
pressure scan with strong ELM-like pulses, where we observe the transition from Stage 1 to

2. (ID 5-10 in Table 4.1).
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Figure 4.6: Radial and temporal average of the visible fast camera brightness for the neutral
pressure scan with weak ELM-like pulses, where we observe the transition from Stage 1 to 3

(ID 1-4 in Table 4.1).

target while the emission away from it increases significantly for increasing pressure. At the

two lowest neutral pressure settings the plasma is in Stage 1, it is at an intermediate state for

ID7 (with a significantly lower emission in the volume then the other higher pressure cases)

while it then transitions to Stage 2 for ID8-10 in Table 4.1. The brightness becomes more

homogeneous along the magnetic field for increasing neutral pressure, reducing the signal

anisotropy in the longitudinal direction. The emission at the peak in Figure 4.5 initially
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increases with neutral pressure but, as shown in the linear detail it then starts to decrease,
signalling the start of the transition from Stage 2 to 3 (it must be noted, though, that the
peak region is affected by saturation). It will be shown later that the peak plasma pressure
measured by TS does not significantly change in the transition from Stage 1 to 2, indicating
that the plasma is still attached during all the strong ELM-like pulses.

Figure 4.6 displays the average of the brightness for the neutral pressure scan with weak
ELM-like pulses (ID 1-4 in Table 4.1), meaning the pulses are weak compared to the baffling
of the background gas. Here we have the transition from Stage 1 (0.223 and 0.385Pa) to 2/3
(5.99Pa) and ultimately 3 (11Pa). The same trend in Figure 4.5 continues here, with an even
more uniform light emission at the highest pressures. Note that this dataset is unaffected by
saturation. The 5.99Pa case is indicated as Stage 2/3 because even if some emission comes
from nearby the target, that is significantly reduced compared to the Stage 1 cases, and
looking at the temporal evolution of the brightness, the pulse reattaches to the target only
briefly. Later analysis will show that with neutral pressure 5.99Pa no heating is delivered
to the target, typical of Stage 3 rather than 2, and the plasma pressure loss is significant,
indicating increasing levels of detachment.

The distinction in stages helps to discriminate between types of behaviour of the plasma
and its influence on other diagnostics and the power balance. Plasmas in Stage 1 are typically
correlated to low volumetric losses, high steady state target temperature and measurable
steady state plasma conditions, as it will be clear from analysis of the IR camera and TS data.
In Stage 2, the target is cold in between ELM-like pulses but a significant target heating
can be provided transiently and volumetric losses dominate as a power loss mechanism.
In Stage 3, the lack of emission near the target coincides with negligible target heating,
significant plasma losses before reaching the OES/TS location and an increased anisotropy
in the plasma column. As previously mentioned the emission is not homogeneous in the
whole target chamber. Strong emission is located close to the target and even in the bulk
there is a slight increase in emission moving away from the target. The anisotropy in the
bulk of the target chamber, though, is weak and decreasing for increasing neutral pressure.
This observation will be used in Section A.4.5 to support the approrimation that volumetric

power losses can be considered constant from skimmer to target.
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4.4 Thomson scattering

The Thomson scattering diagnostic measures the main plasma properties (7¢, n.) and allows
to determine the temporal evolution of the ELM-like pulse and the transfer of plasma energy
from high temperature (and low density) to high density (and low temperature) for increasing
neutral pressure. The data collected corresponds to plasma volumes along the path of the
laser beam. The lines of sight of the light collection system are centered on the plasma
column so data is collected on the plasma above and below the plasma column centre. These
are averaged to return the radial profiles. A small time difference between OES and TS is
also present so the raw TS T, and n. are resampled and smoothed, to match the OES time

and spatial bases and obtain the temporal and radial profiles.
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Figure 4.7: Typical source power (top), Thomson scattering T, (mid) and n. (bottom)
measurement for strong pulses in Stage 1 (a), Stage 2 (b) and weak pulses in Stage 3 (¢) (ID
5, 10, 4 in Table 4.1 respectively). TS data is smoothed over time and radius in order to
match the same steps of OES.

In Figure 4.7 are shown typical T, and n, from TS for experimental conditions in Stage
1, 2 and 3. On top is also shown the power dissipated by the plasma source averaged over
multiple ELM-like pulses and aligned with TS. As mentioned before, the weak pulses are
obtained via a lower magnetic field and a lower energy of the pulse itself. The lower magnetic
field causes the energy of the pulse to distribute over a larger area (radius) and increase the
volume of contact between plasma and cold gas. The lower temperature and density also

causes the neutral mean free path to increase, allowing them to penetrate deeper inside the
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plasma column. For strong pulses T, decreases while n. increases as the neutral pressure
and the amount of gas available to be ionised increases. The steady state properties become
undetectable while the time corresponding to peak density shifts earlier in time. For weak
pulses and high neutral pressure peak density is at even earlier times with a very low plasma

temperature.
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Figure 4.8: Comparison of plasma peak T., n. and p. smoothed over 700us for a neutral
pressure scan with strong pulses (dashed lines, B=1.3T, pulse energy=48J), corresponding to
Figure 4.5 and weak (solid lines, B=0.6T, pulse energy=10.3J), corresponding to Figure 4.6
(ID 5-10 and 1-4 respectively in Table 4.1)

A comparison of the peak T¢, n. and p. (= n.2T./kp) smoothed over 700us (the duration
of the ELM pulse) is shown in Figure 4.8. For strong pulses (dashed lines) T, decreases while
ne increases as the neutral pressure and the amount of gas available to be ionised increases.
Only the maximum neutral pressure achievable is high enough to cause a possible decrease
of the measured n., indicating that the plasma may be starting to transition to a detached
state also during the strong ELM-like pulses (as indicated by the fast camera results). This
trend can be seen also in the static plasma pressure, that remains at similar levels as the
neutral pressure increases. If it could have been further increased, the plasma pressure would
likely have decreased as would both ne and T,. Similar trends can be seen for weak pulses
too (solid lines), but n. starts decreasing at much lower neutral pressure, indicating that it
is easier for the gas to dissipate the weak ELM plasma energy. In the highest pressure case
the plasma is significantly depleted in the volume before reaching the TS location, causing
the TS measurement itself to fail except at the very peak of the ELM-like pulse, and not be

representative of the whole plasma column. For this reason weak pulses are not suited to be
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analysed with the Bayesian model in Section 4.6. This situation corresponds to an ELM-like
pulse in Stage 3 as defined before.

In summary increasing the neutral pressure (ID 5-10 in Table 4.1) the plasma transitions
from Stage 1 to Stage 2: the energy losses before reaching the TS measuring location increase
but the ELM-like pulse energy is still enough to maintain the plasma pressure constant.
Further increasing the neutral pressure (ID 1-4 in Table 4.1) the energy losses for the weak
ELM pulses keep increasing and n. as well as p. decrease transitioning to a detached plasma

in Stage 3.

4.5 IR camera

The IR camera returns 2D temperature profiles of the target temperature over time. Only 3
frames correspond to a single ELM-like pulse so multiple pulses are overlapped and averaged
to increase the resolution aligning all pulses peak as done by Li. [157] To avoid being affected
by thermal transients only the last 150 of the 300 pulses within every scan is considered (see
Section A.3 for details). From this data, the time dependent peak temperature and the
shape of the affected region are extracted. These are used to show that the ELM-like pulse
energy delivered to the target decreases with increasing neutral pressure to the point of being

negligible therefore achieving the baffling of the ELM-like pulse.
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Figure 4.9: Comparison of the measured and fitted time dependence of the peak target
temperature: (a) Stage 1 case, (b) Stage 2 case (ID 5 and 10 in Table 4.1 respectively). The
black curve is the target peak temperature. The green dashed line (colour online only) is
the temperature fit using the entire temperature curve. The red dashed line corresponds to
fitting the temperature only for the time 1.5ms after the temperature peak. The curve is then
plotted over the entire time domain using the fit parameters. In both cases the analytical
model used is Model3 (Equation A.4 in Section A.3). The fit parameters are shown in the
figure legend.
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To estimate the energy delivered to the target the cooling curve is fitted with an analytical
solution of the heat transfer equation. Various analytic solutions are available with different
degrees of sophistication of the heat source time and spatial profile. It’s important to keep in
mind that the quantity of interest is an estimation of the total energy density [J/m?] of the
heat absorbed by the target from the ELM-like pulse. The analytical solutions considered

have the following power density profiles in time and space:

Modell a temporally square wave delivered uniformly on a semi infinite plane as described by
Behrisch [160], commonly used in tokamaks to asses the impact of ELMs because of

the large extension of the wetted area.

Model2 a temporally square wave delivered by a spatially Gaussian beam using a solution from

Béuerle [161,162] and

Model3 a temporally triangular wave delivered by a spatially Gaussian beam using methods

from Bauerle that better reproduce the Magnum-PSI conditions.

All the above analysis methods return similar values for the total energy density delivered
to the target by each ELM pulse (details of the comparison of the various techniques are
given in Section A.3). The total energy delivered to the target by the ELM-like pulse is
then obtained by multiplying the peak energy density (Ep) by the affected area found by
fitting the temperature profile after the pulse with a Gaussian profile. In Section A.3 the
MSC.Marc/Mentat®) non linear FEM suite was used to reproduce a heat pulse as close as
possible to the typical experimental conditions in terms of temporal and spatial variation
and temperature dependent material properties. It was found that fitting the temperature
after 1.5ms from the peak temperature returns a value of energy delivered within +10% of
the real one. It was also found that an uncertainty of F1.5ms in the time corresponding to
the temperature peak translates to a £10% variation of the energy detected. This translates
to a total uncertainty from the method of about +20%, good enough for our purposes.
Typical time dependent peak temperatures are shown in Figure 4.9. The traces presents
a sharp peak followed by a slow cooling period. This fast peak can be caused by emission
from the plasma (prompt emission) or an actual temperature increase of the target. For
low target chamber neutral pressure the peak temperature matches well with the analytical

model: sudden heating of a very thin layer of the surface of the target then the heat quickly
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redistributes over a larger thickness and radius, being then more slowly dissipated to the
actively cooled back plate. [157,163]

In high neutral pressure conditions the peak is still present but it is inconsistent with the
following slower cooling. The profiles are fit with Model3, fitting for all times or only the
times beyond 1.5ms after the peak. For the Stage 1 case both fits return similar energy values
and, most importantly, both fit well the curve for t>1.5ms. This is not the case in Stage 2,
where the fit for all time fails appreciably. This demonstrates the inconsistency between the
temperature peak and the slowly decreasing curve in high neutral pressure conditions. We
attribute the enhanced peak to prompt IR line or continuum emission from the plasma (some
hydrogen molecular lines lie inside the band allowed by the IR camera filter [164]). This is
further reinforced by examining the spatial temperature distribution at the peak compared to
afterwards. Further details on this and other aspects of the estimation of the energy delivered
to the target are given in Section A.3. The OES could be used to differentiate between
emission from the plasma column and then reflected by the target or emission from its
immediate vicinity but because of the different wavelength (3.97 —4.01pum vs 0.32 —0.52um)
a direct comparison is not possible. In order to avoid possible misinterpretations only the
temperature after 1.5ms from the peak is used rather than the peak itself. This phenomena
is also observed in tokamaks, where IR measurements are routinely found unreliable during
strong detached phases [165], and is sometimes used as a marker for detachment itself.

In Figure 4.10, for strong pulses, and Figure 4.11, for weak ones, are shown the results
from the analysis of the target temperature. In blue is indicated the surface temperature prior
the ELM-like pulse, that decreases for increasing target chamber neutral pressure as it would
be expected for increasing volumetric losses in the target chamber and increasing level of
detachment in steady state. In red is indicated the average temperature increase 10 to 11ms
after the peak. This is done to mitigate the uncertainty in the time of the real temperature
peak, hidden by the prompt emission for high neutral pressure cases. This indicates that at
low neutral pressure a large portion of the energy of the ELM-like is absorbed by the target,
while it is more and more dissipated in the volume for increasing target chamber neutral
pressure.

In green are indicated the results from the analytical model. In solid green is indicated the
energy absorbed by the target calculated as mentioned above. In 4.10 the delivered energy

decreases to an apparent minimum, possibly due to some energy not delivered via plasma



CHAPTER 4. MAGNUM PSI ACTIVITIES 166

o

o: 12001 —— mean temperature peak + 10/11ms |25

=) --- only steady state 17.55
X 1000 ”
E L20 r15.0 o
@ o 3
2 8001 = l125%
a 115 5 =
S 600+ worloo0g
= 21,58
= 10w 175 @
o 4001 = i
g i 50 3
‘@ i r a
@ 200 s 2
o

5 o 0 L0.0

l_

Target chamber pressure [Pa]

Figure 4.10: Results of analysis of the IR data for the variations in target chamber neu-
tral pressure. In this figure we focus on the case of strong pulses (48] at the source) and
higher magnetic field that yields higher plasma pressure background plasma (ID 5 to 10
in Table 4.1). Analysed data displayed are: target temperature before the ELM (blue),
temperature increase during the ELM (red), ELM energy reaching the target (solid green)
estimated with Model3 fitted after 1.5ms of the temperature peak and the steady state heat
flux (dashed green).
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Figure 4.11: Results of analysis of the IR data for the variations in target chamber neutral
pressure. In this figure we focus on the case of weak pulses (10.3J at the source) and lower
magnetic field that yields lower plasma pressure background plasma (ID 1 to 4 in Table 4.1).
Line colours and styles are the same as Figure 4.10.

convection but via neutral heating and radiation, shown later (see Section 4.6.3) to increase
with higher pressure. In the extreme case of high target chamber neutral pressure and weak
ELM-like pulse shown in Figure 4.11 the energy delivered to the target is negligible, indicating
that the pulse energy was mostly dissipated by the gas in the target chamber. In dashed

green is indicated the steady state component, always relatively small. The energy delivered
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decreases with fuelling in a similar fashion as the temperature increase after the pulse. Most
notably the energy delivered is negligible for the case with higher neutral pressure.

