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Abstract

Passive spectroscopy diagnostics play a key role in advancing the physics of plasma
exhaust in the edge and divertor regions of tokamaks. Information obtained from
spectral line intensities and profile shapes is crucial for estimating plasma parame-
ters, particularly for studies of cold and dense detached plasmas. This work aims
to characterise the visible and near-infrared spectral regions with emphasis on the
Balmer and Paschen hydrogen series lines, their diagnostic applications and inter-
pretation techniques. Whereas the Balmer series lines are measured routinely, few
observations of the Paschen series lines have been carried out in the fusion plasma
context. Extending observations to the near-infrared region for more detailed stud-
ies of the Paschen series is addressed through diagnostic development with the aim
of providing coverage of the visible to near-infrared spectral range (350-1900 nm)
along the same optical line-of-sight. An initial spectral survey on MAST using a
purpose built diagnostic provides new insight into the spectral features in the near-
infrared and confirmes the viability of Paschen line observations. Following the proof
of concept measurements on MAST, diagnostic development on the JET ITER-like
wall mirror-linked divertor spectroscopy system facilitated more refined measure-
ments. The main outputs include first of its kind measurements of the Pa-« line
and spatially resolved spectral line profile measurements of the Pa-3 line. In the
visible range ELM-resolved Balmer and impurity emission profile measurements at
high spatial resolution were obtained using a new filtered camera system. A detailed
assessment of the diagnostic scope for parameter estimation from both high-n and
low-n Balmer and Paschen series lines is presented, underpinned by a parametrised
line profile model which captures the relevant broadening and splitting mechanisms,
including the Zeeman, Stark and Doppler processes. Interpretation of JET divertor
plasma measurements, in combination with synthetic data simulation results, high-
lights the importance of complementary Balmer and Paschen series measurements

for refining parameter estimates in divertor plasmas.
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Chapter 1

Introduction

1.1 Thermonuclear Fusion and Tokamaks

Power generation by means of nuclear reactions is fundamentally of interest due to
the large energy density associated with nuclear fuels (i.e., uranium for fission reac-
tions and deuterium for fusion reactions), which, in comparison to chemical reactions
from burning fossil fuels, is greater by roughly a factor of 10°. The large-scale base
load electricity generating capacity associated with fissioning of the uranium iso-
tope U?% in nuclear power plants offers an environmental advantage on the basis of
reducing harmful greenhouse emissions compared to coal or gas-fired power plants.
On the other hand, issues of uranium fuel reserves, the long term disposal and stor-
age of nuclear waste, large capital and decommissioning costs and the possibility of
nuclear proliferation in the reprocessing of spent fuel comprise the main arguments
against the large scale adoption of nuclear power as a means of CO, free electricity
production (Friedberg, 2007; Meneley, 2010).

Renewable energy sources such as hydroelectric, wind and solar power, although
key to a mixed energy portfolio, face significant challenges in adoption primarily due
to the low energy density associated with these sources and their intermittent avail-
ability compared to dispatchable generation sources (i.e., natural gas or coal power
plants). Their potential deployment for large scale base load electricity generation
is subject of ongoing research and debate (e.g. Resch et al., 2008; Matek and Gawell,
2015).

Thermonuclear fusion power, which involves the fusing of hydrogen isotopes, of-
fers significant advantages that address the issues of fuel reserves, environmental
impact and safety. Firstly, deuterium is abundant in ocean water and can be ex-

tracted easily and at low cost. In this sense the availability of this primary fusion

1
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fuel is essentially infinite. Secondly, fusion power, like fission power, does not re-
lease greenhouse gases and other harmful chemicals into the atmosphere. However,
unlike nuclear power from fission reactions, fusion power is inherently safe in that
a radioactive meltdown is physically impossible. Moreover, the source of nuclear
waste in fusion power is limited to the interaction of energetic neutrons with the
containment vessel, or fusion blanket, which causes the structure to become acti-
vated. Even so, the short half-life of the activated materials is conducive to more
manageable storage times once the structural components are removed, of the order
of 100 years (Hamacher and Bradshaw, 2001).

Although the potential advantages of fusion power are considerable, the main
challenges lie in the scientific, technological and economic complexities in achieving
a viable fusion power plant. From the scientific and technological perspective, this is
best illustrated by considering the conditions necessary to sustain the nuclear fusion
reaction using the hydrogen isotopes deuterium (D) and tritium (T) as the fusion
fuel. Figure 1.1 shows the energy dependence on the cross sections associated with
the following hydrogen isotope fusion reactions (Wesson, 2004):

D? + T3 — He'! + n' + 17.6 MeV

D? + D? — He® + n! + 3.27 MeV

D? +D? — T3 + H! + 4.03 MeV
D? + He® — He' + H! + 18.3 MeV

10

barns)

=

10~

Cross-section

-
o
8

1073

JG00.324/2¢

10 102 103 104
Projectile energy (keV)

10~

Figure 1.1: Cross-sections of hydrogen isotope fusion reactions. Courtesy of the EURO-

fusion image database.
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Very large collision energies are thus required to overcome the Coulomb barrier in
order to initiate the fusion reaction. Of these, the D-T reaction is clearly the easiest
to attain as the cross-section is significant even at 10 keV. For this reason D-T fusion
has been the central focus of fusion energy research, even though a supply of tritium
is required to initiate the reaction. Breeding tritium using 3Li% blankets surrounding
the region of D-T fusion reactions, although a technologically challenging process,
is currently the most promising approach in sustaining the reaction. Although 3Li%
comprises only 7.4% of naturally occurring lithium, known reserves are thought to
be sufficiently large for thousands of years of fuel availability (Friedberg, 2007).

Above a temperature of few keV, the D-T mixture exists as a fully ionised hot
plasma. The most promising approach to supplying energy to sustain the fusion
reaction is to heat the D-T fuel mixture such that the hot tail of the thermal velocity
distribution corresponds to energies for which the cross-section is sufficiently high.
The figure of merit usually associated with fusion devices is the triple product of
particle density m, energy confinement time 7z and plasma temperature 7. At
values of ntgT > 5 x 102! m™3 skeV (Wesson, 2004) the burning process becomes
self-sustaining (i.e., without supplementary heating) and represents the ultimate
goal of ignition, although such a requirement is not strictly necessary to produce
more energy than is supplied.

The tokamak is one approach for magnetically confining the charged particles
of the hot plasma and has received the most attention over the past few decades
of fusion research. The reason for its success is the tremendous progress that has
been made in increasing the triple product by orders of magnitude from 10 to
10! m™3 s keV over the last 50 years (Wesson, 2004). The basic features of a toka-
mak device are illustrated in Figure 1.2. The plasma is magnetically confined by
the combination of the toroidal magnetic field B, and the poloidal magnetic field
By such that the plasma pressure p (i.e., the product of the particle density and
temperature) is in equilibrium with the magnetic forces. The combination of the
toroidal and poloidal magnetic fields results in magnetic field lines which have a
helical trajectory, the pitch angle of which is proportional to the ratio of the two
magnetic field magnitude components. The toroidal field is much larger, typically
by an order of magnitude, than the poloidal field, and is generated by currents in
the toroidal field coils. The poloidal field is generated by a toroidal plasma current.
This current is induced by transformer action using the primary solenoid circuit
which drives an electric field in the plasma (the secondary circuit). The induced

plasma current is also the main means of ohmically heating the plasma. The plasma
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pressure increases with the strength of the magnetic field and the magnitude of the
toroidal plasma current, but is limited by stability considerations and technologi-
cal factors with respect to the maximum attainable toroidal field magnitude. The
shaping and positioning of the plasma is achieved by additional outer poloidal field
coils. Additional heating is required to raise the core temperature to few keV and
is usually achieved by injecting energetic neutral particle beams (NBI heating) and

by electromagnetic waves.

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.2: Basic features of a tokamak. Courtesy of the EUROfusion image database.

Ultimately, the energy confinement time in a tokamak reactor must be suffi-
ciently long to sustain the thermonuclear fusion reaction. Confinement is limited
by thermal convection and conduction processes, and also by radiative losses which
cool the plasma. The experimentally observed transport of particles and energy out
of the tokamak plasma is unfortunately much higher, up to two orders of magnitude,
than the confinement time determined by Coulomb collisions alone (Wesson, 2004).
This so called anomalous transport is thought to be caused by turbulence driven
micro-instabilities in the plasma (Friedberg, 2007; Conner and Wilson, 1994), and
consequently drives the large size of a reactor-scale device in order to compensate
for the high rate of escaping particles and energy.