The thermal analysis allows us to compare the heat fluxes due to an ELM-like pulse
in Magnum with Tokamaks. A metric often used in Tokamaks to estimate effect of ELMs
is the heat flux factor, defined as the energy of the ELM divided by the area in which
it is delivered divided by the square root of its duration. This metric is derived by the
same analytic solution for the temperature increase in Modell and is proportional to the
maximum temperature increase. The maximum heat flux factor to prevent tungsten melting
is ~50MJm 25795 while ~40MJm 25795 for the molybdenum target used here. The limit
to prevent cracking is about half of the melting one [166] with some studies indicating it as
low as 6MJm 25795 for tungsten. [167]

The heat flux factor obtained in these experiments was estimated from the pulse energy
density from the IR analysis and as pulse duration an arbitrary 0.7ms and 0.3ms for the strong
and weak pulses respectively estimated from the fast camera records. In the strong pulses
case the heat flux factor is decreased from ~2.5MJm 25795 for p<6Pa to ~1.5MJm 2570
for p>6Pa. For weak pulses the drop in heat flux factor went from ~0.4MJm 2575 for
P<3Pa to effectively zero for P>3Pa. These heat flux factors are higher than what measured
in current tokamaks (<1.3 for JET) but much lower than what could be achieved in ITER
(600-1100MJm~2579% for unmitigated ELMs). [29, 168]

In a tokamak the connection length from target to midplane is of the order of tens of
meters on the outer target and the divertor neutral pressure can reach the Pascal range [169].
If the divertor is separated from the main chamber by a baffle, meaning there is a physical
restriction of neutral flow between the divertor and the main chamber, the plasma can plug
the divertor entrance and the neutrals cannot freely move between the two. The neutrals
have to interact with the plasma in the SOL and (in deep detachment) the ionisation front,
and the neutral pressure behind the ionisation front can be increased by more than one
order of magnitude compared to that in the main chamber. [170-172] In our experiments the
connection length in the target chamber is 0.38m and the neutral pressure up to 15Pa. Given
the energy delivered to the target by the ELM-like pulse is reduced with neutral pressure
and that tokamaks are characterised by potentially longer connection lengths and similar
or higher neutral pressures behind the ionisation front, this result implies that a significant

reduction of the heat flux factor in tokamaks should be possible thanks to the cold regions



CHAPTER 4. MAGNUM PSI ACTIVITIES 168

forming close to the target when strongly detached too. The reduction of heat flux factor
and heat flux to the target with pressure and connection length could be non linear (see the
higher pressure cases in Figure 4.10) but Figure 4.11 shows that transitioning from stage
2 to 3 via volumetric losses should ultimately be possible. The viability of this method to
dissipate the ELM energy will ultimately depend on the neutral pressure required to achieve
the needed buffering and its effect on the inter-ELM plasma. Configurations like the super-
x divertor could be the most suitable for this approach, as the ionisation front could be
maintained relatively close to the x-point while a large volume with high neutral pressure
can be maintained in the super-x divertor chamber. Reducing the ELM heat flux factor
would improve the safety for long term operations in a tokamak, further showing the benefit
of baffling and increasing the neutral chamber pressure in detached scenarios.

In summary, by increasing the target chamber neutral pressure it is possible to cause
detachment of the steady state plasma from the target surface. From the visible fast camera
brightness in Magnum-PSI, we identify 3 stages for the interaction between the ELM-like
pulse and the background gas in the target chamber. By increasing the neutral pressure more
interactions happen in the volume rather than in contact with the target, and become more
homogeneous in the plasma column. This is true up to Stage 3, where the loss of plasma in
the volume becomes dominant. A regime with low-energy ELM-like pulses was found where
the gas in the target chamber can effectively prevent all of the pulse energy from reaching
the target.

These results are obtained through analysis of one diagnostic at a time. To gain more
insight the OES data will be combined with that from TS and the input power source
measurement within a Bayesian analysis framework. The purpose is to identify which pro-
cesses are more relevant in the increase of energy removed in the volume for increasing levels
of steady state detachment, driven by target chamber neutral pressure, and possibly their

evolution in time.

4.6 Role of molecular assisted reactions

In this section we describe our analysis technique that simultaneously takes into account
information from different diagnostics on Magnum-PSI data to gain more insight on the

dominant atomic and molecular processes during an ELM-like pulse. A significant aspect of
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this analysis is the inclusion of the molecular species Hy, Ho™ and H~. These species interact
with the plasma leading to the formation of excited hydrogen atoms, with related power and
particle sources/sinks, which have a significant influence on the behaviour of Magnum-PSI
target chamber plasmas driving them into detachment. Since the interaction of these species
with the plasma causes hydrogen atomic line emission they will be referred to as molecular
precursors.

The ordinary method to infer the plasma properties from Balmer emission lines is to
consider that the emission from higher-p H excited states is mainly generated via electron-ion
recombination (EIR), while the emission from lower excited states is generated via electron
impact excitation (EIE), and molecular contributions are generally neglected for simplicity.
This normally allows to determine if the plasma is ionising, recombining or in between. [149,
173]. Under conditions like those in this work, on the other hand, molecular contributions can
be significant. [18] Plasma molecular interactions lead to excited hydrogen atoms generally
excited to low p levels, and their distribution across p is similar to the one of EIE, thus
complicating the Balmer line analysis (see Section 4.6.2).

In order to find the set of plasma/molecule/atom characteristics (1%, ne, ng/Ne, N,/ Ne,
NH,y, [THy, NE~ /N H,, one of these quantities is referred to as ©; while a set of 6 as ©) that
best match both the line emission (from OES) and the electron temperature and density
(from TS), a Bayesian approach is followed. This allows the analysis method to pool together
information from different diagnostics in combination with priors from simulations as well as
reaction rates to find the best match to experimental data and thus derive an understanding
of the dominant processes and effects on the energy and particle balance. The main advantage
of this approach is that it can not only account for all uncertainties and non linear rates, but
also allows calculating the probability density function (PDF) of the quantities of interest.
This implies that multiple non unique solutions, if present, can be found.

Probabilistic approaches have been used before to infer the full state of the divertor
plasma in tokamaks but never during the ELM burn through. [19,174,175] First, the pa-
rameter space of O is defined, forming a regular grid. The range and samples of the ©;
parameter are defined based on Thomson scattering and other priors. Given a certain com-
bination of parameters © the outputs of all the quantities of interest can then be calculated,
like line emission, power and particle sinks and sources, etc. Those predicted observables can

then be compared with the priors to find the probability that the calculated values match
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the expected ones. This comparison and the calculation of the observables depend on the
specifics of the problem and the simplifications used. For the combination of parameters ©
the probability from the priors is multiplied with the probability from the comparison of the
calculated and measured line emission, returning the likelihood of the particular ©. Starting
with this grid one can: add individual © searching for the maximum of the likelihood; or
refine the grid further around the best ©. A grid refinement is done here to retain a grid
structure and simplify the numerical problem. This is done only twice to limit the compu-
tational cost and memory requirements. After the quantities of interest like, for example,
terms of the power balance, can then be calculated for each © and their probability density
function (PDF) found.

Section A.4.5 gives the full list of assumptions used to simplify the physics of the plasma
of interest (from the target skimmer to the target, see Figure 4.1). In short, the plasma is
considered homogeneous along its length (z) from the target chamber skimmer to the target
within each time step, and being poloidally (¢ in Figure 4.1) symmetric for a given radius
(r). This is supported by the relatively uniform visible light emission far from the target
found in Stage 1 and 2 in Section 4.3. This means that the ELM-like pulse is not localised at
a particular spatial location but happens along the whole plasma column, matching well the
fast nature of the transport along field lines (~ sonic flow, < 20us to flow through the target
chamber) compared to the changes in plasma conditions over time (changes well resolved
with 50us time steps). The conditions at the target chamber skimmer will be considered as
the input to the plasma column. The presence of impurities is monitored by a 6-channels
Avantes AvaSpec-2048-USM2-RM survey optical emission spectrometer covering the range
299-950nm. [155] The survey spectrometer’s channels LOSs are in the target chamber and
impurities like metals from the power source or oxygen from cooling water are only detectable
in significant amounts when the plasma source fails. This shows that impurities from the
source are ordinarily efficiently removed in Magnum-PSI by differential pumping. Carbon
can play a significant role when graphite targets are used [176], but this is not a concern in
these experiments in which a TZM target was used.

The integral over the ELM-like pulse of quantities of interest, like terms of the power
balance, are obtained by summing the contribution from each time step and radial loca-
tion. In the following section we will explain the method used to determine the probability

associated with an output at a given time and radial location.
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4.6.1 Analysis steps

We will describe here in more detail the steps to first initialize the parameter space based
on TS and other priors (Section 4.6.1.1). Then we will show how to compare the modelled
quantities and TS with the priors to obtain the probability of each © (Section 4.6.1.2).
Lastly the comparison with the measured Balmer lines emission, grid refinement process and
determination of the quantity of interest PDFs will be illustrated (Section 4.6.1.3). The

numbering of each step corresponds with the numbers in the boxes in Figure 4.12, 4.13, 4.14.

4.6.1.1 Parameter space initialisation

Thomson 1
scattering
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l TuE 0. T (RO ET 2 (LO=T(1)-2.28V], T
Partial 2 A
B2.5- 9
plasun‘;a_rs‘;ate N (D, nHzlne(rvt) measurement

external input
5

NN fr ), Mg/ (1) link

l

Full plasma parameters space, axes: 1.
ne, Te, n,/n(rt), my, in (rt), n/n, (rt), nin,, (nE)

Figure 4.12: Sketch illustrating how the initial guess of each parameter ©; is done. With
link are marked items that link different parts of the global bayesian routine together. mea-
surement indicate quantities measured experimentally and external input represents inputs
from simulations or reaction rates libraries.

Our Bayesian analysis first finds the range of parameters to utilize. This is shown in
Figure 4.12. Every point in time and radius (¢,7) during the ELM-like pulse is considered

independently. Referring to Figure 4.12 the meaning of the steps are as follows:

1,2 Thomson scattering ne(r,t), Te(r,t):
The measured T, and n. and their uncertainties are used to specify the range and grid
elements of T, and n.. From every T, n. combination the samples for the other ©; are

calculated.

4 B2.5-Eunomia ng /ne(T,t), N, /Ne(1,1):
We utilize B2.5-Eunomia simulations, a multi-fluid plasma code coupled with a non-
linear Monte Carlo transport code for neutrals [177-179], to determine scalings for ng,

and ny with T,. We utilize these scalings to obtain ranges for ny, /ne and ng/ne (see

Section A.4.1 and A.4.3).
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Figure 4.13: Sketch illustrating how the prior probability distribution is determined given
the parameter grid. Bayesian output indicates groups of quantities that are collected for all
the parameter space and with the likelihood will return their PDF.

3 B2.5-Eunomia Ty (1,t), Th, (1,t)[= T+ (1,t) = Ty (r,t) — 2.2eV ], Ty
Similarly, values of Ty, T, and T+ are extracted from B2.5-Eunomia simulation
scalings with T,. Given the molecular precursor Ho" is predominantly generated from
Hy it is assumed that Tq, = TH2+. In the creation of H~ from Hs the ion can get
some of the Frank-Condon energy of the Hy bond (2.2eV per nucleon). For this reason

2.2eV are added to Ty, to estimate Tpy— [19] (see Section A.4.1).

5 AMJUEL ng- [, (1,t), ng,+/nm, (1,t):
Hyt /Hy and H~/Hy density ratios are calculated from the AMJUEL collection of
cross sections, reaction rates and ratios [5-7] to determine the ny- /npy, and ny,+ /nmu,

ranges used as priors (see Section A.4.2 and A.4.3).

4.6.1.2 Prior probability distribution

Once the initial parameter space is determined the prior probability distribution is calculated.

The process for this is shown in Figure 4.13 and the meaning of the steps is as follows:

7 ADAS colisional radiative model (atoms):
The Atomic Data and Analysis Structure (ADAS) collisional radiative model [1, 2]
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19

18

21

is used to calculate the line emission (see Section A.4.4), the power losses (see Sec-
tion A.4.6) and the particle balance sources/sinks (see Section A.4.7) due to atomic
processes. The reactions considered and relative coefficients are indicated in Table A.1.

This type of analysis is fairly standardised, see for example [180].

Yacora collisional radiative model (molecules):

The Yacora collisional radiative model [3,4] is used to calculate the line emission
due to molecular precursors via the population coefficients (see Section A.4.4) and
the radiative power losses (see Section A.4.6). The molecular precursors that will be
utilized in this analysis are Ha, Ho™ and H~ based on the work by Verhaegh [150] (see
the reactions in Table A.2). H3" could also be considered, but its relevance is expected
to be much lower than that of Ho" and H~ so it is dropped to limit the number of
variables. [150].

AMJUEL/Janev reaction rates (molecules):

The AMJUEL database and a collection of reaction rates from Janev [8] is used to
calculate the rate of reactions involving molecular precursors (see Table A.3, A.4). The
reactions rates are use then to calculate sources and sinks in the power and particle

balance in the plasma column (see Section A.4.6, A.4.7)

Global power input from plasma source:

The power input from the plasma source is calculated from the measurement of voltage
and current on the plasma source. From a study by Morgan [154], 92% of the electrical
energy is transferred to the plasma during an ELM-like pulse. This value will be

considered valid for each time step.

ne(r,t), Te(r,t) (TS) at lowest target chamber pressure:

It is assumed that for the lowest pressure case the interactions between the plasma
column and the background gas in the target chamber are negligible, therefore they
represent the input conditions for all cases that differ only by the target chamber
neutral pressure. They are referred to as 7 n, Te,in and used to determine the input

power and particle profiles (see Section A.4.5).

Power balance for all r — viy:

Assuming that the plasma flows from skimmer to target with the same Mach number
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(M;,(t)) across different radii it is possible to relate the total input power (Psoyrce(t))
with the input conditions (ne in (7, t), Te in(r,t)). It is then possible to determine M;y, (%)
and then v, (r,t). See Section A.4.5 for details.

Power input from plasma source:

The maximum power input is calculated as the energy flow due to a plasma in the
input conditions (nein(r,t), Tein(r,t)) at flow velocity vy (r,t) plus the energy associ-
ated to the depletion of the plasma at the specific neutral pressure of the experiment

(ne(r,t), Te(r,t)) in one time step. See Section A.4.6 for details.

Particle input from plasma source:

Similarly to the previous step the maximum particle input is obtained as the input
particle flow using nein(r,t) and v, (r,t) plus the particle flow associated with the
dissipation of the plasma at the specific neutral pressure of the experiment (n(r,t))

in one time step. See Section A.4.7 for details.

Power losses model:

The power losses in the annular section of the plasma column of interest are modelled
as per Section A.4.6. The effect of impurities is not considered, as it is assumed that
most of the impurities introduced by the plasma source anode and cathode are removed

by differential pumping in the source and heating chamber.

Modelled plasma radiative power losses:

The total radiated power from the plasma column is calculated. For atomic processes
ADAS coefficients are used. For molecular processes Yacora coefficients are used, sum-
ming the line emission for all possible transitions (the highest excited state considered
is p=13). It is not considered the radiation caused directly by Ho, Ho", H~ excited
states such as the Werner and Lyman bands, as it should have a negligible contribu-

tion. [181,182]

Modelled plasma total power losses:

The total power losses are obtained by adding: total radiated power losses, net differ-
ence of potential energy from reactants to products and energy loss attributed to the
heat carried away from the neutral produced by recombination. This terms and their

components are part of the outputs of the Bayesian analysis.
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Compare power:

The modelled net power losses are compared to the power input previously inferred.
The net power losses have to be between 0 and the power input. The probability that
this is the case is calculated as shown in Section A.4.6 and is one component of the

prior density distribution.

Particle losses model:

The particle sink-sources terms are modelled as per Section A.4.7. We neglect cross field
transport when analysing the particle balance. Given the difficulty of accounting for
cross field transport only the particle balance of the charged particles (e=, H', Hy™, H™)

that are bound by the magnetic field is operated.

Modelled plasma total particle losses:
The net particle sink is calculated for e=, H, Hy", H~). These terms and their com-

ponents are part of the outputs of the Bayesian analysis.

Compare particle:

The modelled net particle losses are compared to the particle input previously inferred.
Bounds for physical values of the net particle losses are obtained from the particle input
previously inferred as detailed in Section A.4.7. The probability that the particle sinks

are within the bounds is calculated and their log-probability summed.

ZTLH(p):
Within the power losses model the total density of excited states is calculated. ADAS
PEC coefficients are used for atomic processes while Yacora coefficients are used for

molecular, summing the density for all excited states.

Compare Xng,) < npg:

It is checked that the total density of excited states is lower than the density of atomic
Hydrogen. At the temperature of interest in this work the density of excited states is
always a small fraction compared to the ground state, so a probability of 1 is assigned

if the condition is respected and 0 otherwise.

Compare ne, Tg:
The measured T, and n. and their uncertainties are used to assign the relative proba-

bility on the n. and 7T, axis of the parameter space, uniform on the others.
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The previously mentioned scalings from B2.5-Eunomia simulations are used to assign

weakly varying probabilities on the ng/ne, ng,/n. axis of the parameter space, being

uniform on the others, as indicated in Section A.4.1.

26 Log-prob sum:

The log probability from the particle and power balance, amount of Hydrogen excited

states, T'S and B2.5 Eunomia are summed to return the Log-probabilities for the entire

parameter space.

4.6.1.3 Bayesian analysis
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Figure 4.14: Sketch illustrating how the likelihood distribution is determined comparing the
line emission with the expected values and adding the prior log-probability, to refine the
parameter grid and calculate the outputs PFD.

The expected value of the Hydrogen line emissivity is then compared with the measured

one, and the resulting probability combined with the prior to return likelihood, also referred

to as the sum of the Log-probabilities. The grid is refined twice around the regions of the

grid with high likelihood to improve the resolution of the probability distribution. While

keeping a grid structure requires a large amount of memory the numerical procedure is

relatively simple. This procedure is shown in Figure 4.14 and the meaning of the blocks here

introduced is as follows:
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Balmer lines e(r,t)(p =4 —8 — 2):
The Balmer line emission for transitions (p = 4 — 8 — 2) is measured with OES (see
Section 4.2.2.1). The camera has a rolling shutter so it is necessary to decouple the

line of sight from the time information, as detailed in Section A.1 and A.2.

Abel inversion (brightness to emissivity):
Once the brightness per time step and line of sight is obtained an Abel inversion is
operated (see Section A.2). The process converts the line integrated information to the

local emissivity assuming poloidal symmetry and the plasma optically thin.

Modelled line emission:
As part of the power losses calculation the line emission from atomic and molecular
processes the total line emission for the lines of interest (p = 4 — 8 — 2) is found (see

Section A.4.4).

Compare emissivity:
The modelled line emissivity is compared to the measured one to return the probability

that each combination of priors generated the measured emission (see Section A.4.4).

Likelihood:
The likelihood for every point of the parameter space is found adding the log probability

from the prior and the comparison of the calculated emissivity with the measured one.

Grid refinement:

To increase the resolution in the region of the parameter space with high likelihood, the
grid is refined by adding intermediate steps to the grid elements previously defined for
every axis around the marginalised likelihood peak. The grid structure is maintained
but it becomes non uniform. The prior probability distribution and comparison with
measured emissivity is repeated to recalculate a new likelihood distribution. This loop

is repeated twice to limit the computer memory requirements.

Quantity of interest PDF':

The quantity of interest for the plasma column power or particle balance have already
been calculated for all the parameter space within Section 4.6.1.2. In order to reduce
the size of the outputs the full range is reduced to a smaller number of intervals and

the likelihood is summed within each interval.
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Once the PDF's for a quantity of interest in all radial and spatial locations are determined
they are then convolved over radial steps, to obtain the total over the plasma column,
and then in time over the ELM-like period to obtain the global quantities (see details in
Section A.4.8).

When a reaction occurs, energy is transferred between different species (e.g. plasma to
molecules or atoms). If charged particles are created they are bound by the magnetic field
and are confined to the same radial section of the plasma column. When neutral hydrogen
atoms and molecules are generated they can escape the plasma column, carrying with them
their kinetic energy. They can also interact with plasma at a different radii on the way out
and transfer the energy back in the plasma.

To model the transfer of energy to the neutrals and back to the plasma would require
an effort beyond the scope of this work, so for now this component is not considered in the
power and particle balance and only hyrdrogenic radiation is considered as net power leaving
the plasma column. For more details see Section A.4.8.

It is important to address whether ignoring the power removed by the plasma column
(and possibly transferred back) due to charge exchange (CX) and elastic collisions between
Hy and HT (Hy elastic) is important and compatible with the Bayesian algorithm results.
To estimate CX and H elastic power losses we post-process our results as shown in Sec-
tion A.4.6. The same methodology was employed to reprocess B2.5-Eunomia results, and it
returned a CX contribution between a 1% and 150% and H» elastic within 18% and 34% of
the correct (self consistent) values. In one instance, the simplified method produced a factor
of 100 larger CX losses compared to B2.5-Eunomia result. It is observed that in this case,
with both high temperature and density, a large fraction of the CX losses are recovered by
fast neutrals exchanging back to the plasma their energy before escaping the plasma column.
This behaviour can be captured by the Monte Carlo model but not by this simplified method.
With these very large uncertainties it is possible to say that CX is likely more important
than Hp elastic for ELM-like pulses, contrary to what shown in [179], but the relevance for
the plasma column energy balance is uncertain and would require a more detailed analysis,

out of the scope of this work.
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4.6.2 Analysis limitations due to restrictions on measured Balmer lines

While it is in general desirable to measure as many transition lines as possible, it became
apparent during the setup of the experiment that the Ha line (p = 3 — 2) could not be
measured simultaneously with lines p > 4 — 2 due to the grating used. We describe herein
how the lack of the Ha line prevents the separation of the line emission contribution from

H,% and H™ precursors.

102 ] recombination (ADAS)
H* + e~ =H(p) + hv
H* +2e~=H(p)+e~
direct excitation (ADAS)
H(g)+e =H(p>q)+e”
H, * dissociation (Yacora)
Hy* +e " =H(P)+H +e~
H, dissociation (Yacora)
Hz +e” ->H(p) +H(1) +e~
H* mutual neutralisation (Yacora)
H* +H~>H(p) +H(1)
H»* mutual neutralisation (Yacora)
H,* + H~=H(p) + H,

101,

100_

NrpyNHa)

10—1_

H excited state p

Figure 4.15: Density ratio of hydrogen excited states to p=4 for different processes for typical
T, = 1eV,n, = 4-102'# /m? plasma. The similarity of the profile shape for Ho™ dissociation
and HT mutual neutralisation is maintained for all the T,, n. range of interest.

As a reference, Figure 4.15 shows the density ratio of excited states produced by different
processes with respect to p=4 for typical T, n. values. Restricting Balmer lines to n >
4 — 2 recombination, Ho" mutual neutralisation and EIE have a distinctively different
profile while Ho™ dissociation, Hy dissociation and Ht mutual neutralisation are fairly
similar. Hs dissociation is usually not problematic because the Hs density required to
match the measured emissivity is excessively high. Conversely, Hs" dissociation and H*
mutual neutralisation can be caused by relatively low molecular precursors densities, making
it difficult to distinguish which caused the emission. This could have been alleviated by
including p = 3 — 2 in the analysis [120] but this was not possible with the available
gratings. Figure 4.15 illustrates that with the present setup, using only the line ratios
available is insufficient to distinguish which molecular precursor, Ho™ or H~, is dominant.

This could be alleviated by combining matching line intensities with other conditions as
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described in Section 4.6.1, as it can help rule out regimes that can well match the emission
profile but would be unphysical.
The results of this study and the relevance of molecular interactions during the ELM-like

pulse will now be shown.

4.6.3 Bayesian analysis results

In this section the results from the Bayesian analysis will be presented. Only results regarding
the strong pulse cases are shown, since the temperature and density falls below the detection

capabilities of the TS system for a significant fraction of the duration for weak pulses.

4.6.3.1 Power balance

As explained in Section 4.6.1.3 the results at each time and radial location are a collection
of PDFs for the quantities of interest in the volume from target skimmer to target, like
the power radiated via EIE. The temporal and spatial distribution of the most likely values
can already be useful, as they can inform on the conditions in which some phenomena are
important. Our inference shows that ionisation and excitation tend to be more important
close to the axis of the plasma column, where and when temperature is highest, but are not
peaked on the axis as the atomic hydrogen density profile is hollow. Radiation from EIR is
strong for high density and intermediate temperature. Radiation from excited H atoms (H*)
generated from plasma molecular reactions (PMR) is present at similar times and locations
as EIR but is significant up to even larger radii (and lower temperatures) than EIR. This is
shown for ID 10 in Table 4.1 in Figure 4.16.

The PDFs are convolved over the radial direction to integrate the parameter of interest
on the radii. An example of the radial convolution of the power radiated from EIE at 0.4ms
for ID 5 in Table 4.1 is shown in Figure 4.17. It can be noted that some PDFs, for example
at r = 11lmm, show multiple peaks. This indicates that multiple possible combinations of
the precursors densities with similar likelihood have been found.

The evolution over time of the terms of the local the power balance, as per Section A.4.6,
are shown in Figure 4.18 for the lowest and highest pressure cases. In Figure 4.18a is shown
that the energy of the ELM-like pulse is almost entirely used for ionisation, dissociation and
molecular processes (MAD, MAI) increasing the plasma potential energy. However these

ions recombine at the target, meaning that a larger fraction of the pulse energy will be
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Figure 4.16: Most likely values of the radiated power via EIE (a), recombination (b) and
molecular processes (c) for the same conditions of Figure 4.7b, ID 10 in Table 4.1. The noise
shown in these figures arises from the fact that the analysis is independent for each radial
and temporal location (no regularisation applied).
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Figure 4.17: Example of the radial sum of the power radiated via excitation for ID 5 in
Table 4.1 at 0.4ms. Only the radial locations that are more relevant are here shown. The
power density (W/m3) at each location is multiplied by the volume it pertains to determine
the x coordinate.
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Figure 4.18: Stacked area plot of the most likely values for the terms of the power balance
as per Section A.4.6 for the lowest (a) and highest (b) pressure conditions for strong pulses.
The data below zero corresponds to energy that released by recombination reactions heating
the plasma. The potential energy from interactions with molecules is split in its positive and
negative components. As molecules is here intended any reaction with exchange of potential
energy different to EIR and ionisation (see Section A.4.9). volume sinks-sources corresponds
to the net local power balance while removed from plasma indicates the contribution to the
plasma column power balance as per Section A.4.8. The colours in the legend of (b) apply
to both plots.

able to reach the target, and in fact for this condition the target receives the most heat.
The net power sink from the plasma is slightly larger than the input energy after its peak.
This can be understood as there is no mechanism to enforce a global power balance since

the analysis for every radial and temporal location is independent. The radiated energy is
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mostly due to EIE, that is to be expected due to the high temperature. After 0.6ms the
temperature decreases below 4eV and the radiative and potential energy losses to the plasma
from MAI/MAD and dissociation increases.

For higher neutral pressure (Figure 4.18b) the peak in power input corresponds to the
peak of power loss from molecular reactions rather than ionisation (due to the lower temper-
ature) and most importantly, after the input power and temperature peak, there is a strong
influence of EIR. Radiative losses and potential energy gains balance such that after 0.4ms
the net power sink on the plasma is negligible. [149] The period of peak radiative losses now
coincides with the peak in EIR. More energy is radiated then before and recombination in the
volume means that the plasma is depleted before reaching the target. The radiative losses
are on the expenses of the plasma potential rather than its thermal energy. This causes a
reduction of the heat flux just like in deep detachment, matching with the results in Sec-
tion 4.5. EIR dominates the path to radiative losses but the influence of molecular reactions
increases. These results are quite similar to recent studies of detachment in medium size
tokamaks including molecular precursors. [86, 150]

The PDFs at each time are further convolved multiplying by the time interval they
refer to, returning the total for the quantity of interest over the entire ELM-like pulse.
In Figure 4.19 is shown how the total energy radiated by the plasma changes with target

chamber pressure. As the target chamber pressure is increased (Stage 1 (P<2Pa) to 2
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Figure 4.19: Energy dissipated radiatively per mechanism for increasing neutral pressure (ID
5 to 10 in Table 4.1) obtained with the Bayesian analysis.

(P>2Pa)) the dominant process changes from EIE to EIR and the impact of molecules
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increases reaching up to ~1/3 of the total radiated power. This is also reflected in the total
radiated power in the visible wavelength range (not shown): in Stage 2 it is 3 times higher
than in Stage 1, 0.3J and 0.1J respectively (the Lyman series is always responsible for most of
the power radiated), largely due to the increase of EIR importance. This is not as a dramatic
increase as observed in Figure 4.5, implying that the extrapolated Hc« emission, from our
inferences, could be overestimated. This could imply an overestimation of molecular assisted
reactions in Stage 1 (visible radiated power losses due to EIE are 0.005-0.01J in for ID 5 and
6 in Table 4.1 respectively, with a better agreement with Figure 4.5). An overestimation of
Ha can also arise from an (over)underestimation of (H~)H, , changing the HB/Ha ratio
as shown in [19]. Among radiation due to molecules the precursor that is more important is
H~. This would be against results from previous analysis that show a dominance of the Hy™
precursor [18] but, as mentioned in Section 4.6.2, the radiation from Hs™ dissociation and
H™T mutual neutralisation has similar line ratios for the lines used in this study, so cannot
be distinguished with certainty.

In Figure 4.20 are shown the variation of the terms in the global plasma column power
balance with target chamber pressure. The energy absorbed by the target was determined
in Section 4.5. The estimation of CX and Hs elastic collisions is as per Section A.4.6.
The two terms are already multiplied by the corrective factors found by comparing their
simplified model with B2.5-Eunomia, identified in Section 4.6.1.3 (CX and Hj elastic collision
losses from B2.5-Eunomia being 1-150% and 18-34% respectively compared to the simplified
estimate). The radiative energy losses increase with target chamber neutral pressure, up
to ~1/3 of the input energy, while the energy to the target decreases. This transition
corresponds to the transition between Stage 1 and 2 introduced when analysing the visible
fast camera brightness. Hs elastic losses are of the same order of magnitude as radiative and
target losses, while CX has a very large range from zero to one order of magnitude higher than
Py,. These losses are here only estimated. Subtracting the radiative losses from the input
energy returns much more than the measured target flux, allowing for other loss channels
like CX, H» elastic collisions or the losses associated with plasma surface interactions, that
are here not inferred.

From this very crude balance it seems that losses due to radiation and energy transfer to
the target can account for about 1/3 of the input energy and Hj elastic collisions for another

1/3. From fast camera observations, for high pressure conditions the energy dissipated at
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Figure 4.20: Results from the Bayesian analysis for strong ELM-like pulses with increasing
neutral pressure (ID 5 to 10 in Table 4.1). Total energy input (blue), energy removed from the
plasma column (approximated with the hydrogenic radiative losses, red), energy absorbed
by the target from IR camera analysis in Section 4.5 (orange), estimated maximum energy
removed from CX (grey) and Hs elastic (black) collisions. CX and Hj elastic have already
been multiplied by the corrective factors found in Section 4.6.1.3 by comparison with B2.5-
FEunomia.

the target could be less relevant, leaving more room for CX losses, while the opposite for low

pressure.