The inevitable outcome of the leakage of energy and particles out of the confined

plasma through cross-field transport mechanisms is contact of energetic particles
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with the wall and consequently the entry of impurities into the plasma. The presence
of impurities has deleterious effects on the plasma as it gives rise to radiation losses
and fuel dilution. The control of plasma-surface interactions (PSI) has thus been
the subject of extensive study throughout the history of fusion research.

Earlier tokamak devices employed a radially outward protruding element, the
limiter configuration (see Figure 1.3), thereby isolating the PSI and limiting the
plasma contact with the vacuum vessel. Although this design has advantages in
terms of its simplicity, it suffers from the close proximity of the limiting element in
relation to the confined region, and from physical constraints on the thickness of
the resulting interaction layer known as the scrape-off layer (SOL). The SOL is an
open-field region outboard of the confined plasma region, dictated by the extent of
the limiter geometry, and arises due to the transport of particles and energy across
field lines which terminate on the limiter surface. The ability to control the influx
of impurities from physical sputtering processes along a relatively thin region of PSI
is therefore made difficult. The subsequent entrainment of the cold impurities can
lead to an energy loss mechanism from the core plasma primarily via line radiation

from collisionally excited electronic states of the impurity ions (Stangeby, 2000a).

Scrape-off

/ layer \ I
Ry Last closed flux \

/ surface

{ Plasma \ (f Plasma

I. “
. core | \ | |I core /|
\ | ( |

Limiter 1

Divertor targets

Limiter configuration Divertor configuration

Figure 1.3: Poloidal cross-section schematic of the limiter and divertor configurations.

In an effort to provide additional control of the SOL parameters and to minimise

the impact of PSI on the confined core plasma, many devices were converted to utilise
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the divertor concept in the 1990s. The main features of the poloidal divertor design
are shown in Figure 1.3. By introducing shaping of the magnetic topology via an
additional poloidal field coil, a null in the field line geometry, known as the X-point,
can be formed, thus creating a SOL dictated by the shaping parameters rather than
by direct contact with the protruding limiter structure. The last closed flux surface
(LCFS) separates the confined region of the plasma characterised by closed magnetic
field lines, and the SOL region in which the field lines terminate on the divertor target
plates. Such a configuration allows for optimisation of the target plate location and
geometry. With these additional degrees of freedom, it is possible to explore the
impact of various divertor geometries on the operational performance of the confined
plasma and, critically, on the ability of the target plates to withstand steady-state
and transient heat fluxes arising from the exhaust of energy and particles from the
core.

Developing a solution to the problem of heat exhaust in tokamak divertors is
considered to be the main challenge towards the realisation of magnetic confine-
ment fusion (EFDA, 2012). Observations of plasma behaviour and measurements of
plasma parameters are crucial in linking experiment with theory with the aim of pre-
dicting tokamak performance. Plasma diagnostics thus play a key role in advancing
the understanding of exhaust physics processes. The work presented in this thesis
focuses on the application of passive spectroscopy diagnostics for divertor plasma
studies. The experimental investigations into passive spectroscopy in the visible
and near-infrared spectral regions were carried out on two tokamaks at the Culham
Centre for Fusion Energy. The following sections provide a brief description of their

main features and engineering parameters.

1.1.1 The Mega Amp Spherical Tokamak

The Mega Amp Spherical Tokamak (Cox, 1999) is a small aspect ratio (the ratio
of the major to minor radii, R/a) tokamak characterised by a plasma shape which
is more spherical than the more conventional larger aspect ratio devices. Spherical
tokamaks are capable of operating at higher confinement efficiencies, quantified by

the normalised plasma pressure, 3, defined as:

o p

which is the ratio of the plasma pressure to magnetic pressure. High confinement
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efficiency is desirable in a fusion reactor as it is effectively linked to the unit power
cost of electricity production (Friedberg, 2007).

For a given magnetic field magnitude, the maximum plasma pressure is limited by
magnetohydrodynamic (MHD) instabilities. Since the maximum [ value has been
shown to scale with the inverse aspect ratio (Sykes et al., 1999), spherical tokamaks
are therefore more resilient against MHD instabilities providing access to high
operation. For example, a world record of 5 ~ 40% has been achieved experimentally
in MAST’s predecessor, START (Small Tight Aspect Ratio Tokamak) (Gryaznevich
et al., 1998).

Figure 1.4 (left) shows a cutaway CAD model of the MAST machine, including
the main chamber and internal structure consisting of poloidal field coils for plasma
shaping and positioning, as well as the upper and lower horizontal divertor target
plates. The design of the MAST vessel and open divertor geometry also provides
excellent diagnostic access. This is demonstrated in Figure 1.4 (right) which shows
a composite image in the visible range of a double-null MAST plasma obtained by a
camera positioned at a mid-plane port. The main parameters of the MAST tokamak

are summarised in Table 1.1.

Figure 1.4: Cutaway CAD model of the MAST tokamak (left, courtesy of the CCFE
design office). Composite image of a double-null (top and bottom divertor configuration)
MAST plasma from visible light emission (right, courtesy of Scott Silburn (CCFE), Alex
Meakins (CCFE) and James Harrison (CCFE) ).
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Table 1.1: Main parameters of the MAST tokamak.

Major radius (m) 0.7
Minor radius (m) 0.5
Aspect ratio > 1.3
Plasma current (MA) <2
Toroidal field (T) <0.63 (R=1m)
NBI heating power (MW) 5
Pulse length (s) <1
Plasma volume (m?) 8
Plasma facing components | Carbon fibre composite (CFC)

1.1.2 The Joint European Torus Tokamak

The Joint European Torus (JET) is currently the world’s largest operational toka-
mak. It was designed for D-T operation, long pulse length and high heating power,
with the principal goals of investigating heating and confinement in reactor relevant
plasma conditions. In 1992-1993 JET was upgraded with a pumped divertor config-
uration in order to facilitate experiments with a focus on exhaust power mitigation
and impurity control. During the 1997 D-T experimental campaign, the highest
fusion power of 16 MW to date was achieved with a total input heating power of 24
MW and a 50-50 D-T fuel mix, thus reaching an instantaneous () of 0.65, where the
fusion gain factor () is defined as the ratio of the produced fusion power to the total
input heating power. Figure 1.5 shows an internal view of JET with a superimposed
image of the plasma in the visible range. The main parameters of the JET tokamak
are given in Table 1.2.

The most notable feature of the current JET configuration is the ITER-like wall
(ILW) (Matthews et al., 2011) which was installed between 2009-2011 as a test-bed
for the material combination selected for the next generation reactor-scale ITER
tokamak (Ikeda, 2007) currently being built in Cadarache, France. Carbon has been
the primary material choice for plasma facing components in fusion experiments
due to its excellent heat and erosion resistance and low atomic number allowing
for relatively high carbon concentrations in the plasma without deleterious effects.
However, carbon is not suitable as a first wall material in tokamak reactors due
due to its propensity to trap tritium, thereby limiting the lifetime of the first wall
due to high levels of radioactivity. The material choices for ITER and JET-ILW

are a combination of beryllium (Be) in the main chamber and tungsten (W) in the
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Figure 1.5: Internal view of JET with a superimposed image of the plasma taken by a
camera in the visible range of the spectrum. Courtesy of the EUROfusion image database
(ref. number CP05j-438-01).

divertor. Be is a light metal with high heat resistance (melting point of 1287°C)
which, like carbon, has the least impact on plasma performance. W has been chosen
as the divertor material due to its very high melting point of 3422°C in order to
withstand the high heat fluxes at the target plates which are in direct contact with
the plasma. Its high atomic number, Z = 74, also offers excellent erosion resistance,
but its presence in the main plasma must be kept to a minimum as it can rapidly
cool and dilute the core plasma.

In operation since 2011, ILW experimental campaigns have provided valuable
insight and physics understanding into the impact of operating with the new mix
of first wall materials. Key observations include a reduction in the long-term fuel
retention compared to the JET carbon machine (JET-C) and a low effective charge
(Zeyr = 1.2 in JET-ILW vs. Z.¢y = 2.5 in JET-C) of the plasma as a result of
the reduction in the primary beryllium source compared to the carbon source in
JET-C (Brezinsek, 2015). However, operation with the Be/W wall has had an
impact on the degradation of plasma confinement relative to the carbon wall due
to W accumulation in the plasma core (e.g. Angioni et al., 2014) . Ongoing effort
is thus targeted at improving the understanding and control of W accumulation in
order improve energy confinement and develop high performance plasma scenarios

in anticipation of the next D-T experimental campaign.
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Table 1.2: Main parameters of the JET-ILW tokamak.