4.6.3.2 Particle balance

During the experiment there was no direct measurement of any part of the particle balance,
so it is not as well constrained as the power balance. Nevertheless thanks to the assumptions
and approximations in Section A.4.5 it is possible to perform a rough particle balance on
the plasma column. Only the charged particles’ particle balance is utilised, as only these are
confined to a certain poloidal location by the magnetic field. Only H', e~ are introduced by
the plasma source, using the flow velocity estimated from the power input in Section A.4.5.
The volumetric particle sources and sinks are calculated together with the power ones and
the target particle losses are treated as an unknown in a similar way as in the power balance.

To calculate the prior probability, the balance of H* and e~ has a large uncertainty, as the
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plasma can potentially accumulate in the plasma column, while the balance of Ho™ and H~
has a smaller uncertainty due to their short lifetime. More detail on the particle balance is
given in A.4.7.

The procedure to convolve the data from time and spatial dependent PDF's to a global
one for the whole pulse is the same as previously mentioned for the power. In order to better
understand the influence of molecular reactions on the plasma the individual reaction rates
are divided in MAR, MAI and MAD. These are defined as the paths composed of a first
reaction that converts a neutral specie (Hs, H) into a molecular precursor (Hat, H™) then
a second one where the precursor is used. The final result of the two reactions combined
can either be the recombination of the plasma that participated to the reactions (MAR) the
ionisation of the original neutral (MAI) or the dissociation of Hy (MAD). Here paths that
cause ionisation or recombination and dissociation are not accounted in MAD to avoid double
counting. All of the possible combinations of reactions that achieve the mentioned goals via

a molecular precursor are added together to form the MAR, MAI and MAD rates. [19]
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Figure 4.21: Plasma particle balance on the plasma column from the Bayesian analysis for
strong ELM-like pulses with increasing neutral pressure (ID 5 to 10 in Table 4.1). Total
particle input from the plasma source estimated from Section A.4.5 and A.4.7 ((nv) g+ i)-
Number of plasma particles created during the duration of the ELM-like pulse by type of
reaction. MAR and MAI are defined as ensemble of multiple reactions that, starting from
neutrals, first create a molecular precursor (Hy ™, H ™) then further react with the end result
of the two consecutive reactions being plasma recombination or ionisation respectively. [19]
We note that there can be a discrepancy between net H+ and nete™, which appears to be an
analysis artefact.

The particle balance on the plasma is shown in Figure 4.21. Here are shown the plasma

particle input, constituted by the source, the ionisation source and the recombination sink.
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MAI increases at lower pressure but is not very important representing a small fraction of
the total ionisation. With the considered reactions Ho™ is the only precursor that can cause
MAI MAR increases with pressure, but it dominates at low pressure (high temperature),
and amounts to ~1/3 of the total plasma particle sink at high pressure (low temperature).
It is mainly due to the H~ precursor.

An important observation is that for low pressure conditions the ionisation source is
higher than the estimated particle input from the source. The main difference between
linear machines and tokamak divertors is that in a divertor, especially in high recycling,
most of the particle source for the plasma comes from the recycling neutrals while the
upstream plasma acts as the energy source. Conversely in linear machines the external
source usually dominates. For low pressure conditions this does not happen here. If the
neutrals predominantly come from plasma recycling at the target surface, this might be
evidence of recycling in a similar fashion as in a tokamak. Figure 4.21 shows a decrease
in net balance of protons and electrons in the plasma column (net H' and net e~) for
increasing neutral pressure due to a transition from an ionising to a recombining plasma.
This is in agreement with both the analysis of power losses as per Section 4.6.3.1 and the
target heating analysis shown in Section 4.5. The potential energy exchanges in the plasma
like ionisation, dissociation, MAI and MAD are important to lower the plasma temperature
enough for MAR and EIR to become important and reduce the particle flux to the target.
MAD is more efficient than electron impact dissociation (EID) in converting Hs to H and
MAR can effect the plasma at higher temperature than EIR, therefore the inclusion of the
chemistry from Ho"™ and H~ is important in describing the ELM burn through processes.

The particle balance for atomic hydrogen is shown in Figure 4.22. It must be kept into
account that this balance is not directly constrained and that transport is not considered,
so the balance is very tentative. Hydrogen from molecular reactions, and MAD within it,
represent the largest contribution to the source. Considering also that MAT is less then 10%
of MAD reaction rate, this means that most of the power losses due to molecules in the local
power balance (Figure 4.18) are due to MAD. Molecular reactions are responsible (integrating
the local power balance) for about half of the potential energy exchange while up to a third
of the radiative power losses. Molecular reactions seem to not have a strong impact in the
plasma particle balance while dominating the neutral’s particle balance. This is in agreement

with previous findings in tokamaks such as TCV [120], JET [183], and TCV SOLPS-ITER
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Figure 4.22: Atomic hydrogen particle balance on the plasma column from the Bayesian
analysis for strong ELM-like pulses with increasing neutral pressure (ID 5 to 10 in Table 4.1).
It is assumed no atomic hydrogen enters the plasma column from the source thanks to
differential pumping so only volumetric sources/sinks and interactions with the surface (not
inferred here) are possible. Number of particles created during the duration of the ELM-like
pulse by type of reaction. MAD is defined as ensemble of multiple reactions that, starting
from neutrals, first create a molecular precursor (Hat, H™) then further react with the end
result of the two consecutive reactions being exclusively Hy dissociation. [19]

modeling with reaction rates modified to properly assess molecular contributions [184]

It must be noted that impact of molecular reactions on the particle balance, radiated
power, and potential energy is heavily dependent on the rates used. For this work the Yacora
rates have been used to determine the radiative power losses due to molecular precursors.
To determine the reaction rates and the potential energy losses, other rates from AMJUEL
and Janev have been used, with no guarantee of the consistency with Yacora (in terms of
approximations used, consideration of different ro-vibrational states for Hy and Ho" and
other parameters used in the collisional radiative codes). For typical plasma conditions in
this study (7. = 2eV, ne = 102144 /m3), the average radiative power losses per molecular

reaction are:
e Hyt + H  — H(p) + Hy : 0.17eV

e HY + H- — H(p) + H : 8.2eV
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e Hy" +e~ — H(p)+ H(1) and
Hyt+e” — H(p)+ H" + e : 0.72eV

e Hy+e  — H(p)+ H(1) +e: 0.026eV

The molecular rates are less established then atomic ones, so these numbers can change and
significantly effect the power balance.

In low pressure conditions volume recombination is negligible and the vast majority of
atomic hydrogen is produced by volumetric dissociation of Hy. Here the total volumetric
source is higher then the total number of hydrogen atoms present in the target chamber
before the ELM-like pulse and the neutrals that can be produced by surface recombination
at the target (see Figure 4.21). This points to the source being over estimated, that can
be expected being Ho and H particle balances not constrained. Both the hydrogen in the
target chamber before the pulse and the possible neutrals generated at the target are larger
then the volumetric ionisation sink. It is therefore unclear if what observed at low pressure
is evidence of recycling or just dissociation and ionisation of a significant fraction of the gas
in the target chamber.

A metric which is potentially significant for tokamaks is the average energy loss per inter-
action with the neutrals. The plasma enters the target chamber at about 10eV, so Magnum-
PSI can be thought as comparable to the section of a tokamak SOL from the region where the
temperature the peak temperature is ~ 10eV to the target. Above this temperature molec-
ular effects become much less relevant, so the interactions between plasma and neutrals are
easier to model. In Magnum-PSI, especially in Stage 2 where EIE is low, the importance of
recycling appears to be very limited and the vast majority of the atomic hydrogen is produced
via dissociation of Hs, that therefore can be considered the main neutral precursor causing
the cooling of the plasma. The quantity of neutral gas that has a chance to interact with the
plasma can be roughly estimated from the neutral pressure, assuming sonic inflow at room
temperature over a cylinder or a conventional 2cm radius.In Stage 2 the Hy that reacts with
the plasma is about a fifth of what enters from the sides. This is likely a product of the
geometry of the plasma and elastic collisions heating the neutrals and causing dilution. [159]
The average power losses via radiation due to plasma interaction with Hy (then H) neutrals
(EIE and MAD/MAR/MALI), calculated as (Prqd — Prad recomb)/ (27 Hy,sinks), correspond to
0.9 — 1.7eV/# per interaction. Considering the overestimation of the MAD reaction rate

mentioned before, this metric is likely slightly higher. Including the potential energy losses
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due to ionisation and molecular reactions the energy losses per nucleon are ~ 4.5¢V in Stage
1 and ~ 6eV in Stage 2. Of these the fraction due to ionisation and MAI, that converts
plasma thermal energy to potential and therefore requires recombination or MAR not to
effect the target, is 1leV and 2.5eV respectively. For comparison in Stage 2 the estimated
energy losses due to CX and Hs elastic collisions are 0.04 — 12¢V and 0.15 — 0.5eV per
nucleon entering the reference plasma volume. Another useful metric is the energy cost per
ionisation [150,185]: as temperature decreases and the plasma becomes more detached more
excitation happens before ionisation occurs. In our case the radiation due to EIE increases
from ~ 5eV in Stage 1 to ~ 7eV in Stage 2, while it was ~ 22¢V in TCV at particle flux
roll-over. [149] The radiation due to molecular reactions per ionisation increases from ~ 2eV’
in Stage 1 to ~ 15eV in Stage 2, showing the relevance of molecular reactions and bringing
the total closer to TCV estimations. Considering then that not all the hydrogen produced
via dissociation is ionised, the total cost including the potential energy losses for molecular
reactions and ionisation itself increase from ~ 35eV to ~ 60eV. It must be considered that
while radiative losses are in part constrained by matching the line emission, an absolute mea-
sure, the potential ones are only inferred, and could change significantly if elastic collisions
and CX are accounted for properly. Recycling, potentially significant in Stage 1, can cause
an increase of the radiative losses via EIE at the target but also a local increase in plasma
density, therefore only moderately reducing the heat flux to the target.

The results from particle balances are here tentative and obtained with strong approxi-
mations, so further investigations will be necessary to better understand the respective roles

of the various sources and sinks.

4.7 Summary

The effect of ELM-like pulses on a detached target in Magnum-PSI was studied with the
help of various diagnostics. It was found that the ELM-like pulse energy can be effectively
dissipated through a high level of detachment before the ELM energy reaches the target. The
decreasing power reaching the target is inferred to be due to higher volumetric power losses
in the volume between target and source. The volumetric power losses, inferred from the
visible light emission, for low neutral pressure are fairly constant along the magnetic field,

presenting a strong peak close to the target due to plasma surface interactions indicating
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an attached plasma. The volumetric power losses become more uneven along field lines as
neutral pressure is increased, with the region close to the target decreasing its brightness and
expanding towards the plasma source. This change is correlated with increased loss of plasma
before reaching the measuring location. This behaviour can be divided in stages. In Stage
1 the plasma is attached before and during the ELM-like pulse and the energy losses in the
volume are at a minimum and predominantly not radiative. In Stage 2 the target chamber
neutral pressure is such that the plasma is detached from the target in steady state but can
reattach during the ELM-like pulse, and energy losses in the volume increase. Detachment
during the steady state is correlated with a strong increase of the visible hydrogenic line
emission, similar to what is inferred from simulations. [78] In Stage 3 the plasma is detached
before and during the pulse and the losses in the volume are such that the plasma cannot
reach the target.

The power delivered to the target by the ELM-like pulse is independently calculated
by measuring its temperature via an infrared camera. This data set shows a reduction of
the power to the target in agreement with the progress in stages mentioned above. In the
most extreme cases the power is not detectable, meaning the energy of the ELM-like pulse
is completely dissipated in the volume. For the neutral pressure scan with strong pulses the
heat flux factor, a metric often used to qualify the damage to the target given by ELMs
pulses in tokamaks, is decreased by about half with increasing neutral pressure, becoming
negligible at high pressure for weak pulses. This effect could be used in tokamaks, as they can
have longer connection length between ionisation front and target, and potentially similar
neutral pressures, to reduce the risk of ELMs damaging the target.

The optical emission spectrometer was upgraded to acquire temporally and poloidally
resolved brightness in the visible range. Dedicated routines were developed to separate the
spatial and temporal dependence in the raw data given by the rolling shutter, and an Abel
inversion was performed on the brightness to give the line emissivity. Hydrogen Balmer line
emission from OES (p = 4—8 — 2) was used to develop a Bayesian routine that incorporates
the results from multiple diagnostics to return the power balance in the plasma column in
the target chamber. Various approximations to extrapolate the results from a single location
in the target chamber to its entirety were adopted. The routine incorporates priors from
numerical simulations (B2.5-Eunomia) and collisional radiative codes (Yacora, ADAS). The

goal is to understand what drives the volumetric losses previously identified and what is the
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role of atomic and molecular assisted reactions.

It was found that radiation from the plasma due to molecular assisted reactions is an
important but not dominant energy loss mechanism. Radiation from excited hydrogen atoms
created from plasma molecular interactions is found to be the about the same for Stage 1
and 2, but this is likely due to overestimation in Stage 1. Mutual neutralisation of H~ seems
to dominate radiative losses, but it was established that this could not be determined from
OES alone with the present setup. Molecular assisted reactions significantly effect the local
plasma power balance exchanging kinetic to potential energy, limiting what is available for
ionisation and recycling. This is somewhat analogous to tokamaks, where power limitation
of the ionisation source can induce detachment [180].

Molecular reactions predominantly lead to MAD, as it is a more efficient path to Hs
dissociation than EID. These losses could be overestimated here due to an unconstrained
particle balance for Hy and H. Molecular processes are mostly dominant in an intermediate
temperature range around 3eV, between ionisation and EIR dominant regions. The radi-
ated power losses can be responsible for significant plasma power losses, but exchanges of
potential energy like ionisation, EID, MAI, MAD, and collisional processes like CX and H»
HT elastic collisions are expected to dominate the plasma power balance. Ionisation is more
important at high temperature, >5eV, while at lower temperatures MAD/MAR increases
significantly. When these processes cause the temperature of the plasma to go below ~1.5eV
EIR occurs, reducing significantly the plasma flow to the target and the relative heat flux.
The importance of radiated power losses could be different if impurities like carbon or nitro-
gen are present. These results indicate that for highly detached regimes in linear machines
molecular interactions are important and need to be accounted, something that is not yet

fully done in many codes used for Tokamak edge plasma studies.



Chapter 5

Overall summary

In this work different aspects of detachment have been investigated. A new diagnostic was
developed for the MAST-U spherical tokamak (IRVB) to study the changes in total emissivity
distribution depending on the plasma conditions and level of detachment. An algorithm for
tomographic reconstruction was developed and applied to the IRVB data to further examine
the change in the radiated power distribution in the divertor. The resilience to ELM-like
pulses of a detached plasma produced in a linear device was analysed, in order to understand

the processes involved with burn through, as part of a collaboration with DIFFER.

5.1 MAST-U

The activities in MAST-U are aimed at characterising radiative detachment, which occurs
in parallel to detachment as observed from particle flux roll over, for various experimental
conditions in a spherical tokamak. This is important as the spherical tokamak configuration
is expected to allow reaching higher plasma pressure than large aspect ratio tokamaks for
the same magnetic field strength. A disadvantage is that the available target area to absorb
the exhaust from the core is smaller, so heat management becomes even more important. It
is rare in large aspect ratio tokamaks to have a diagnostic with such a high spatial resolution
in the divertor as in this work (IRVBs are usually deployed to monitor core radiation) and
it is unique for spherical tokamaks.