Major radius (m) 2.96

Minor radius (m) 0.96

Aspect ratio ~3

Plasma current (MA) <6

Toroidal field (T) < 4 (magnetic axis)

NBI heating power (MW) <24

Ion cyclotron resonance heat- <15

ing (ICRH) power (MW) N

Pulse length (s) 20-60

Plasma volume (m?) ~ 90

Plasma facing components Limiters: beryllium
Divertor: tungsten
coated CFC and bulk
tungsten

1.2 Spectroscopy Diagnostics in Tokamaks

The presence of impurities in the tokamak plasma due to plasma-wall interactions,
which can lead to enhanced radiative losses and fuel dilution, makes spectroscopy
an indispensable tool in studying the impact of impurities on plasma performance.
Line and continuum radiation emitted by impurity and working plasma species is
also used for measuring plasma properties such as density, electron and ion temper-
ature, velocity, transport coefficients and particle influx rates. Plasma spectroscopy
is a broad and diverse field of research with measurement techniques spanning a
wide spectral range from the near-infrared (NIR), visible (VIS), ultraviolet (UV),
vacuum ultraviolet (VUV), extreme ultraviolet (EUV) to soft x-ray (SXR) regions
thus covering photon energies in the range of 0.5 eV to ~ 10% eV (~0.1-2000 nm in
wavelength). The fusion spectroscopist necessarily relies on a large body of knowl-
edge concerning fundamental and derived atomic databases as well as theoretical
and computational models which are routinely applied to confront spectral line
intensity and spectral line profile measurements. Spectroscopic techniques are typ-
ically classed as either active or passive. Active spectroscopy concerns techniques
which rely on injected particle beams as signal enhancers and localisers (e.g., neutral
beam emission spectroscopy (BES), charge-exchange recombination spectroscopy

(CXRB)) whereas passive spectroscopy refers to measurements of radiation emitted



1.2. Spectroscopy Diagnostics in Tokamaks 11

by the plasma due to thermal collisional-radiative processes.

The applicability of a particular spectroscopic technique and relevant wavelength
range of observation depends on the plasma properties and measurement aims. SXR,
EUV and VUV spectroscopy is most suitable for line emission measurements of
partially ionised medium and heavy elements (e.g., W, Fe) in the hot core region
whereas UV, VIS and NIR are better suited towards line emission measurements
of light impurity (e.g., C, Be, O, He, B, N, Ne, Ar) and hydrogenic species (H,
D, T) in the cooler edge and divertor plasma regions. The design complexity of
the signal relay elements, dispersive elements, selection and availability of detectors
is largely driven by the spectral range and sensitivity requirements of the spec-
troscopic diagnostics. At wavelengths below 200 nm (VUV, EUV and SXR) the
sharp decrease in the transmission through air, window and lens materials and the
low efficiency of reflective mirror coatings necessitates vacuum instruments which
can increase cost and complexity significantly and reduce measurement flexibility.
At wavelengths above 200 nm (UV, VIS, NIR) measurements can be performed in
the ambient environment taking advantage of more conventional optical components
with high transmission /reflection efficiency and commercially available spectrometer
packages. Nevertheless, spectroscopic tokamak diagnostics based on both vacuum
and non-vacuum configurations have been successfully deployed on numerous toka-
maks. Review articles by Stratton et al. (2008), Peacock (1996), and Fantz (2006)
provide an overview of the measurement principles and application of spectroscopic

diagnostics to magnetically confined fusion plasmas.

1.2.1 Passive Spectroscopy in the Visible and Near-Infrared

The flexibility of working above the 200 nm vacuum cut-off has led to wide-scale
deployment of spectroscopy diagnostics in the UV-VIS-NIR spectral region, with
particular emphasis on the 300-1000 nm wavelength region corresponding to the
sensitivity range of charge coupled devices (CCDs). The large uptake of scientific
grade CCD linear and 2D detectors in imaging and spectroscopy applications, fea-
turing high quantum efficiency (QE) and low electronic noise, has facilitated a wide
range of relatively inexpensive solutions for plasma spectroscopy diagnostics.

The most common spectrograph configuration is the Czerny-Turner design (e.g.
Shafer et al., 1964) which employs two reflective elements and high efficiency plane
gratings (ruled or holographic) to disperse the light and image the input slit onto

a sensor. The frame transfer CCD camera is a popular choice due to high QE and
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shutterless operation. CMOS (complementary metal oxide semiconductor) cameras
are also gaining in popularity for filtered imaging spectroscopy applications (e.g., the
Coherence Imaging diagnostic on MAST (Silburn et al., 2014)) and for high-speed
imaging (> 100 kHz frame rate) of transient plasma phenomena (e.g., observations
of filamentary structures in the edge and divertor on MAST (Harrison, 2014)) due
to distinct speed advantages over the relatively slower sensor readout CCD options.

Spectroscopic measurements in the VIS spectral region are of particular impor-
tance for divertor plasma emission studies (e.g. Huber et al., 2013; Isler et al., 1997,
Hollmann et al., 2006) with a focus on characterisation and code benchmarking of
exhaust physics phenomena. Such investigations are crucial for developing exhaust
power mitigation strategies (e.g. Loarte et al., 2007). The aim of such strategies
is to control and limit the large heat fluxes associated with the leakage of particles
and energy from the core plasma, channelled along the thin SOL to the sacrificial
divertor targets. Passive spectroscopy is therefore an important tool in providing
measurements of plasma parameters from the working plasma species emission (most
often deuterium) and linking these observations to atomic physics. It is also com-
monly employed to characterise the influx and transport of intrinsic impurity species
(C, Be) and extrinsic seeding gases (Ny, Ne, Ar) used to promote radiative power
dissipation upstream of the divertor targets.

Spectroscopic observations of the hydrogen Balmer series lines (360-656 nm) are
perhaps the most common in studies of divertor plasma emission and estimation of
plasma parameters such as density and electron temperature. Observations of the
Lyman series lines (90-122 nm) requires vacuum instruments and is therefore less
common. Observations of the Paschen series lines (824-1875 nm) have been limited
(e.g. Brezinsek et al., 2009; Soukhanovskii, 2008; Soukhanovskii et al., 2014) as their
measurement is outside of the sensitivity range of CCDs, save for the higher transi-
tions in the 824-1000 nm region. Measurement of the Paschen series lines, however,
offers some potential advantages, including broader spectral line profiles which can
be exploited for plasma density estimates (e.g. Soukhanovskii et al., 2006) as well as
potential advantages in reduced degradation of optical components in the NIR sub-
jected to the harsh burning plasma environment of reactor-scale fusion devices such
as ITER (e.g. Soukhanovskii, 2008). This includes increased resilience to: erosion
and deposition of plasma facing mirrors (e.g. Widdowson, 2011; Litnovsky et al.,
2007a,b; Rudakov et al., 2006); accumulated damage and permanent transmission
loss in windows, lenses and optical fibres due to radiation-induced absorption and

dynamic losses in windows, lenses and optical fibres due to radiation-induced lumi-
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nescence and Cherenkov radiation (e.g. Brichard et al., 2004). Of these, the optical
performance degradation of the plasma facing mirrors has received significant at-
tention. Recently, substantial progress has been made in advancing in situ mirror
cleaning techniques using a radio frequency plasma generated around the mirror

(e.g. Moser et al., 2015) for mitigation of first mirror degradation on ITER.
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Figure 1.6: Approximate detectivity of common VIS and NIR detectors with overlaid
central wavelength positions of the hydrogen Lyman, Balmer, Paschen and Brackett series

lines. Data taken from (Hamamatsu Technical Information, 2011).

Figure 1.6 shows the spectral detectivity of the most common visible and near-
infrared detectors in the context of the hydrogen Lyman, Balmer, Paschen and
Brackett series spectral lines. Observational access to the Paschen series lines above
the CCD sensitivity cut-off near 1000 nm is facilitated by the Indium Gallium Ar-
senide (InGaAs) photodiode which offers similar sensitivity (or detectivity) relative
to CCDs and is commercially available in both linear and 2D sensor formats. The
spectral sensitivity range can be shifted above 2000 nm with the extended InGaAs
photodiode, although detectivity suffers as a result of an increased contribution of
the internal generation of electron-hole pairs in the semiconductor depletion layer
due to thermal transitions. This can be remedied to a large extent by cooling the
detector.

At the time of writing, the range of commercially available NIR detector options
is certainly smaller than that of scientific grade CCD and CMOS cameras. The

spectral transmission curves of commonly used window and lens materials (e.g.,
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BaFy, BK7, SiO, (crystal quartz or fused silica), Al,O3 (Sapphire), CaFy, and MgF5)
span both the VIS and NIR spectral range which allows for flexibility in VIS-NIR
beam-splitter optical configurations viewing the plasma through the same line-of-
sight. Thus both VIS and NIR spectroscopy share, to a large extent, commonalities
in signal extraction techniques. To bring NIR spectroscopy to the level of maturity
of VIS spectroscopy, more detailed investigation of the NIR spectral features in

tokamak plasma observations is needed.

1.3 Thesis Outline

The main objective of the research presented in this thesis is the experimental char-
acterisation of the VIS-NIR spectral region and evaluation of VIS-NIR spectroscopic
diagnostics in the context of the measurement needs associated with tokamak ex-
haust physics, with particular emphasis on the hydrogen isotope Balmer and Paschen
series measurements. A secondary objective concerns the identification of spectral
features in the NIR region (900-1700 nm) for which, thus far, very few measurements
have been obtained in magnetic confinement fusion experiments. Over the four year
duration of the research project, the strategy for meeting the outlined objectives
has largely conformed to the experimental campaign time lines and opportunities
for diagnostic access to the MAST and JET tokamaks at the Culham Centre for
Fusion Energy facilities. The work is a combination of instrument development and
data interpretation underpinned by theoretical concepts in plasma spectroscopy and
divertor physics.

Chapter 2 provides an overview of the fundamental theoretical aspects of plasma
spectroscopy in order to motivate the interpretation of divertor plasma radiation.
Key physics processes concerning plasma-wall interactions and divertor operating
regimes are also discussed, followed by illustrative examples of continuum and hy-
drogen series line emission synthetic spectra under representative divertor plasma
conditions.

Chapter 3 describes the VIS-NIR spectroscopic survey work carried out on the
MAST tokamak. For this phase of the project a dedicated spectroscopy diagnostic
was designed and implemented on MAST facilitating the accumulation of spectro-
scopic data during the M9 experimental campaign. The main features of the optical
design and measurement capabilities of the VIS and NIR spectrometers are discussed
along with the identification of features from observed spectra in the 350-800 nm

and 900-1700 nm spectral regions. A more detailed investigation is presented on the
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estimation of electron temperature using both the Balmer and Paschen series line
intensities. These measurements are used in combination with a filtered imaging
spectroscopy diagnostic to gain insight into the spatial distribution of temperature
in the outer and inner divertor during a density ramp discharge.

Chapter 4 describes the enhanced capabilities of the JET mirror-linked divertor
spectroscopy diagnostic resulting from an upgrade project in preparation for the
2013-2014 experimental campaign. The new system capabilities include the exten-
sion of the spectral range to the NIR to facilitate measurements of the Paschen
series lines as well as two filtered imaging cameras with capabilities for resolving the
transient edge-localised modes (ELMs) in the high-confinement (H-mode) operating
regime. A critical assessment of a new VIS imaging spectrometer is also discussed
with emphasis on its imaging quality improvements over the tradition Czerny-Turner
design. The new system capabilities are evaluated using plasma measurements.

In Chapter 5 the properties of the Balmer and Paschen series spectral line profiles
are investigated using a line profile model developed with emphasis on computation
efficiency for batch least-squares fitting of experimental spectroscopic data. The
model is used for estimating spatially resolved plasma density profiles across the
inner and outer sections of the JET-ILW divertor. The results are compared with
localised Langmuir probe measurements in order to highlight the importance of
passive spectroscopy in providing estimates of plasma parameters in the detached
divertor regime, in which Langmuir probe results are considered less reliable. Ca-
pabilities for estimating electron temperature in detached plasmas are also evalu-
ated based on measurements from the mirror-linked divertor spectroscopy system.
Finally, a computational model is used for a quantitative assessment of plasma pa-
rameter recovery from synthesised Balmer and Paschen spectral line profiles, the
results of which highlight opportunities for future work in complementary VIS and
NIR spectroscopic measurements.

Chapter 6 summarises the main findings and results and provides recommenda-

tions for future work.



Chapter 2

Characteristics of Divertor Plasma

Radiation

In this chapter the principal theoretical concepts in plasma spectroscopy are re-
viewed. This is followed by establishing the relationships between the physical pro-
cesses occurring in the divertor and the radiation emitted by the plasma species, thus
leading to opportunities for inferring plasma properties using spectroscopic diagnos-
tic techniques. The topics presented constitute the theoretical framework that will
be used in subsequent chapters as the basis for the interpretation of measurements

obtained from divertor spectroscopy diagnostics on the MAST and JET tokamaks.

2.1 Key Concepts in Plasma Spectroscopy

2.1.1 Measured Quantities

Laboratory plasmas are volumetric emitters. The local spectral emissivity €, is usu-

ally given in units of W m~3 nm™!, or by converting to ph s~ m=3 nm™!

units using
the photon energy E = hc/A. Assuming the emissivity is isotropic in all directions,
the emissivity per steradian is €)/4w. In plasma spectroscopy applications, pho-
tons emitted by the plasma are most often collected by means of a collimated or
pseudo-collimated line-of-sight (LOS) which results in approximately uniform light
collection efficiency along the LOS. If the plasma is optically thin (i.e., photons es-
cape the plasma without being reabsorbed) the spectral radiance (often referred to

as intensity in practice) corresponding to the integrated LOS measurement is

16
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in units of Wm™2srnm™ or phs! m2sr ! nm~!. The spectral irradiance

(phs™' m™2 nm™!) at the detector plane can then be related to the spectral ra-
diance of plasma emission by placing a source of known radiance in the path of the

LOS, thus taking into account any losses along the optical train.

2.1.2 Atomic Processes in Plasmas

The population structure of atoms, ions and molecules depends on the interplay
between collisional and radiative processes. It is important for the experimental-
ist to have an understanding of these processes in order to judiciously, and with
some degree of confidence, employ atomic data for interpretation of experimental

spectroscopic data.

Radiative Processes

All plasmas, including the astrophysical and laboratory varieties, emit radiation

across the electromagnetic spectrum due to three main contributions:

— Bound-bound transitions: line radiation due to electronic transitions in atoms,

ions and molecules.

— Free-free transitions: continuum emission due to Coulomb collisions of elec-

trons with ions.

— Free-bound transitions: recombination continuum with edges due to recom-

bining free electrons into bound atomic states.

In an optically thin plasma, radiation over most of the spectrum escapes the
plasma volume, only approaching the black-body limit at long wavelengths. A brief

summary of each process is given below:

e Radiative transitions in ions and atoms

In bound-bound transitions, the probability of an electron to spontaneously
radiatively decay from upper level p with energy E(p) to a lower level ¢ with
energy F(q) (with photon energy hv = E(p)— E(q)) is given by the Einstein A
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coefficient (units s7!). The local emissivity, or the rate of spontaneous decay
for an excited population density n.(p) associated with a particular atom or

ion, is then

e(p — q) = Alp — q)n.(p) (2.2)

in units of ph s~ m™3. Thus the excited level population densities are the

observed quantities from spectral line intensity measurements, provided the
local emissivity can be recovered from the line integrated spectra. The A
coefficients are characteristic atomic constants typically given in terms of the
absorption oscillator strength f, ,, which is a measure of the probability for an

atom to absorb a photon and make the transition ¢ + hv — p.