Chapter 2 describes the steps to develop the IRVB diagnostic for MAST-U. The goal of
the IRVB is to monitor the changes of total radiated power around the x-point, a region

where strong gradients of emissivity are expected, and relate them to detachment. Focusing
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on the x-point also allows us to fill the gap between the core and SXD chamber resistive
bolometry systems. The IRVB original geometry optimisation and hardware is designed by
Matthew Reinke, based on previous work for NSTX-U. [21]

The design for the first MAST-U experimental campaign featured a large FOV so as
to almost reach the HFS midplane, including both a poloidal and a tangential view of the
plasma. The design was optimised using the ray tracing code CHERAB to have the best
spatial resolution around the x-point while maintaining a sufficient SNR. The FOV was
verified, a particularly difficult task for foil bolometers, by using the plasma from MUO1
itself as a light source. During disruptions the increase of foil temperature highlights the
silhouette of the central column, while fuel locations cause strong localised emissivity. In both
cases, their location on the foil matched the expectation from design. The observed changes
in brightness was also well matched with the location of the separatrix from EFIT. This is
particularly relevant in situations where in vessel access is restricted or a full characterisation
of the field of view would be too onerous.

To obtain the power absorbed by the foil, the system was fully characterised, from camera
counts to foil temperature and foil power. In this process the uncertainties were estimated
so that a full propagation of the errors could be performed and used in later analysis. An
ad hoc vacuum bench top setup was built in order to characterise the foil.

The resulting brightness shows the movement along the separatrix of a region with high
emissivity, from the inner target to the x-point, and then to the HFS midplane, that is ex-
pected from detachment. The changes of brightness are compared with the resistive bolom-
etry system and the two show similar trends, validating the IRVB diagnostic.

The noise levels are shown to be better than expectations, with the largest uncertainty
due to the variability of the foil and coating properties.

In parallel to the hardware work, an inversion routine to convert the line integrated
data to local emissivity was developed, as shown in Chapter 3. Various methodologies
were considered and a Bayesian method was implemented to make full use of the previous
characterisation of the uncertainty, to compensate for the foil non uniformity, and to adapt to
the changing signal strength. The inversion algorithm was checked against a more established
method, SART, returning similar or better results.

The results from MUO1 show that for low power L-mode discharges the movement of the

radiator is as would be expected from ordinary large aspect ratio tokamaks, with the inner leg
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detaching before the outer. These changes are related to the particle flux roll over measured
by LPs (the onset of detachment) with radiative detachment on the outer leg happening
at about the same time, or slightly earlier. Once the region of high emissivity reaches the
x-point, it then moves upstream following the HF'S separatrix up to the midplane, forming
a MARFE-like structure localised on the HFS midplane that can then move into the core.
This structure is often elongated along flux surfaces, being more localised and less elongated
with HFS fuelling.

The integrated emissivities (radiated power) in the regions in which MAST-U is divided
are in agreement with resistive bolometry measurements, and show a radiated power fraction
reaching ~50% after the emergence of the MARFE-like emissivity peak. This progression of
radiative detachment for increasing upstream density is confirmed across multiple shots of
this type.

Radiation on the inner leg is observed to gradually move from the target to the x-point.
This is different from expectations from theory that, because the movement is in the same
direction as the toroidal field gradient, suggests a rapid jump with no solutions in between.
This measurement was possible only because of the high spatial resolution achieved.

The radiation and level of detachment is observed not to be significantly affected by
0Rsep, a metric of how close the plasma geometry is to a single or double null, contrary
to what is observed in other experiments where it can significantly impact up/down power
sharing for changes of the order of \,;. The reason for this is inferred from SOLPS simulations
to be a relatively low plasma current in MUO1 compared to the MAST-U design (I<750kA
instead of 2MA), limiting the influence of drifts.

High power NBI heated H-mode discharges were performed but the shots were less suc-
cessful, so a set of similar discharges to compare the behaviour for different stages of detach-
ment could not be found. The results for one shot were shown, where detachment is caused
by increased fuelling from the lower divertor. Given the non up/down symmetric fuelling,
the up/down radiation balance was also not symmetric, so the total radiated power cannot
be inferred by only observing the lower half of the machine. Due to the higher power being
radiated the inversion algorithm returned emissivity profiles with a higher spatial resolution.

Radiative detachment first starts at the outer target, then stops at an intermediate
location between target and x-point, then the inner target then fully detaches and finally,

the outer leg fully detaches. The particle flux roll over is observed on the lower outer target
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at about the same time as full radiative detachment is achieved. After the radiation on
both legs has detached up to the x-point, the radiation peak moves upstream on the HFS
separatrix to form the MARFE-like structure on the HFS midplane.

Given the higher power injected in the plasma in H-mode, a much higher density can be
reached compared to L-mode before incurring disruptions, increasing the peak Greenwald
fraction from 30% up to 70%. As mentioned before, the upper and lower divertors behave
differently due to asymmetric fuelling, with the lower reaching detachment while the upper
is still attached. This different behaviour could be due to the baffles. They enhance neutral
compression between the divertors and the main chamber, limiting the equalisation of the
neutrals between the volumes. This might suggest the possibility to independently control
the two divertors.

The total radiated power, accounting for the asymmetry, likely peaks at about 60% of
the input power, showing that even in H-mode, and without extrinsic impurities, a large
fraction of the input power can be dissipated via radiation.

In MUO1 only a small fraction of the IRVB lines of sight enter the SXD chamber, and the
solid angle between them is small. It was demonstrated that it is not therefore possible to
accurately reconstruct the radiation distribution in the SXD chamber. This prevents, with
the current IRVB geometry, the characterisation of the progress of radiative detachment
in the SXD chamber, needed for super-x plasmas. It is still possible to use the IRVB to
determine the integrated power radiated in the SXD chamber with sufficient precision. This,
compared to the power radiated in the rest of the outer leg, was used in conjunction with
data from the multi wave imaging diagnostic (MWI), to infer the atomic and molecular
processes that dominate the IRVB-measured radiation for increasing levels of detachment.

Given the relatively low power available in MUO1 in the super-x configuration (no NBI,
L-mode), the outer target at the beginning of the shot is already partially detached, showing
the ease of achieving detachment in this configuration. Most of the radiation from the
outer leg, in the early stages of detachment, is inferred to be due to hydrogen electron
impact excitation (related to ionisation), rather than carbon line emission. For decreasing
temperature in the SXD chamber the importance of molecular processes increases and then
at even lower temperatures EIR becomes dominant. This implies that molecular processes
play a role in deep detachment and, if accurate simulations are needed, they have to be

included, especially when the temperature decreases below ~5eV.
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5.2 Magnum-PSI

Chapter 4 shows the work regarding the resilience of the detachment to ELMs. ELM-like
pulses were reproduced in the linear plasma machine Magnum-PSI with the use of a dedicated
capacitor bank in parallel to the steady state power source supply. The ELM-like pulses
increase the power to the plasma source for ~0.5ms by about 5 times, with a similar increase
of the heat flux through the plasma and to the target. Thanks to differential pumping among
three separated chambers, it was possible to maintain the same upstream conditions while
increasing the neutral pressure in the target chamber in order to cause detachment of the
steady state plasma.

It is observed that 3 distinct stages of the burn through develop. In stage 1 the plasma is
attached in steady state and during the ELM-like pulse, the interactions in the volume are
minor and a high heat flux is deposited on the target. Increasing the neutral pressure, the
plasma transitions to stage 2, detaching in steady state and reattaching during the ELM-like
pulse. The heat flux to the target is reduced but still significant, while the increase of Balmer
« emission observed is characteristic of a colder plasma. Increasing the pressure further the
plasma reaches stage 3, in which the ELM-like pulse energy is dissipated entirely in the
volume and no significant heat is transferred to the target.

In the transition from stage 1 to 2, the target heat flux factor, a metric used to assess the
effect of ELMs on the target, is reduced by about half, becoming negligible in stage 3. In a
tokamak the connection length from the ionisation front to the outer target can be (in deep
detachment) of the order of meters and the divertor neutral pressure can reach the Pascal
range, while in these experiments the connection length in the target chamber was 0.38m
and the pressure up to 15Pa. If divertor neutral compression is enhanced by baffling, the
divertor neutral pressure can be increased by more than one order of magnitude compared
to the main chamber, limiting the negative effects on the core due to a high neutral pressure.
These results imply that a significant reduction of the heat flux factor in tokamaks could
be possible thanks to the high neutral density region forming close to the target when it is
strongly detached, improving the long term performance of the target in H-mode.

The existing optical emission spectroscopy diagnostic, observing the plasma in the target
chamber, was upgraded to increase the time resolution and perform intra-ELM measure-
ments by the author and Gijs Akkermans. The diagnostic has a series of LOS observing

the plasma tangentially so that the local line emissivity can be inferred assuming poloidal
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symmetry. From the change in the hydrogen Balmer line emission ratio, the importance of
atomic processes (ionisation, recombination, dissociation) and molecular processes (reactions
involving the plasma and neutral interactions with Ho" and H~ precursors) can be assessed
using coefficients from collisional radiative models. The setup did not allow the measure-
ment Ha, implying that the analysis of the line ratios alone could not help in distinguishing
between the effect of Ho™ and H~. In order to improve the physical consistency of the
results, a Bayesian algorithm and a very crude model of the plasma column were developed
to combine the data from different diagnostics and limit the parameter space of the variables
considered.

The results from this analysis show that, as expected, the type of process that dominates
in the plasma depends mainly on the plasma temperature. For temperatures above ~5eV,
ionisation and dissociation (both via electron impact and molecular precursors) dominate.
At lower temperatures molecular reactions are more important, and below ~1.5eV electron
ion recombination dominates. The power losses due to radiation account for ~1/3 of the
input power at high pressure, and 1/3 of this portion is due to molecular reactions.

Most of the thermal energy of the plasma is exchanged to potential energy. At low
pressure, the plasma generated via ionisation during the part of the ELM-like pulse with
the higher temperature is more than that produced by the plasma source, a unique case in
linear machines. At higher pressure recombination, both via molecules (~1/3 of the total)
and EIR, dominates particle and power balance, and the particle flux to the target is greatly
reduced. This is in accordance with direct heat flux measurements.

The impact of molecular reactions on the radiative losses is significant but not dominant
while, as observed in previous research, molecular activated recombination and especially
dissociation play an important role in the power balance. This implies that if the burn
through process with a strongly detached target has to be modelled, or the (low temperature)
far SOL has to be accounted for, the inclusion of molecular reactions is required to capture

the behaviour at 5eV > T, > 1.5eV and to estimate Hy dissociation correctly.



Chapter 6

Conclusions

The aim of this work is a better understanding of the progression and processes involved

with divertor detachment.

6.1 MAST-U

The activities in MAST-U were aimed at characterising the role and dynamics of total
radiation during detachment in a spherical tokamak. This was made possible with the
development of the IRVB diagnostic. The IRVB field of view (FOV) is aimed at the x-
point, and the diagnostic was used to reconstruct the radiation profile in the lower half of
MAST-U. With a single IRVB, a spatial resolution of the order of few cm was achieved, a level
difficult to achieve with resistive bolometers, allowing for clear differentiation of the radiative
detachment of the inner from the outer leg. The IRVB could also be reactor relevant, as
the only component significantly exposed to neutron irradiation is the foil, contrary to the
resistive bolometer where some elements are glued to the back of the foil. The IRVB foil
characteristics can be adjusted to reduce its degradation over time, and the camera can be
located in a safer location looking through a periscope system.

The high IRVB spatial resolution allowed monitoring of the radiation profile on the inner
leg. It was found that radiative detachment happens gradually, with the radiator gradually
moving from the target to the x-point, appearing to be contrary to expectations from an-
alytical models of detachment stability. This has beneficial implications for controlling the
heat flux to the target.

Radiative detachment was observed, for L-mode conventional divertor discharges, to
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evolve in MAST-U in the same fashion as in a large aspect ratio tokamak. The inner target
detaches first followed by the outer divertor. Once the radiation peak reaches the x-point,
rises along the inner separatrix and can then evolve into a high field side midplane MARFE-
like structure.

This particular implementation of the IRVB did not allow for the reconstruction of the
radiation profile in the SXD chamber, but it is nevertheless useful for estimating the total
radiated losses in that volume. For a super-x divertor shot the change in integrated radiated
power in the SXD chamber and in the rest of the outer leg (below the x-point) were compared
with changes in MWI-derived measures of ionization and recombination and radiated power
estimates derived from spectroscopy. The radiation in the SXD chamber is observed to
decrease in correlation with the movement of the ionisation front (end of the Fulcher band
emitting region towards the target) out of the SXD chamber, while in the rest of the outer
leg (between SXD chamber entrance and x-point) it increases. Additionally the radiation in
the SXD chamber didn’t scale as the carbon related emission, indicating that most of the
plasma radiative losses are hydrogenic in the SXD chamber. This is in contrast with another
device of similar size, TCV, where during detachment most of the radiation from the legs is
due to carbon (intrinsic impurity in both tokamaks).

It was also inferred that between the detachment phases where ionisation and then EIR
dominate, there is another phase where plasma interactions with molecular precursors like
H," and H~ become important. This points to the relevance of these interactions and the

need to clarify their role in tokamaks.

6.2 Magnum-PSI

The activities on Magnum-PSI have been dedicated to understanding the ELM burn through
process in a detached divertor. Magnum-PSI is a linear device, so it does not compare exactly
with a tokamak divertor. The magnetic field geometry is linear rather than toroidal, with a
much shorter connection length, meaning the propagation of the wave of hot plasma cannot
be studied. The ion source is mostly provided by the external source rather than recycling
in the divertor leg, and the ELM repetition rate is much lower, however diagnostic access
is much better and it is far easier to consistently repeat the same conditions to accumulate

data. Therefore linear machines can still provide useful data on the processes happening in
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the plasma and the effects of high neutral pressure.

It was found that, indeed, it is possible to fully dissipate in the volume the energy in ELM-
like pulses, meaning that essentially no measurable fraction of the ELM-like pulse energy
reaches target. This was achieved with pulses with an ELM heat flux factor comparable
to what is measured in current tokamaks like JET, albeit much smaller than is expected in
ITER. Considering that , in ITER, a much longer connection length is possible between the
target and the edge of the ionisation front compared to the Magnum-PSI target chamber
size, and the similar neutral pressures, it might be possible to significantly reduce the ELM
energy to the target via deep detachment. This has to be balanced with the potentially
negative effects of deep detachment on the core plasma. The connection length and the
neutral density behind the ionisation front can be increased with a limited effect on the core
with baffling and advanced divertor configurations like the super-x. All of that can be tested
in MAST-U.

Interpreting the data from an upgraded optical emission spectrograph via a Bayesian
framework, it was found that radiative losses in Magnum-PSI are important in reducing the
plasma energy (~1/3 of the ELM-like pulse energy input), but the dominant energy losses
are due to potential energy exchanges. Ionisation is dominant for a hot (7, >5eV) plasma,
molecular processes are important at lower temperatures and electron ion recombination
becomes dominant below 1.5eV.