The types of radiative transitions include electric dipole, magnetic dipole and
electric quadrupole transitions. The optically allowed, or observable, transi-
tions are of the electric dipole type, and are characterised by large transi-
tion probabilities. For hydrogen-like ions, the allowed transition probabili-
ties decrease with increasing principal quantum number; in other words, the
lifetime of the higher excited levels increases. The magnetic dipole and elec-
tric quadrupole transitions are called forbidden transitions whose oscillator
strengths are usually much weaker than the allowed transitions. The for-
bidden transitions can be neglected for light ions for which the LS-coupling
scheme provides a good description of the atomic structure (Kunze, 2009, p.
91). For high-Z atoms and highly ionised atoms for which the spin-orbit in-
teraction leads to a breakdown of LS-coupling, the probabilities of forbidden
transitions can increase rapidly with nuclear charge. In the context of edge
and divertor hydrogenic plasmas containing light intrinsic and extrinsic impu-
rities, the contribution of the forbidden transitions to statistical populations
of excited levels can generally be neglected. If no other radiative channel is

possible, the upper excited level in a forbidden transition becomes metastable
(Kunze, 2009, p. 97).

e Radiative recombination

In the radiative recombination (free-bound) process, an electron with energy
Elin is captured into an excited state ¢ of an ion resulting in the emission of a
photon with energy hv = Ey;, + [E(00) — E(q)], where E(oc0) is the ionisation

limit energy of the recombined ion. The symbolic representation is given by
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AT () e = A*H(q) + hv (2.3)

where g denotes the ground state. The process results in continuum emission
due to the continuous energy distribution of the free electrons but with dis-
crete discontinuities attributed to the atomic structure of the bound states of
the ion (see Figure 2.7). At equilibrium, the rate of the inverse process of
photoionisation will be equal to the rate of radiative recombination according
to the principle of detailed balance. Taking advantage of this, the standard
approach for determining the radiative recombination cross-sections relies on
calculations of photoionisation cross-sections instead. Based on initial work by
Kramers (1923), Karzas and Latter (1961), for free electrons with a Maxwellian
energy distribution, Kunze (2009, p. 100) gives the free-bound spectral emis-

sion coefficient for recombination of bare nuclei into hydrogen-like ions as

64./Tc(aag)®Eg Er \*? 1 he
b = Z* — -
ey (M) Ve X NyNe T, 32 XD oo T
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where Eg is the Rydberg energy (i.e., the ionisation energy for hydrogen atom
with infinite nuclear mass), ag is the Bohr radius, « is the fine structure con-
stant, Ggi (A) is the bound-free Gaunt factor associated with the principal

quantum number ng.

Although using Er for the ionisation energy is typically sufficient, additional
physical effects must be considered at high plasma densities; namely, the re-
duction in ionisation energy (or continuum lowering) due to the presence of
Coulomb fields from other ions and electrons within the Debye radius, and a
downshift of the photoionisation threshold due to the merging of Stark broad-
ened spectral lines (Griem, 1997, p. 147). The net effect is a lowering in
energy (increase in wavelength) and a smearing of the ideal distinct edges in
the recombination continuum at the series limit corresponding to the capture

of a zero-energy electron into each lower quantum level 74

e Bremsstrahlung
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Bremmstrahlung (free-free) radiation corresponds quantum mechanically to
transitions of free electrons in continuum states due to their deflections from
Coulomb collisions with ions, resulting in a continuous spectrum. Extending
the considerations in deriving the cross-sections from free electrons to bound
states of an atom, and integrating only across levels above the ionisation limit
of an atom or ion, Kunze (2009, p. 106) gives the free-free spectral emission

coefficient as

32/Tc(aag)®Eg Ex \'* 1 he \ =
o) = 27 - — 2.
ex(A) Ve xnele {7 | e Ty )€V (29)

following the procedure in Griem (1997, Chap. 5) and Cooper (1966), where

Lepf = nie Zzz 22nt is the effective charge due to the presence of hydrogenic
ion species and concentrations of impurity species n, in different ionisation
stages (7). For a pure hydrogenic plasma Z.;y = 1. The values of the averaged
free-free Bieberman (Gaunt) factor EH(A) are usually close to unity, and given

for completeness if higher accuracy is desired.

Collisional Processes

In optically thin plasmas in which radiative transport is considered negligible, the
bound excited levels of atoms, ions and molecules are populated by collisions with
the surrounding charged and/or neutral particles. The strength of each process is
characterised by the cross section ¢, in units of m?, such that the rate of a process
involving two species with densities n; and ns for a particular transition from ¢ — p

18

dni(p)
dt

= n1n2/ O'(U)’Ufl (’Ul)fg(’U2> d3U1d3U2 (26)

where the integral over the velocity distribution functions f(v;) and f(ve) is called
the rate coefficient, <ov> in units of m3s~! for binary collisions. In electron col-
lisions, which constitute the dominant processes in controlling the spectroscopic
properties of atoms and ions in a plasma, the target species can be considered sta-
tionary due to the relatively high electron velocities. The collision strength €2, often
preferred in theoretical calculations, is a convenient dimensionless form of the cross-

section which has the advantage of being symmetrical with respect to the forward
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and inverse processes. An overview of the theoretical methods and approximations
associated with collisional processes is given in introductory plasma spectroscopy
texts (e.g. Griem, 1997; Fujimoto, 2004; Kunze, 2009). A brief summary of the
main collisional processes and their importance in the tokamak plasma context is

provided below:

e Electron impact collisional excitation and deexcitation
e+ A" (q) = A" (p) + e

This is the most important of the collisional processes, in which the energy
of the incident electron must be higher than the excitation threshold for a
particular bound-bound transition ¢ — p of the target species. In the re-
verse collisional deexcitation process, the scattered electron gains the equiva-
lent transition energy. In thermodynamic equilibrium the forward and reverse
rates are equal according to the principle of detailed balance. Of importance
to plasma spectroscopy is the cross-section functional dependence on elec-
tron energy which tends to exhibit a particular energy dependence for certain
transitions. The calculations are also more difficult than radiative transi-
tion probabilities since the Coulomb interaction between the free and bound
electron must be considered. Experimental determination of rate coefficients
is also possible using spectral line emission measurements in well diagnosed
plasmas with known temperatures and a well established excitation channel.
Of particular importance for interpretation of spectroscopic measurements are
cross-sections for redistribution between neighbouring excited levels by elec-
tron collisions which influence the statistical populations. In collisions with
molecules, the most common process is that of collisional dissociative excita-
tion which plays a role in tokamak edge and divertor plasmas in breaking up
cold Hy molecules into ground-state and possibly excited neutrals, depending

on the fragmentation channel.

e Electron impact ionisation and three body recombination
e~ + A*F(q) = AT (g) + e + e

Atoms, ions and molecules are directly ionised through electron impact from
the ground state and also from excited states to the ground state of the next
ionisation stage, liberating a bound electron in the process. The forward pro-
cess of ionisation can be regarded as the smooth transition of the excitation

cross-section attributed to bound states with negative energies to ionisation
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cross-sections resulting in an ejected continuum electron with positive kinetic
energy. lonisation cross sections increase strongly with the principle quantum
number of the target species. The reverse process is three-body recombina-
tion for which cross-section calculations are more complicated as the reaction
involves two electrons. In thermodynamic equilibrium, according to the prin-
ciple of detailed balance, the ionisation and three-body recombination rates

must be equal:

S(p)na—1(p)ne = alp)n.(1)n; (2.7)

where S(p) and a(p) are the ionisation and three-body recombination rate
coefficients, respectively, for a bound electron in an excited level p. In toka-
mak edge and divertor plasmas the three-body recombination process plays an
important role as a volumetric ion sink in high density and low temperature
plasma due to the n? dependence. In contrast to radiative recombination in
which ions recombine primarily into the ground state, three-body recombina-

tion is preferential to the excited states.

e Dielectronic recombination and autoionisation
e + AT (g) = A (p*) — A (p) + hv

Dielectronic recombination occurs when an electron is resonantly captured
(i.e., only electrons with a specific kinetic energy are captured) by the A+ (q)
ion and excites a second electron in the process resulting in a double excited
state A*"(p*) ion. The ion in this doubly excited state will then either au-
toionise (also called Auger breakup) or will radiatively decay to a lower singly
excited level of the recombined ion A**(p) producing a satellite line whose
energy is slightly lower than the energy associated with the normal transition.
Dielectronic capture and autoionisation rates are again equal at thermal equi-
librium. The rate coefficients of these processes can significantly influence the
statistical populations of excited levels, particularly for ions with more than

two electron (e.g., lithium-like, beryllium-like) (Fujimoto, 2004, p. 68).
e Charge exchange
A+ BT Az+—|—B(Z_1)+