Molecular assisted dissociation is estimated to be the reaction path, through molecular
precursors Ho™ and H~, with the biggest impact to the particle and power balance, being
more efficient than Hy electron impact dissociation. This causes potential energy losses,
limiting what is available for ionisation, in a process analogous to ”power limitation” in
tokamaks.

If detailed simulations of the ELM burn through are needed, it is necessary to include
molecular reactions, especially if deeply detached conditions are of interest, as they can
provide a significant reduction of the heat flux to the target. The understanding gained from
the analysis of the simulated ELM burn through in linear devices, like Magnum-PSI, can
help to improve the predictive capability of the fraction of ELM energy that can be removed

before it reaches the target.
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6.3 Outlook

The design, calibration and verification of the IRVB diagnostic, still classified as a prototype
in MAST-U, has allowed best practices and improvements for future implementations to be

found, such as:

e Orient the camera and viewport such to avoid self reflection

e Perform the temperature calibration of the IR camera with a large black body source

encompassing the whole FOV

e Use a foil with the coating applied via chemical vapour deposition rather than sprayed

to reduce its non uniformity

e Aim the FOV in the co-NBI direction to prevent neutrals from charge exchange to

enter through the pinhole and effect measurements

e Use an infrared camera in the wavelength range 8 — 14um, that is more sensitive to

temperature changes around room temperature

Given the lower than expected noise level observed in MUO1, the IRVB geometry was
modified ahead of MUO2 to concentrate the FOV even more around the x-point and divertor.
This should provide an even greater spatial resolution, allowing a better assessment of the
penetration of the radiator inside the core and possibly the radiation distribution in the SXD
chamber.

It is also planned, by the ORNL collaborators with MAST-U, to add a new IRVB aimed
at the upper x-point. Together with an additional resistive bolometry system for the upper
divertor and the refinement of the current core and lower divertor resistive systems, this will
allow monitoring of the radiated power profile in the entire machine. This is necessary for
power balance studies and will allow a full characterisation of the evolution of radiation with
detachment for all divertor configurations possible in MAST-U.

Further improvements will also come from better data analysis, like implementing the
Empirical Bayes method for the simultaneous estimation of regularisation and negative cor-
rection coefficients. Another avenue is to try merging the resistive system and IRVBs to
perform a tomographic inversion of the entirety of the MAST-U plasma. This could return

even more accurate estimates of the integrated radiated power.
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Regarding the study of ELM burn through, implementing a spectroscopic setup capable of
measuring intra-ELM line emission in tokamaks is very challenging, so a better understanding
could still come from linear machines. The crude plasma column model detailed in this work
could be improved allowing a gradual change of the plasma properties along the plasma
column. This could be achieved by defining an analytical radial and axial (in z and r) profile
shape for parameters like ne, Te, ng,, Ny, Ny,+/NHy, ng-/nu, and then finding the most
likely values for the parameters of the analytical expressions in a similar fashion as done
in [186]. This could be coupled with a model for the neutrals capable of accounting for
transport such as Eunomia. Additionally, other experimental data like the total radiated
power from bolometry and the flow velocity from collective Thomson scattering (which was
later added to the Magnum-PSI diagnostic suite) could be added to the Bayesian analysis.

It might also be important to repeat the experiment with extrinsic impurities, to establish

the impact on the radiated power losses and if they facilitate the ELM baffling.



Appendix A

Details on the Magnum-PSI study

I will here expand in more detail on the models, approximations and assumptions that have

been used in Chapter 6.

A.1 Sampling strategy

As mentioned above, of all diagnostics only the fast camera has a time resolution high
enough to resolve individual ELM-like pulses. The TS laser is fired at a fixed frequency
of 10Hz from a dedicated timing system. The CB can be triggered at an arbitrary time
compared to the 10Hz clock so that information on different parts of the pulse can be
collected. The OES is triggered with the same 10Hz signal as TS and, due to the rolling
shutter, acquires data with a time shift between rows pairs of 20us for a total of 22ms
required for exposure and acquisition of a single frame. For all experimental conditions it
was decided to record TS/OES data from 0.5ms before the ELM-like pulse to 2.5ms after. A
desired time resolution of 50us determines (22 + 3)/0.05 = 500 ELM-like pulses, rounded to
600, are required. A phenomena often observed was that one capacitor failed to be triggered
at the requested time, instead being trigger together with the next. This means that rather
than 600 identical ELM-like pulses, one would be missing and the one after would be with a
released energy twice the others. To reduce the effect of the missing data the required 600
pulses are split in two 300 pulses scans with the CB delayed of 100us at the time. The two
scans are shifted of 50us to obtain the desired 50us resolution for all the OES rows. With
this strategy the maximum time separation between two ELM-like pulses with good data is

100us rather than 150us. The missing data is obtained by interpolating between the good

204
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Camera region of interest (ROI)
Row 1099
Row 1098

LOS 40 Row 1097
Row 1096

Exposure Readout
L] [ )
Row 3
Los1 Row 2
R

Triggered 22ms for all rows Time
together TS reading I
Typical input power profile 504s
o

|~

20ps  20ps

Capacitor Bank pulses
ELM-like pulse 11 Shifted so that TS and every row of OES can scan all stages of the pulse
ELM-like pulse 2.1 First scan
ELM-ike pulse 1.2

ELM-like pulse 2.2

Second scan
100ps

ELM-like pulse 1.X

s S
ELM-like pulse 2.X l /

~1ms ELM-ike pulse 1.300
ELM-like pulse 2.300

Figure A.1: Sampling strategy for TS and OES. At the top is indicated the progressive
reading of the camera rows, with the integration time of TS is indicated. Below are each of
the ELM-like. pulses. It is shown how the trigger of the capacitor bank is shifted in time
and all the pulses are split in two scans. Dashed lines indicate an interruption of the space
or time scale.

data. In Figure A.1 is represented the sampling strategy adopted. At the top is indicated
how the camera exposure and readout are shifted in time due to the rolling shutter.

The rows are managed two at the time and during the readout of the rows i — 1/i the
rows i + 1/i + 2 are exposed. Each OES LOS is composed of ~ 24 rows, so the time shift
within would be 240us, much larger than the desired 50us. Just below is indicated the TS
integration time. OES and TS are synchronised such that the trigger to start data acquisition
is sent to the two diagnostics simultaneously. The time difference between CB and OES/TS
trigger is initially such that OES and TS reading correspond to the end of the ELM-like
pulse. From this the CB trigger is progressively delayed by 100us so that TS and OES can
acquire data about progressively earlier stages of the pulse. For TS this sampling procedure
returns directly T, and n, while for OES additional steps are required to: reconstruct frames
with row data corresponding to the same time slice, bin the LOS, obtain the emission line
brightness, calculate radial emissivity from the line integrates brightness. Further details are
given in Section A.2. The final result is a map of the line emissivity in both space (radius)
and time. The plasma is assumed poloidally symmetric with a radial coordinate of interval

1.06mm dictated by the OES resolution.
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A.2 OES data interpretation
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Figure A.2: Example of a raw image from the OES. The readout starts from the bottom so
higher rows represent later times. In the figure are indicated rows/times corresponding to
different stages of the ELM-like pulse

In this section it will be detailed how the OES measurements are processes to obtain the
local radially and temporally resolved emissivity used to estimate the relevance of molecular
processes. The camera that was selected for the purpose of collecting time resolved OES
data was a Photometrics Prime95B 25mm RM16C, because of the relatively high signal to
noise in low light conditions and large size of the sensor. In Figure A.2 is shown the typical
picture collected during an experiment when on top of a steady state plasma an ELM-like
pulse is fired. The rows are read sequentially from the bottom, with a time shift equal to
the integration time, minimum 20us. This means that for the particular example shown the
rows indicated as Before represent times before the effect of the ELM-like pulse propagated
to the OES location. During represents the pulse and After is for times after the ELM-
like pulse, characterised by homogeneous line emission from the hot gas filling the target
chamber. From Figure A.2 it is also possible to distinguish part of the 40 line of sight that
are available.

The first effect that is compensated is the sensitivity of the camera at low signal levels.
The counts/light intensity correlation of the pixels is mostly linear, but deviates significantly
below 6 counts and negative counts are returned at very low signal. A routine was developed
to compensate for this thanks to dedicated measurements to find the correlation between

light intensity and counts.
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In order to decouple spatial and temporal information a scan is operated such that the
ELM-like pulse is shifted in time respect to the start of the camera image record and TS
measurement. More details on the sampling strategy in Section A.1. The presence of ELM-
like pulses effected by capacitor bank misfires (see Section A.1) is found analysing the plasma
source power and the data corresponding to those pulses is excluded. To separate the time
and row dependency, for every row, column and time of interest the data in a range of 100us
and 8 rows is fit with a second degree polynomial in time and one in row. To avoid over
smoothing the image a smaller weight is assigned for increasing times and row difference
from the one that is being examined. In Figure A.3 is shown the time/row decoupled image.

The output time step has a 50us resolution to match TS data.
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= .
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Figure A.3: Example of decomposed time frame showing the symmetry of the image to the
vertical pixel ~600, likely representing the location of the plasma column axis.

The counts are summed among the rows composing each LOS and the line intensity is
calculated by integrating above the background level. Brightness is then converted to emis-
sivity via Abel inversion. The line emission is supposed poloidally symmetric and the plasma
optically thin. In order to avoid unrealistic discontinuities given by noise, the superimposi-
tion of 3 Gaussian is fitted to the brightness profile as done by Barrois. [155] Each Gaussian
can then be Abel inverted analytically and summed to obtain the total emissivity. In this
process the uncertainties are propagated to be used in subsequent steps in the analysis. An
example of the inversion process is shown in Figure A.4. Given the signal to noise ratio and

the available lines it is decided to use Balmer lines p =4 — 8 — 2.
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Figure A.4: (a): example of a fit of the OES line integrated brightness and relative SNR
with 3 Gaussians for the n = 4 — 2 line. In magenta the profile of the fitted Gausinass, in
thin black the found location of the plasma column centre. (b): SNR of the line integrated
brightness.

A.3 Target temperature profile interpretation

In this section the mathematical models used in the interpretation of the target temperature
data will be examined in more detail.

The heat delivered by the plasma to the target during an ELM-like pulse is shaped in time
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and space. The power density is spatially peaked at the centre of the plasma beam due to the

peak in plasma density and temperature. It temporally follows the power evolution dictated

by the discharge of the capacitor bank as measured by the plasma source (see Figure 4.7 for

an example). The full spatial and temporal power density distribution of the target heat

source is difficult to obtain from the surface temperature for all experimental conditions but

analytical solutions that can approximate the peak temperature are available. As mentioned

in Section 4.5 the ones considered in this work are:

Modell

Model2

Model3

a temporally square heat wave delivered uniformly on a semi infinite plane: the surface

temperature increase in the heating and cooling phases are respectively [160]

E, 2
Wi =22
T Vmpeok (A1)

(VEt—to—Vt—to—1}

2
P

2

\/Tpepk

with 7 the duration of the heat pulse and %, its start, Fy the peak power density,

AT(t), = Fy

Ey the energy density, p the density, ¢, the specific heat capacity and £ the thermal

conductivity

a temporally square heat wave delivered by a spatially Gaussian beam: the surface

temperature evolution in the heating and cooling phases are respectively [161]

AT(t), = %@c tan~1(2V/7)

2y o (2Vi-2VioF (A-2)
AT, =70t <1 +4¢m?>

with

and wp the 1/e size of the spatial heat distribution on the target

a temporally triangular heat wave delivered by a spatially Gaussian beam: the sur-
face temperature evolution in the heat rise, heat decreasing and cooling phases are

respectively
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AT(t), = %6% {Etanl(m/z?):llp\/%— tanl(zx/?)]}

T

AT(t), = AT(), — %@c (; + %) {(f— 7)) tan 1 (2VE — 7)
1 7 ~ — T -
—1[ t— 7 —tan" (2 t—n)]} (A4)
AT(t), = AT (t), + i@c;d {(E— T — Ty) tan—1(2m)
1 ~

——[2\/t — 7 — Ty — tan" 1 (24/ — 7 — fd)]}

with 7, the time to rise the power density from 0 to Fj and 74 the time to decrease to

0 again.

These have been obtained assuming homogeneous and constant thermal properties and a semi
infinite target. With these assumptions the heat equation is linear and the superposition
principle could be employed.

An important observation from these analytical solutions is that in all cases in the limit

—3/2_ For pulses with a significant

t >> 71 the surface temperature cooling is proportional to ¢
energy delivered, the target surface is still cooling when the next ELM-like pulse comes, so

the temperature has to be corrected. The temperature before the pulse is fit with

a
(t + At)3/2 *

Ty (A.5)

with At the time between consecutive ELM-like pulses. The time dependent component is
then subtracted.

The result can be seen in the black dashed line in Figure A.5 and in the increase of the
peak temperature from the thin solid black line to the thick one. This correction is significant
only for low neutral pressure conditions. In this cases it has to be taken also into account
that it takes time to reach a thermal equilibrium after the ELM-like pulse train is started.
To minimize this slow variation only the second 150 of the ELM-like pulses within a 300
strong scan is used to construct the average profile as it can be seen from Figure A.6.

Considering all this a fit of the ELM-like pulse with the lowest neutral pressure can be
used to compare the performance of the different models. As shown in Figure A.7 all models
fit well the slowly decreasing peak temperature slope and return a power density within 10%

of each other. Model3 fits best also the peak when the entire time axis is used.
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Figure A.5: Measured and fitted peak target temperature for a discharge in Stage 1 (ID
5 in Table 4.1). In dashed green the fit of the temperature profile using the triangular
Gaussian pulse model for t>1.5ms and in solid green the whole profile. The black dashed
line indicates the cooling from the previous pulse and the thin solid black one is the peak
target temperature not corrected for this.

1600
1400
— 1200
¢
P
5 1000
2
e
g
E 8004 ---- mean temp. before ELM pulse (1.24e+03°C)
= ---- mean temp. before ELM pulse + mean ELM jump (223°C)
mean temp. before ELM pulse + mean ELM jump after pulse (70.7°C)
6001 4 temp before pulse
v temp. at pulse
200 s temp. 1.5ms after pulse
strongest pulse
Q 10 20 30 40
time [s]

Figure A.6: Peak temperature of the target for low neutral pressure (ID 5 in Table 4.1). To
estimate the effect of the ELM-like pulse only the second half of the pulses is used, when the
target is close to a steady state.

The same comparison can be done with a simulated temperature rise obtained from
a known input power profile. The MSC.Marc/Mentat(®) non linear FEM suite was used
to reproduce a heat pulse similar to the one generated by the CB in terms of temporal

and spatial variation and with temperature dependent material properties. The spatial
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Figure A.7: Comparison of the peak power density profiles (b) result of fitting the peak
temperature curve (a) the with different analytical solutions for the lowest available neutral
pressure conditions (ID 5 in Table 4.1). All find adequate values for the energy density even
with radically different peak durations. Dashed lines are obtained fitting from 1.5 to 30ms
while solid ones from -20 to 30ms. In magenta 1.5ms after the temperature peak.

distribution of the heat pulse was set as a Gaussian of radial extent consistent with what
measured with TS (1/e? ~ 1lcm) while the temporal variation was reproduced by fitting two
Gaussians to the power profile from the plasma source. The comparison of the fits using the
3 models is shown in Figure A.S8.

Model3 is capable of better reproducing the full temperature profile returning, for the
full fit, with a power density shape very close to the input one. Even if the pulse duration
when fitting only after 1.5ms is quite different from the input, the energy density is within
10% of the input one for all cases and, as mentioned before, the uncertainty on the energy
delivered to the target is ~20%, good enough for the purpose of this work.

To reinforce the argument on the origin of the prompt emission for high neutral pressure
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Figure A.8: Peak target temperature evolution (a) calculated with the MSC.Marc/Mentat(®)
code from a known heat flux profile made to be similar to the one caused by the CB in
Magnum-PSI (b) (solid black lines). That is fit with different analytical solutions and the
inferred heat flux compared to the input. Dashed lines are obtained fitting from 1.5 to 30ms
while solid ones the entire time axis. In magenta 1.5ms after the temperature peak.

cases it is shown in Figure A.9 the temperature profile at its peak for a low and high neutral
pressure case. The low neutral pressure case (a) shows a well defined peak with a radially
symmetric decreasing profile. The high neutral pressure case (b) is very different, with a
much wider peak and a high temperature shadow from the peak to the edge of the target
(marked in black). Note also the higher temperature outside the target itself. Considering
the camera looks at the target at an angle and that the source is at the left of the field of
view (see Figure 4.1), it is possible that the prompt peak could be due to radiation from the
plasma itself reflected by the target. A definitive answer on what the origin of this radiation
is cannot be given at this stage, but this observation further strengthen the case for only

fitting the slowly decreasing temperature profile after the pulse.
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Figure A.9: Peak temperature increase distribution over the steady state on the target. (a)
low neutral pressure conditions showing a clear confined peak (ID 5 in Table 4.1). (b) high
neutral pressure case showing the temperature increase is not localized, possibly consistent
with reflections of volumetric radiation or radiation of other origin (ID 10 in Table 4.1). The
black dashed line is the circular side of the cylindrical target. The arrow indicates where the
source is outside the camera view.

A.4 Details on the Bayesian calculations

It will be detailed here how the expected properties of a plasma given a set of priors are

calculated, compared with the measurements and used in the particle and power balance.

A.4.1 Priors from B2.5 Eunomia

In order to define the initial parameter space and the prior it is necessary to define the range
and probability associated with all the axis of the parameter space.

For T, and n, the TS values are used and the range is defined as 6 times the uncer-
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tainty. The probability is calculated as a linear normal distribution with the uncertainty
corresponding to 1 sigma.

The range and probabilities for ng, /n. are obtained from B2.5-Eunomia simulations for
a steady state neutral pressure scan with 2 plasma source settings, ranging from attached
to detached via increasing neutral hydrogen target chamber neutral pressure, carried out by
Chandra. [178,179] The simulations consider the whole plasma column source to target, but
only data inside the target chamber and within 2cm of the axis are considered here (marked

with z, versus other regions marked by a point in Figure A.10, A.11, A.12, A.13, A.14, A.15).
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Figure A.10: Correlation between molecular hydrogen and plasma density with temperature
from B2.5-Eunomia modelling. The coloured dashed lines are obtained with a linear log
log fit for the single cases. The solid black line is obtained averaging the fitting parameters
obtained.

As demonstrated by Den Harder [159] the density decrease of Hy in the plasma is mainly
driven by rarefaction due to the high temperature of the plasma itself. For this reason a
quite strong correlation between molecular hydrogen and plasma density ratio and plasma
temperature exists, shown in Figure A.10. The most likely ratio is obtained by fitting each
simulation’s results with a linear log log function and then averaging the fit parameters as
shown in Figure A.10. The probability is defined as a normal distribution where 2 sigma
corresponds to the black dashed lines, 100 and 1/100 times the fit value. The range is a
significantly larger window around the dashed lines, to account for the large uncertainty

coming from the fact that B2.5-Eunomia only simulates steady state conditions while the
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ELM-like burn through is a very dynamic one.
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Figure A.11: Correlation between atomic hydrogen and plasma density with temperature
from B2.5-Funomia modeling. The coloured dashed lines are obtained with a linear log log
fit for the single cases. The solid black line is obtained averaging the fitting parameters
obtained.

The simulations are used to provide also range and probability for ng/n.. Atomic hy-
drogen is generated from recombination and from Hs interaction with plasma and various
molecules, so its density is only weakly correlated with plasma temperature and density,
as shown in Figure A.11. The probability was calculated with a linear normal distribution
with nominal value from the fit (calculated in the same fashion as for ng,/n.) and 2 sigma
arbitrarily assigned as per the dashed line in Figure A.11.

Other quantities that are part of the plasma state and had to be determined to calculate
reaction rates and other coefficients are the temperatures of all species. To reduce the number
of variables in the Bayesian algorithm their uncertainty is in this work not considered and
only the nominal values are used. The correlations are shown in Figure A.12, A.13, A.15 for
H, Hy and H' temperature respectively where the black dashed lines indicates the values
used. For Ty and Ty, the fit is obtained in the same fashion as ng/n. while for Ty+ it
is assumed T+ = Te = Tpasmae- For Ty, in particular a weak dependence on the plasma
density is present, whose estimate is shown in Figure A.14 and can be due to an increase of
the collisionality for higher density and a better coupling with the neutrals, resulting in a

correction factor to apply to the dependency on T, alone. Given H,™ is mostly originated
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Figure A.12: Correlation between atomic hydrogen and electron temperature from B2.5-
Eunomia modeling
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Figure A.13: Correlation between Hy and electron temperature from B2.5-Eunomia mod-
elling. The coloured dashed lines are obtained with a linear log log fit for the single cases.
The solid black line is obtained averaging the fitting parameters obtained. This is assumed
to be the same as Hy™ temperature, while to obtain H~ temperature 2.2eV are added to
account for the Hy dissociation energy.

from Hy it is considered Ty, = Ty,+. This is valid for H™ too, but because it can get some

of the Hy binding energy (2.2eV per atom) 2.2eV are added to Ty, to estimate Tpy-. [19]
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Figure A.14: Residuals from fitting T, with the scaling from Figure A.13 and their weak
dependence on the plasma density. The linear log log scaling in black is obtained by fitting
all points at once.
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Figure A.15: Correlation between H™ and electron temperature from B2.5-Eunomia mod-
elling. The dashed line indicates T+ = Te.

A.4.2 Priors from AMJUEL

Ionised hydrogen molecules are generated mainly from Hs so their density prior is calculated
with AMJUEL [5], a library that, among others, contains ng-/np, and ng, +/npy, density

ratios in an equilibrium plasma for given plasma temperature and density (Section 12.58,
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12.59, 11.11, 11.12). The conditions of an ELM-like pulse can potentially deviate significantly
from equilibrium, so a wide range around equilibrium is considered as prior and a linear

uniform distribution as likelihood.

A.4.3 Priors range optimization

In order to optimize the ny /ne range to only useful values a combination of the information
from Figure A.10 and the OES measurement is used. For each T, / n. combination it is
calculated what is the emission from EIR via the ADAS PEC coefficients and subtracted
from the OES measurement. It is then calculated what is the ng/n. required to recreate
via EIE each residual line emission plus its uncertainty. The largest ng/n., limited by a
predefined multiplier times the value from the B2.5-Eunomia fit, will be the highest value
considered for that particular T, / n. combination. The lower limit will be taken as a small
fraction of the maximum value, again limited by a predefined multiplier times the value from
the B2.5-Eunomia fit. In this way parts of the range of ng /n. that would cause an excessive
line emission are automatically excluded and the prior range is assigned efficiently.

The same process is applied to the ng,/n. prior. For each T, / n. / ng/n. the total
emission from EIR and EIE is subtracted from the OES measurement and the ng,/ne re-
quired to match the residual is calculated with the Yacora coefficients for the Hy dissociation
reaction. For the ny, +/npy, prior the emission from EIR, EIE, Hs dissociation is considered.

Consequently for the ng— /ny, prior also the emission from Hs™ is considered.

A.4.4 Emissivity

The emissivity is calculated for known precursors densities via the ADAS PECs and Yacora
population coefficients. [19] The Photon Emission Coefficients (PEC, photons m3/s) coeffi-
cients are defined as the number of photons generated per second per unit of the precursors
density. The number of photons for the transition p — ¢ is equal to the product of density
of the excited state p and the Einstein coefficient A,, so the emission generated by atomic
excitation and recombination can be expressed as per Equation A.6 and A.7, where it is also

highlighted what is intended as population coefficient (PCj).

ecr® = PECS(Te, ne)neng = A DH(p) Nen
pq T q ey fte ellH — Pq nen i eltH (A6)
~——

Pcexc
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"Hp) —
Nenp+ (A7)
N —

PCrec

rec __ Tec —
€pg = PEC (Te,ne)nenp+ = Apg

The line emission due to molecular reactions is similarly calculated via the Yacora popu-
lation coefficients as per Equation A.8, A.9, A.10 and A.11. It is also shown which reaction
was considered in building the coefficients, and the variables necessary to calculate the co-
efficients. As mentioned Ty, Ty, are determined from the B2.5-Eunomia simulation while

Thy = Ty,+ =Ty —2.2€eV.

+
egf :quPCH2+(Te,ne)nenH2+
reactions : Hym +e~ — H(p) + HT + e~ (A.8)

Hyt +e” — H(p) + H(0)

65;2 =ApgPCr, (Te,ne)nenp, (A.9)
reaction : Hy" +e~ — H(p) + H(1) + e~
- +
GH +H2 :quPCH7+H2+(Te,TH2+,TH7,TIE)TLH2+TLH7

m (A.10)

reaction : H~ + Hy" — H(p) + Ha

6117{]7+H+ :quPCH—+H+ (Te7TH+?TH_)ne)nH+nH— (A 11)

reaction : H- + H™ — H(p) + H(1)

The total calculated emissivity and its uncertainty are determined as per Equation A.12
with 04pas and oy qcora the uncertainty on the coefficients mentioned before.

cale __ _exc rec Ho™t Ho H +Hy™t H-+Ht
€pg —Cpg T €pg T €pg T Epg T Epg + €pg

calc

_ 2 (_exc2 rec2
Uﬁpq - {UADAS (qu +€pq )+ (A12)
2 2 S g2\ /2
2 I{Q+ Ho H~+Hs H +H
+0Yacora <€pq + €pq + €pq + €pq
The line emissivity measurement is compared with the expectation. For each precursor

combination and line is calculated what is the likelihood that y,, = 0 with Equation A.13

__ _calc _ _measure _ calc? measure2
Ypa = €pq €pq Typs =\ Tcpg T Tcpg

1 _l(;ﬂ)Q (A.13)

L(ypq = 0[©) = F\ v
Ypq
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Figure A.16: Schematic of the plasma column model used. This schematic is useful to
correlate local properties (at TS/OES location) to global ones like the total input power.
Simplifications as constant densities and temperatures along the magnetic field and constant
flow speed are used.

Strong pumping (fixed) Plasma cross field
transport

calc

where © represent the specific combination of precursors that lead to the emission €;7".

Following Bayes theorem the posterior (probability of the combination of precursors gen-
erating the measurements) is calculated as the likelihood of the measurement being generated
by the precursors times the probability associated with the precursors themselves divided
by the probability of the measured data. For the case in which only one emission line is

included in the model this is expressed in Equation A.14

L(ypq = 0[0)P(O)
P(ypq =0)

Where P(y,, = 0) acts as a normalisation factor. The final product of all probabilities

P(Blyp, = 0) = (A.14)

will be anyway normalised, so this term can be neglected. P(©) is the product of the

probability associated with every combination of precursors (see Section A.4.1, A.4.2 and

4.6.1.2). The probability of fitting all the lines P, is then determined with Equation A.15.
p=8

P.=P©) [ P(Olyp =0) (A.15)

p=4,q=2

For this calculations o 4pas and oy geora Were assumed 10% and 20% respectively.
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A.4.5 Balance over the plasma column

To avoid to consider precursor densities that could well match the line spectra but would
lead to unrealistic power or particle losses a balance on the plasma column is performed. The
definition of plasma column allows also to extract global information on the ELM-like pulse
from the local TS/OES measurements and compare them with other global measurements
like the power input from power supply. A schematic of the model of plasma column used is
in Figure A.16.

Fundamental assumptions are:

1. Given the neutrals density in source and heating chamber is low thanks to differential
pumping it is assumed that the plasma is transported undisturbed from the plasma
source to the target skimmer. Here T,,n. are equal to what is measured by TS in the
target chamber for the lowest neutral pressure setting, that corresponds to the lowest

possible volumetric losses.

2. The plasma enters the target chamber without any molecular precursor. This is jus-
tified by the fact that from source to target chamber skimmer the neutral pressure is
at it lowest while the temperature is at its highest and this conditions are the least

favourable for reactions involving molecules.
3. The neutral pressure is fixed throughout the ELM-like pulse to its steady state value.

4. All plasma properties such as: temperatures, densities, reaction rates, radiated power,
depend on radial and temporal coordinates only and are spatially constant from target
skimmer to target. This is justified by the fact that the fast camera shows that in
Stage 1 and 2 the radiation is mostly constant from a short distance off the target.
Given the OES measuring location, only the properties of the bulk of the plasma
can be analysed!. That means that the power losses in the visible light brightness
peak between the OES and the target observed in Section 4.3 cannot be accounted,
so the volumetric power losses from the analysis will likely be an underestimation.
The extent of the non uniform region close to the target, likely including sheath and a
region with strong plasma surface interactions, is typically jlcm, small compared to the

38 cm from target to skimmer, so this underestimation should be minor. Increasing

! Measurements specific to the region close to the target have been attempted but failed possibly due to
reflections or obstructions by the target itself.
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neutral pressure from Stage 1 to 2 (the cases we are most interested in) the visible
light brightness becomes stronger in the plasma column, making the anisotropy at the
target even less relevant. The approximation also neglects anisotropy in the visible
light brightness in the bulk for very high neutral pressure. This is especially dominant

in Stage 3, so it’s importance should be minor for Stages 1 and 2.

5. The plasma behaviour in the sheath and in the region with strong plasma surface

interactions is neglected.
6. The flow velocity of the plasma is constant from the source to the target.

7. Cross field transport is negligible (mostly true for charged particles due to the high

magnetic field and additionally for molecular ions due to their short life time)

Given these assumptions one can calculate the components of the power and particle
balance on the whole plasma column. The OES/TS measurements from a single location
can be applied to the whole column and the contribution from atomic and molecular processes
can be found.

A quantity that will be used later is the flow velocity (vsy,), the velocity of the plasma
in its flow from the target skimmer to the target. It is here mainly used to subdivide the
power from the plasma source (a global value) to what is provided to each radial location
and to estimate the local particle inflow. It is also used to estimate the kinetic energy of the
plasma, but the relevance of this term is minor. There is no direct measurement of v;, yet
as collective Compton scattering measurements will be available in the future. wv;, is then
approximated by imposing, for the experimental condition with the lowest target chamber
neutral pressure, that the power from the source matches the energy flow measured at the TS
location. The flow is assumed having a single Mach number for all radial locations. Applying
this conditions to Equation A.18 this translate to Equation A.16 that is then solved to find

the Mach number.
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1
Z{ <2mivl-2n(r, t)+5kBTe in(r,t) + Eion + Ediss) .
T

N in (7, ) Vin (T, t)A} = Psource(t)
(A.16)

Vin(r,t) = Mip(t)Cs up(r, 1)

o \/(T6+TH+( ~T,)) ki

mp

In calculating Psyuree as product of voltage and current an efficiency of 92% is considered
in the conversion from electric to plasma energy. [154] M;, is ~1 during the ELM-like pulse.
It must be noted that at the beginning and end of the pulse TS is incapable of accurately
measuring across the whole plasma because of the low density, and the energy conversion from
electric power to plasma potential is lower, resulting in the calculated M;, > 1. The effect of
the overestimation, though, is to allow for larger energy and particle budgets, widening the
possible parameter space, so it is acceptable. I will now detail how to calculate the likelihood

associated with the power and particle balance.