In charge exchange processes, a target ion captures an electron from a collision

with an atom. The captured electron may not be in the ground state and the
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process is considered to be resonant such that charge exchange into one partic-
ular level has a high cross-section relative to neighbouring levels. In tokamaks
this process is important in the charge transfer from energetic neutral heating
beams to plasma impurity atoms and forms the basis of charge exchange and
beam emission spectroscopy. In edge and divertor plasmas, resonant charge
exchange between thermal hydrogenic ions and atoms (H™ +H — H+ HT)
plays an important role in wall erosion by fast charge exchange neutrals as
well as the momentum balance in the divertor especially at low plasma tem-
peratures. In the approximate picture the ionisation energy of the recombined
hydrogenic ion should be equal to the ionisation energy of the colliding hydro-
genic atom (i.e., the recombined hydrogenic ions will be in the ground state
for the Ht + H — H + H™ reaction) (Kunze, 2009, p. 132) .

e Jon and atom collisions

The large mass difference between electrons and ions (ion being 10% —10* times
heavier) requires ion energies to be larger by roughly the same factor in order
for ion impact collisions to have a similar effect as an electron impact collision.
Therefore ion impact cross-sections are comparable to electron impact cross-
sections when ion temperatures are three orders of magnitude or so higher
than the corresponding electron temperatures. However, at low temperatures
consistent with the conditions in edge and divertor tokamak plasmas, ion col-
lisions can be effective for transitions between closely lying levels, for instance,
in redistributing the excited level populations between different [ levels with

the same principle quantum number n.

e Molecular assisted recombination

The presence of molecular hydrogen in tokamak divertor plasmas can influence
the ionisation/recombination balance through a process known as molecular
assisted recombination (MAR). One possible channel is through the production
of negative ions from electron impact with vibrationally excited Hs molecules
and subsequent charge exchange with plasma ions resulting in ground state
and excited state (n = 3,4) neutrals (Post, 1995):

Hy(v>0)+e - H +H H +H" - H+ H(n = 3)

Although the MAR mechanism is thought to be important in addition to
the conventional radiative and three-body recombination channels, direct ex-

perimental evidence has not been widely observed (e.g Lumma et al., 1997;
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Krasheninnikov et al., 1997). In one study (Kubo et al., 2005) on the JT-60U
tokamak the influence of MAR on the total recombination rate of plasma ions

was estimated to be as important as the HT + e~ recombination pathway.

2.1.3 Population Kinetics

Interpretation of quantitative spectroscopic measurements relies on establishing re-
lationships between the recorded spectra and the atomic processes that govern the
intensity distribution and spectral profiles of discrete and continuum features.

In the case of line radiation, the energy levels of electronic transitions are not in-
finitely sharp, but are modified by an energy (or wavelength) distribution function
resulting from broadening and splitting mechanisms. Furthermore, the problem
of intensity distribution across different line series reduces to that of the popula-
tion densities of atoms and ions and their excited states, including the ground and
metastable states which constitute the dominant driving populations. This problem
is made simpler by making the assumption that the plasma is optically thin. This
assumption is certainly valid over most of the spectrum in the temperature range of
few eV to tens of keV and density range 10*® — 10?! m=3 in magnetically confined
plasmas. However, the optical depth of Ly-a (H 2—1) and Ly-$ (H 3—1) can be
significant in some divertor plasmas (e.g. Maggi et al., 1999; Reiter et al., 2003),
notably in the formation of the MARFE phenomenon (see Section 2.2.2), and is
anticipated to play an important role in the ITER divertor (Stratton et al., 2008).

The local population of an atomic state p of ions of charge z is given by the

coupled rate equation

dn, (p)
dt

= —R.(p =)+ R.(—p)+T.(p) (2.8)

where R,(p —) and R.(— p) represent the sums of all collisional and radiative rates
out of and into the level p, respectively, and I',(p) is the flux of n,(p) ions due to
convective and diffusive transport. A general solution to this rate equation is not
possible due to the large number of transitions and insufficient knowledge of the
corresponding rate coefficients. A common practical approach involves reducing the
total number of transitions, and therefore rate equations, and only considering the
dominant processes occurring at time scales relevant to the problem.

The following section provides a brief overview of the thermodynamic relations,

collisional and radiative processes and population models necessary to relate the line
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radiation to the relevant atomic processes that drive the excited state populations
in the context of tokamak plasmas, with emphasis on the conditions relevant to
divertor plasmas. More detailed discussion is provided in plasma spectroscopy texts
(e.g. Griem, 1997; Fujimoto, 2004).

Thermodynamic Equilibrium Relations

It is conceptually instructive to first consider a plasma and its radiation field in
thermodynamic equilibrium before modifying the equilibrium assumptions to reflect
the nature of the tokamak plasma radiation field in which emitted photons usually
readily escape the plasma.

The physical state of a plasma enclosed by a fictitious box with walls at temper-
ature T will be completely determined by 7" with the energy (velocity) distribution
of each particle species given by the Maxwell-Boltzmann distribution, neglecting
quantum effects at very high electron densities. The population densities of ions

with upper level p and lower level ¢ are then given by the rate equation

dn(p)
dt

=n(q)B(q — p)I, —n(p)[Alp — q) + B(p = ¢)1] (2.9)

where I, [Wm™2sr™!g] is the spectral radiance of the radiation field at the tran-
sition frequency v = E(q — p)/h and is considered to be isotropic. The rates of
pairs of inverse processes A(p — ¢), B(p — q) are Einstein’s A and B coefficients
which represent deexcitation by spontaneous radiative decay and radiative decay by

induced emission, respectively, and are related by

9(p)B(p — q) = 9(¢)B(q — p) (2.10)
Alp — q) = 2};/33(17 — q) (2.11)

according to the principle of detailed balance, where g denotes the statistical weight

of each level. Under steady-state conditions the rate equation reduces to

n(p)Alp — q)

b= 0BG > ) - BO > @)

(2.12)
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For a system in thermodynamic equilibrium the excited state populations for a
given ion are described by the Boltzmann distribution and the ratios of the upper

and lower populations is therefore

n(p) _ g(p) exp (_ E(p— C.I))

n(g)  g(q) kT

= %GXP <_k‘};—yT) .

Substituting equations 2.13 and

(2.13)

2hv? 1
& exp(hv/kgT) —1

I,dv = dv [Wm 2 st (2.14)

which is called Planck’s distribution, or the black-body radiation. This distribution
can be integrated over the entire spectral range to obtain the total radiance over all
transition frequencies.

Complete thermodynamic equilibrium can never be reached in tokamak plasmas
due to escaping photons out of the plasma leading to a radiation field in the plasma
volume that is significantly below the black-body radiation distribution. However, at
sufficiently high densities electron collisional processes can predominate over radia-
tive processes to the extent that the distribution of steady-state population densities
can be described according to the Boltzmann distribution (eqn. 2.13). By extend-
ing the Boltzmann distribution to continuum states of free electrons and integrating
across all electron energies (see Fujimoto, 2004, p. 23), the population density of
an excited level ¢ of an ion of charge z can be connected to the ground state den-
sity of the next ionisation state, yielding the Saha equation (also referred to as the

Saha-Boltzmann distribution)

nz-i—l(g)ne o gz-i—l(g) mekBT 3/2 _Ez,qoo
) 2 @) 5T exp Tl (2.15)

where E, , is the ionisation energy of level q.

The conditions for which the Boltzmann and Saha relations describe the pop-
ulation densities and ionisation balance represent local thermodynamic equilibrium
(LTE), for which a Maxwellian energy distribution of the electrons is a prerequisite
(Kunze, 2009, p. 140). It should be noted that the Saha equation is density depen-

dent (i.e., density links ion abundances), but excited state populations within the
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same ionisation stage are density independent via the Boltzmann relation. For LTE
conditions to apply to transient and spatially inhomogeneous plasmas, time scales
for reaching steady state must be considered as well as the diffusion rate compared
to the characteristic scale lengths of plasma parameter variations.

In general only a subset of excited levels can be considered to be in LTE. These
are typically the higher levels, separated by smaller energy gaps, which remain
coupled by collisions even as lower levels start to deviate from the Saha-Boltzmann
distribution with decreasing density. Griem (1997, p. 215) defined a threshold
level with principle quantum number ny,, known as the thermal limit, for which the
collisional rate is ten times the radiative decay rate and thus all levels above this
limit are considered to be in LTE. Since the excited level structure of the higher
levels resembles that of one electron systems, the concept of the thermal limit can
be applied more generally to non hydrogen-like systems and is called partial local
thermodynamic equilibrium, or PLTE. Detailed investigations of hydrogen-like ions
by Fujimoto and McWhirter (1990) with nuclear charge Z = z + 1 yielded an

expression for the thermal limit as

ngn & 590(z + 1)0n 0138 (g T)0! (2.16)

with n. and kg7, in units of m~2 and eV, respectively.

At very low electron densities (e.g., n, < 1017m™3 for hydrogen levels p < 5), the
excited state population structure can be estimated using the coronal equilibrium
approximation. In this low density regime, collisional processes become very weak
compared with radiative processes. The dominant populating mechanism is by elec-
tron collisional excitation from the ground state since the population densities of all
excited levels are very low in comparison to the ground state of an ion. Collisional
cross-coupling of levels is negligible due to relatively few electron-impact events, and
thus the excited states are de-populated via spontaneous radiative decay back to the
ground state, either directly or indirectly. If collisional excitation from metastable
level populations can be ignored, the population density n(p), in steady-state with

the ground state ion population n(g), can be written as

na(p) _ neC:(g = p)
n:(g)  A:p =)
where A.(p =) = > ., A(p — ¢) is the sum of radiative transition probabilities

<1 (2.17)

from level p to all lower levels and C,(g — p) is the electron collisional excitation

rate coefficient from the ground state.
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The excited state populations (within an ionisation stage) in the LTE regime
are linked to electron temperature according by the Boltzmann relation and are
independent of the electron density. In contrast, in the coronal regime the excited
state populations depend on density through the frequency of electron collisions
with ground state ions. Since the spontaneous radiative transition probabilities are

constants, the line emissivity is then given by

A.(p—q)

Az(p _>> neCz(g — p)nz(g) [ph S_l m_3] (218)

e(p—q) =

and is thus only linked to temperature through the collisional excitation rate co-
efficient. Additional populating mechanisms, including the radiative cascade con-
tribution and collisional excitation from metastable populations, can modify the
estimated emission rate depending on their magnitude relative to the strict coronal
equilibrium assumptions.

The validity of the coronal approximation does not hold for higher levels for
which collisional cross-coupling competes with radiative decay. The density range
for which all levels up to n = 6 can be considered to be in coronal equilibrium is
obtained by McWhirter (1965) for hydrogen-like ions as

A(z+1)?
7%§6X1T%z+wﬂyﬂwp<g%%%l) [m 7] (2.19)
Ble

For example, for a temperature range 10 < 7T, < 100 eV, the populations of the
first six principle quantum number states of hydrogen can be estimated using the
coronal approximations for densities in the range 3 x 10" < n, < 6 x 10" m™3.
Since tokamak divertor plasma densities can be significantly higher, the coronal
assumptions are therefore not satisfied, although for heavier hydrogen-like ions they

may be valid as a consequence of the (z + 1)° scaling.

Collisional-Radiative Regime

The population structures and charge state distributions of the majority hydrogenic
species and impurity ion content at density and temperature conditions typical of
tokamak plasmas often fall between the LTE and coronal regimes. Under such con-
ditions, it is necessary to consider the cross-coupling between levels due to collisional

processes, in addition to excitation from the ground state, recombination from the
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parent ion and direct and cascading radiative decay. This region in density and tem-
perature space where cross-coupling becomes important is known as the collisional-
radiative (CR) regime. Quantitative analysis of plasma spectroscopy measurements
is underpinned by models which are capable of describing the population structure
in the CR regime with sufficient accuracy commensurate with observational and
plasma parameter variation time scales. Such models, in turn, rely on available col-
lections of fundamental and derived atomic data capturing the relevant collisional
and radiative processes.

The basis for collisional-radiative theory was first outlined by Bates et al. (1962)
and extended by many others, notably by McWhirter and Summers (1984) in the
development of the generalised collisional radiative (GCR) theory, which formed
the basis of the practical implementation of GCR as part of the ADAS Project
(Summers, 2004). This section provides a brief overview of the general approach to
collisional-radiative modelling as a basis for defining the diagnostically useful deliv-
erables used in this thesis for the analysis of hydrogenic line series and light impurity
line spectra. The formulation follows that of the calculation methods used within
the ADAS Project, and is described in more detail in the ADAS Manual (Summers,
2004) and related publications (e.g. Summers et al., 2002, 2006; O’Mullane et al.,
2006).

The challenge of collisional-radiative modelling rests on the evaluation of the
excited state populations of the atomic and ionic plasma constituents as well as
the densities, or fractional abundances, of the different ion charge states. This task
is complicated by the nature of tokamak plasmas, namely: steep temperature and
density gradients across the core plasma to the edge, SOL and divertor regions; tran-
sient events due to ELMs and other MHD instabilities; and the variety of intrinsic
and extrinsic atoms, ions and molecules that participate in collisional and radiative
processes. The modelling approach can be somewhat simplified, however, by con-
sideration of the relaxation times of the various states of plasma species in relation
to the plasma development time scales and characteristic scale lengths associated
with particle transport. The excited states of an atom or ion can be classified as ei-
ther ordinary excited states, ground states and metastable excited states. Since the
radiative decay from metastables states only occurs via forbidden transitions and
thus much longer lifetimes compared to ordinary excited states, it is appropriate to
group the ground and metastable levels together. In the CR regime, the redistribu-
tion of the ordinary excited states occurs through the competition of collisional and

radiative processes. Relaxation times of ordinary excited states through radiative
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decay are of the order of the radiative transition probabilibites, 7, < A~!, while the
relaxation times associated with redistribution of ordinary levels via electron (an to
a lesser degree ion) collisions rely on the thermalisation time constant of the free
electrons, 7._., generally considered to be short such that 7._. < 7,. The redistri-
bution of the ground and metastable states occurs via ionisation and recombination
processes, with typical lifetimes in magnetically confined plasmas of the order of
the plasma diffusion rates (Summers et al., 2006). Thus, the relaxation times of the
ground state ions and metastables, 7, and 7,,, respectively, are comparable to that of
Tplasma, Which encompasses characteristic diffusion rates and time scales of transient

plasma processes. In the overall picture, the relaxation times are then ordered as

Tplasma ™~ Tg ™~ Tm > Ty > Te—e (220)

These considerations lead to a decoupling in the treatment of (i) the dominant
ground and metastable density redistribution driven by transport, and (ii) that of
the ordinary excited state population structure which is considered to be in quasi-
equilibrium (also referred to as the quasi-static approximation) with the ground and
metastable populations. The practical implications for the plasma spectroscopist are
that the excited level populations, which describe the observed spectral line inten-
sities, depend only on the local conditions of the plasma electron and ion densities
and temperatures if radiation transport can be ignored (i.e., assuming an optically
thin plasma).

The rate equation for a particular excited level p balances the relevant populating
and depopulating collisional-radiative mechanisms such that the rate of change of

n(p) is given by

d

") = ; C(g — p)nen(q)
- HZ Flp—q)+» Clp—q) + S(p)} ne+ Y Alg— p)] n(p)

+ Y [F(qg = p)ne + Alg — p)] n(q)

q>p
n
* [“D@) +aR(p) + ol (p)ne + L aCX <p>] netoss

e

(2.21)

where the summations over ¢ < p and g > p refer to the excited levels that are en-

ergetically below and above the excited level p under consideration, respectively. In
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the above equation only the electron impact collisional processes are considered for
clarity, where C'(p — ¢) and F'(p — q) are the collisional excitation and deexcitation
rate coefficients, respectively, and S(p) is the collisional ionisation rate coefficient.
The first line represents the excitation flux (units of m=3 s7!) into level p from lower
lying levels, the second line is the depopulating flux out of level p, the third line is
the populating flux from levels lying above p and the fourth line is the direct recom-

R o and a®X denoting the rate coefficients for

bination contributions with o, «
dielectronic, radiative, three-body and charge exchange recombination, respectively.

In quasi-equilibrium, the population density n(p) can be approximated as con-
stant (dn(p)/dt = 0) for a given set of plasma conditions. Thus the set of differen-
tial rate equations for the ordinary excited states reduces to a set of coupled linear
equations which can be solved using matrix methods. Practical considerations with
respect to handling large numbers of balance equations (i.e., level structure resolu-
tion) must be addressed. One convenient approach consists of grouping the excited
levels into: (i) the set of low-lying levels described at high resolution (e.g., the level
structure of the atom/ion detailed at the LS or LSJ resolution) which includes the
most relevant transitions for spectroscopic applications; and (ii) the set of highly
excited levels (bundle-n levels in the GCR scheme) which account for cascading and
redistributing processes as well as step-wise ionisation and recombination (Maggi,
1997). Details on the practical implementation of such classifications in the ADAS
set of codes, as well as a description of the formulation of the matrix coefficients,

can be found in the ADAS manual (Summers, 2004) and the overview of the GCR

model for light elements in (Summers et al., 2006).