A.4.6 Power balance

In this chapter it will be detailed how the power (energy) balance equation is obtained and
how all the terms are defined. The 1D energy and particle balance equations are obtained
from the 1D Fokker-Planck collisional kinetic equation (Equation A.17) as per derivation
from Stangeby [150] and are adapted using the mentioned approximations for the region
from target skimmer to target. This results for every time step and radial location in

Equation A.18

of of  eEof _ [(0f
e +vz& + “m o, <8t>m” + S(z,v) (A.17)
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OE d [[1
EJF@ [(2’”%@2 + 5kTe + Eion + Edz‘ss) nev] =

- Pe:pt source +onlume sinks—sources
——

=0
ok 1
E"" <2mivl‘2n + 5kTe,in + Ejon + Ediss> Ne,inVin =
+ B&arget + onlume sinks—sources
(A.18)
1 9 neV
Piiss maz = imivm + 5kTe + Eion + Egiss Tt

~—
Py

1
+ <2mzvz2n + 5kTe,in + Eion, + Ediss) ne,invinA >

'

Pin
> Piolume sinks—sources

with v the flow velocity, E;,, and Egss the ionisation and dissociation energy for hydrogen.
The inequality arises from not accounting the power delivered to the target and to neglect
plasma interactions with neutrals such as elastic collisions and charge exchange. All quan-
tities marked with the subscript ;, refer to the input conditions, otherwise the conditions
inside the plasma column are intended. Py; represents the power deriving by depleting all
the energy associated with the plasma in the volume of interest (V') in a single time step
(At), Py, is the power entering the volume of interest from the plasma source through the
area A. Pjissmaz 18 the maximum power that can be depleted in a radial portion of the
plasma column in a time step. As an additional constrain on the power balance it will be
required t0 Pyojume sink—source 10 be positive, as otherwise it would mean that the plasma is
externally heated on its way to the target.

Let’s investigate now the volumetric sinks-sources term. There are roughly three ways

in which a hydrogen plasma can undergo power losses:

1. Radiative losses. This mostly comes from the relaxation of excited hydrogen atoms,
which can arise from both plasma-atom as well as plasma-molecule interactions. The
radiative losses associated with Hs molecular band radiation are expected to be of

insignificant. [182]

2. Power transfer from kinetic energy to potential energy. Several plasma species have a
relative potential energy associated with it (for instance, H' has a potential energy of

13.6eV compared to atomic hydrogen). Converting a neutral into an ion thus “converts”
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13.6eV of kinetic plasma energy to potential energy.

3. Power transfer from CX and elastic collisions. CX as well as elastic collisions between
the plasma and neutral atoms and molecules can lead to transfer of power from the
plasma to the neutrals (and vice versa). This includes collisions between particles
of the same specie but at different temperatures like the cold proton generated from

ionisation and the hot one part of the plasma.

OES combined with collisional radiative models is used to estimate the magnitude of
both path 1 and 2, which is employed in this work. For path 1, the Balmer line emission
is measured facilitating, through the Bayesian inference of the plasma properties, a full
estimate of the hydrogenic line radiation from excited atoms arising both from plasma-atom
as well as plasma-molecule interaction. For path 2, ionisation and recombination rates are
estimated to account for the power transfer between potential and kinetic energy. In the
recombination reaction a hot H™ is converted into a neutral. That neutral has a kinetic
energy equal to the temperature of the plasma that generated it, significantly higher than
all other molecular and neutral species. For this reason the energy removed by the plasma
assuming the neutrals from recombination escape is accounted in the local power balance.
Additionally a series of molecular reactions are considered, see Section A.4.9 for which the
difference in potential energy between reactants and products is calculated and accounted.

Note that paths 2 and 3 do not strictly represent power lost from the plasma column but
can be power transfer mechanisms. Such transfer mechanisms often lead to an effective loss
of kinetic energy by the plasma, but can also cause it to increase.

In the power balance that regards the limitation of the power transferred from the plasma
at a single radial location, Equation A.18, pathway 2 is considered. It is in fact impossible
for the plasma to transfer energy from kinetic to potential for more more than it is available.
Differently when the quantity of interest are the components of the global power balance,
Equation A.26, only terms where the energy is removed from the plasma column entirely will
be considered. Internal power transfer will not be considered as it is energy that remains in
the plasma.

Pathway 3 cannot be readily analysed experimentally but can be analysed in detail in
simulations. The importance of this is currently discussed in literature and it could be
significant especially in low temperature conditions in tokamak divertors and linear ma-

chines. [179,187,188] Further code investigations on this and detailed comparisons against
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experiments are required, which is outside of the scope of this work. To check that ne-
glecting CX and Hj elastic collisions, the ones to have the largest impact [179], does not
have a negative impact on the consistency of the solution a crude estimation was done in
post processing. This is done by first calculating the ADAS CCD reaction rate for CX and
AMJUEL 3.5 rate for Hs elastic. These are multiplied by the density of the reactant species
interested and by the maximum energy that can be transfer with a single collision. The
energy of the reactants are equivalent to their temperature from TS and A.4.1. This results

in Equation A.19.

3
Pox = §(TH+ (: Te) — TH)Rch(Te, ne)nH+nH
53 (A.19)
PH2elastz'c = §§(TH+ - THQ)RRHQBlastiC(TH+vTHQ)”H+nH2

These quantities PDF's are calculated as one of the outputs of the Bayesian algorithm.
The sinks/sources terms for Equation A.18 are taken from different sources, to encompass
the best knowledge available at the time of writing, see Section A.4.9. Grouping them by type

and precursor the power balance sinks/sources term is then defined as per Equation A.20

P volume =Fradiated T P neutral via T Ppotential energy
sinks—sources recombination

Pradiated :Pradiated atomic T Pradiated molecular

3
P neutral via :iAVTeRRrec

recombination

Ppotential energy =AV Z AE’L - RR;

7

(A.20)

Pradiated atomic = Lexcitation T Prec+bremsstrahlung
—_——

ADAS PLT ADAS PRB

P'radiated molecular :Prad Ho™t + Prad Ho + Prad H7+H2++

+ Prad H-+Ht + Prad e~ +H—H+hv
p=13
Prad,i =AV Z E;;q
p=2,q<p

where AV represent the volume corresponding to the radial location of the plasma con-
sidered, AE; is the energy difference between products and reactants of the reaction ¢ and

p=13

RR; is its reaction rate. The comes from the fact that only atomic hydrogen excited

states up to 13 are here considered. The probability that the inequality in Equation A.18 is
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true and that Pyojume sinks—sources 18 positive is calculated with Equation A.21

Yy :Pdiss mazx PS—S') Oy = \/UPS_S2 + O Pyiss maac2

Lp =L(y € [0, Paiss maz]) = (A.21)

Pdiss max — Y —Y
GTf(Tay) - erf(ﬂay)]

1
2

where P,ojume sinks—sources 1S shortened with Ps_g.

The power sinks/sources are calculated by adding all the radiative losses to the potential
energy contribution. The latter is itself composed by positive and negative contributions that
tend to cancel out. This causes the uncertainty of the sinks/sources to greatly dominate over
the input one, making the effective use of this balance very difficult. To solve this issue oy,
considered as equal to op,,_ and that is assumed to be 50% of Pyjss mas (using the fixed

nominal T, n. values from TS).

A.4.7 Particle balance

The derivation of the particle balance equation from Stangeby [72] results in Equation 14

on; d
% + 7 (njv) = Sinks — Sources
z
’I”LjV
(nv)j,diss max — Tt + Ny inVin =
=
(), 0t (nv)j,in

(A.22)
Z(nv)j,Sink’s—Sources =AV Z fZ]RR,L

= E Nj sinks — Ni,sources
7

with f;; the multiplicity and sign in the reaction i for the specie j and ng,;, = ngy, =
Nyt i, = MH=in = 0. The inequality comes from not including the particles lost due to
surface processes happening at the target and cross field transport. Charged particles are
bound by magnetic fields while neutrals can more easily move across. For this reason the
particle balance, that considers each radial location independently, is calculated only for
charged particles as e=, Ht, Ho", H~. In the case of Hy", H~ the lifetime is very short
so even in a single time step it is not physical to allow for its accumulation. [180] For this

reason for them (nv); sinks—Sources 1S limited to be > —(nv); diss maz- For e~ and HT the
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net rate of production is limited to their density the next time step. This term, referred as
(nV)j neat is defined similarly to (nv); g in Equation A.22. The likelihood that the particle
balance is verified is given by Equation A.23 and A.24

Y; = (nv)j,diss max (nv)j,Sinks—Sources

_ 2 9
Jyj - \/O—(nv)]',diss max + U(nv)j,sinks—Sources

L (ye* € [07 (nv)e*,diss maz T (nv)e*,nezt]) =

. 1 (nv)e_,diss maz T (nv)e—,nezt = Ye-
=5 |erf +
2 \/§O—ye,

—erf | e
\/ﬁo—ye,
L (yHJr € [07 (nv)H+,diss maz T (nv)H+,n6xt]) =

_ 1 (nv)H+,diss maz T (nv)H+,nert —Yg+
> |ers n
2 \/io-yHJr

—YH+
L (yH2+ < [O’Z(nv)H2+,dissmam]> -

erf Q(nv)H2+,diss maz — YHyT +
\/éo-nyﬁ-

(A.23)

1 Q(HU)H—,diss max — YH- (A24)
2 [erf ( \/iayH— > !
Coerf | ZYH

/()

’ L<yH2+ S [07 2(nv)H2+,diss ma:c])‘
: L(yH’ € [07 2(7“})H*,diss maa:])
Similarly to what mentioned for the power balance, here too the sinks/sources term is

composed of positive and negative factor, so rather than using it a large uncertainty on

(n0);.diss maz Of 100% for e, H' (using the fixed nominal n, value from TS) and 5% of TS
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ne for Hy™, H~ is assumed. The uncertainties are here adopted so large because differently
from power and emissivity there is no direct measurement of the particle input. As part
of the particle balance one has also to include that the density of excited states obtained
with ADAS and Yacora coefficients is lower than the density of total atomic hydrogen in the

volume. This is calculated with Equation A.25.

Yy=ng — ZniH(q)v Oy = z:(az‘nzﬂ(q))2
q,t

q,

Lpese = L(y > 0) = % ll—erf <\/_§i )]

A.4.8 Plasma column power balance

(A.25)

The definition of the plasma column volume and the power balance allows to evaluate the
global performance of the detached target to the ELM-like pulse. The parameter of interest
is, in this case, how much power is removed from the plasma column and how much is due
to atomic versus molecular effects. In considering this the potential energy exchange due to
EIR, for example, was not considered because it represent a transfer mechanism and not a net
loss, while the radiative component due to radiation (ADAS PRB coefficient, returning the
losses due to line radiation and Bremsstrahlung) was. Bremsstrahlung radiation is present
also in the wavelength range of the IR camera and could be related to the observed prompt
emission but this was not investigated. Similarly all other exchanges of potential energy are
not considered. The generated neutrals while travelling out of the plasma can react with the
neighbouring plasma and the energy they carry be reintroduced. Because evaluating this
would require a significant effort this component is for now excluded.

The terms considered for the global power removed from the plasma column are indicated

in Equation A.26.

Ere}noved = Eradiated = Eezc + Erad rect+bremm +
rom

plasma atomic

+ Erad Hy + Erad 0+ Epgq g+t (A.26)

+Erad H- + Erad e~+H—H+pv

molecular

Once all the likelihoods associated with each combination of priors are calculated they are



APPENDIX A. DETAILS ON THE MAGNUM-PSI STUDY 231

multiplied to return the total likelihood as per Equation A.27

L == PELanULHEIC (A27)

The PDF's of all the components of the power and particle balance previously calculated
are built by portioning their range to a smaller number of logarithmic intervals, summing
the probability within. For each additive term of interest the PDFs are then convolved in
space and in time to obtain the PDF for the whole ELM-like pulse. For each radial and time
location and for each output required (for example the total radiated energy) is defined a
large list of the possible energy losses in that section of the plasma. The list is randomly
distributed according on the PDF of that output at that location. The contribution for all
radii is summed to generate a list of possible values of the total radiated energy at one time
step. A histogram is built based on that to represent the PDF of the quantity of interest at
that time step. This operation is repeated to sum the contribution from all the time steps

to return the PDF of the quantity of interest for the whole ELM-like pulse.

A.4.9 Reactions

Reaction rates and other coefficients used in the Bayesian calculations are obtained from
ADAS [1,2] for the atomic reactions while from Yacora [3,4], AMJUEL [5-7] or a collection
of reaction rates from Janev [8] for the molecular reactions. The reactions considered in this

work are listed in Table A.1, A.2, A.3, and A .4.

Reaction: Chapter / type
HY +e” — H(p) + hv ADC,PRB,PEC
H* +2e~ — H(p) +e”

H+e — HY +2e SCD
H(g)+e — Hp>q)+e PLT,PEC

Table A.1: Reactions whose rates and reference coefficients were sourced from the ADAS
database. [1,2]
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Reaction:

H2+—|—H_ —)H(p)—I—HQ

HY+H™ — H(p)

+H
Hy" +e~ — H(p)+ H(1)

)
Hyt+e — H(p)+H ™ + e

Hy+e — H(p)+H(1)+e

232

Table A.2: Reactions whose rates and reference coefficients were sourced using the Yacora

collisional radiative code. [3,4]

Reaction:

Chapter / type

e~ + Hy — 2¢~ + Hy T

4.11 Reaction 2.2.9

e~ +Hy —2 +H+HT

4.12 Reaction 2.2.10

e"+Hy™ -2 +HT+HT

4.13 Reaction 2.2.11

e"+Hy" e +H+HT

4.14 Reaction 2.2.12

€_+H2+—>H—|-H

4.15 Reaction 2.2.14

67+H2—>€7+H2(’U)—>H+H7

2.23 Reaction 2.2.17

HT —|—H2('U) — H+H2+

3.28 Reaction 3.2.3

Ht+H - H+H

4.52 Reaction 7.2.3a

e” + Hy(v) e +H+H

4.10 Reaction 2.2.5g

Table A.3: Reactions whose rates and reference coefficients were sourced from the AMJUEL

database. [5—7]

Reaction: Chapter / type
(i) + H — (H3') — 741

— HQ(XlEg; Uo) + H(n > 2)

Hyt(vi) + H- — (H3*) — 7.4.1

— Hy(N1,3Ag;00) + H(1),N < 4

Table A.4: Reactions whose rates and reference coefficients were sourced from the Janev

database. [§]
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