Diagnostically Useful Derived Atomic Data

Fundamental to the interpretation of spectral line emission measurements is the use
of derived atomic data which relates the line intensity to the excited state population
densities. For a given set of plasma density and temperature conditions, it is possible
to express the emissivity (in units ph s~ m™3) for a given transition p — ¢ in terms
of the photon emissivity coefficients (PFEC') that result from rearranging of the terms

in eqn. 2.21, such that

e(p—q) = Z PEC“*)(p — q,0)nn’" + Z PEC") (p — ¢, p)nenfl—l—

g (2.22)
> PECN(p— g, pneni™,

p
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where PEC®*, PEC™ and PEC®X are the separate effective emissivity contribu-
tions attributed to collisional excitation, recombination and charge exchange pro-
cesses for each metastable level denoted by o for the ion itself and p for the parent
ion. The scope of the included processes depends on the underlying data set. For
example, in the ADAS ADF15 class which holds collections of PEC' data for vari-
ous iso-electronic sequences, the ADF04 specific ion fundamental data sets serve as
input, the scope of which can vary depending on the available data for a particular
species.

In practice the densities of the colliding species may be estimated by transport
equations in order to determine the contributions from each term in eqn. 2.22, but
it is often the case that one contribution predominates over the other such that
the PEC data can be used directly in the interpretation of relative line intensities.
For instance, for hydrogenic species the excitation component is typically much
larger than recombination at high electron temperatures, whereas recombination
predominates at T, < 1.5 eV for most levels (see Section 2.3.1). PEC's are also
useful in comparing spectroscopic data to spatially resolved outputs from transport
models which yield the local densities of the relevant colliding species in addition to
local plasma conditions.

The dominant driving populations in the GCR picture are the ground state and
metastable levels which are assumed to be significantly populated with respect to
the ordinary excited level populations. The ionisation balance of hydrogenic and
impurity species in a plasma can be described with effective ionisation, Scp, and
recombination, a¢p, derived rate coefficients which are functions of electron temper-
ature and density. The C'D (collisional-dielectronic) subscript refers to the combina-
tion of direct and step-wise (cascade) collisional and ionisation/recombination and
dielectronic recombination processes included in the calculation. Although these
derived quantities are of primary interest in describing the source and sink terms
in dynamic transport models, the coefficients can also be applied directly to spec-
troscopic line emission observations in fusion diagnostic applications. For instance,
the ionisations per photon ratio (SXB) relates the PEC*) and S¢p coefficients
to yield the number of ionisation events from a particular parent ion to the number
of emitted photons for a particular transition p — ¢. Assuming that the ground

states are the dominant driving populations (i.e., neglecting metastable levels) the
SXB is defined as
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B Scp
SXB(p—q) = 55 @ (p 5 )’ (2.23)

and is given for a specific spectral line of an ion. The inverse of the SX B coefficient
is known as the photon efficiency. These quantities are useful for relating the line
integrated spectral line intensity I79(p — ¢) (phs ' m=2sr!) to the influx T
(m~2 s71) of an ion species into the plasma from a surface as the element "burns

through” to the next ionisation stage along the spectroscopic line of sight, such that

I'=471"°%(p — ¢) SXB(p — q), (2.24)

with the assumption that the population of excited level p is due mainly to excita-
tion processes. The formulation and application of the SX B is described in detail
in (Behringer et al., 1989), and additional applications in (e.g Stamp et al., 1987;
Sugie et al., 1999). The ADAS class ADF13 contains collections of SX B data sets
which are closely related, according to eqn. 2.23, to the ADF15 class which con-
tains collections of PEC data sets, and to the ADF11 class which contains, among
other derived quantities, collections of the S¢p coefficients (Summers, 2004). SXB
coefficients are employed in Section 2.3.1 for calculating the hydrogen Balmer and
Paschen series line spectrum and in estimating the hydrogen spectral line radiance
in the JET-ILW divertor in Chapter 4.

2.1.4 Line Broadening Mechanisms

Atomic energy levels and the radiative transitions between them are not infinitely
sharp and therefore must be described by an appropriate energy (wavelength) dis-
tribution. At the very least the spectral line is naturally broadened due to the
uncertainty associated with the lifetime of an excited state, which connects the re-
sulting uncertainty in the energy through the Heisenberg uncertainty principle. This
effect, however, is typically negligible in comparison to broadening from tempera-
ture and density effects in laboratory plasma conditions. In addition, the presence
of a magnetic field used to confine charged particles in a tokamak results in lifting
of the degeneracy in the magnetic quantum number and thus the splitting of energy
levels of atomic systems. Standard plasma spectroscopy textbooks give an overview
of the line broadening theory (e.g. Griem, 1997, 1974; Sobelman et al., 1981), in-

cluding a useful summary to the experimental spectroscopist by Kunze (2009). This
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section outlines the main considerations associated with the physical broadening
mechanisms which will be employed in the interpretation of spectral line shapes in
Chapter 5. It should be noted that, in the practical sense, an observed spectral line
profile is the result of the convolution of the intrinsic line shape with the instrumen-
tal transfer function of the spectrometer. The spectral width of the instrumental
broadening component thus places a limitation on the feature resolution of the line

profile.

Temperature Broadening

The thermal motion of an ensemble of atomic or ionic emitters results in a Doppler
shift in the frequency of the emitted photons due to their projected velocity compo-
nents in the direction of the observational line-of-sight. In the case of a Maxwellian
energy distribution associated with a temperature T; of the emitting species the
monochromatic spectral line is broadened with the line shape given by a Gaussian
with a full width half maximum (FWHM)

ANG T
2 Jgin o BT (2.25)

where m; is the mass of the emitter. In the case of a non-Maxwellian velocity distri-

bution, the profile will mirror the velocity distribution in the line-of-sight direction.

Density Broadening

Energy levels of an emitter are influenced by the presence of surrounding atoms,
molecules, ions and electrons resulting in the broadening and shifting of spectral
lines. The broadening effect is proportional to the particle densities and can therefore
be used as a measure of those densities, provided a suitable relationship between
density and the broadened profile can be derived. Perturbations by neutral atoms
and molecules are generally negligible compared to perturbations by collisions with
charged particles, resulting in a shift in energies through the Stark effect. Given
the large number of particles within the plasma and their long range Coulomb
interactions with the emitter, the broadening process is complicated and a general
solution to the time-dependent Schrodinger equation is impossible. However, due
to the large difference in ion and electron velocities, a separate treatment of the
fast and slow moving particles and their effect on the emitter is considered. In

the impact approximation (Lorentz, 1906), collisions of the emitter with relatively
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fast moving electrons (perturbers) can be treated as statistically independent and
each one accounted for individually. If the collisions are random the profile will be
Lorentzian. At the other extreme with very slow moving ion perturbers, the dynamic
effects can be avoided altogether and the electric field at the radiator location can
be considered constant over the lifetime of the emission process. This is known as
the quasi-static approrimation. Since the field is characterised by a distribution, the
splitting of each perturbed Stark component is smeared and gives a continuous line
profile. The probability distribution of the ion microfield is denoted as H(3) where
B = F/Fy is the reduced field strength and Fy is the normal field strength. The
first calculation was carried out by Holtsmark (1919) in the ideal gas limit with the

distribution derived as

HB) = %B /0 ” do sin(Bz) exp(—2%/2) (2.26)

and the normal field strength

Fy ~ 2.603 4Z—en2/3 (2.27)

TEY -

The microfield distribution H () represents the probability that the emitter will
experience a certain electric microfield F' due to the presence of the surrounding
ions. Hooper (1968) improved the field strength distribution by considering ion-ion
correlations and Debye shielding by the electrons.

For hydrogen atoms the degenerate energy levels are subjected to the linear Stark
effect. The resulting energy shifts of the Stark components by the ion microfields are
usually much larger than the inverse of a typical ion-atom collision time. Modelling
the ion influence using the quasi-static approximation is therefore often appropriate.
The typical approach in obtaining the line profile usually proceeds by calculating
the set of Stark components due to a constant electric field set up by the stationary
ions. These components are then broadened by a Lorentzian profile due to electron
collisions within the impact approximation. The electron broadened set of lines
is then convolved with the appropriate ion microfield distribution function within
the quasi-static approximation, yielding the total smeared profile. Following this
procedure, approximate line widths of hydrogen atoms and hydrogen-like ions can
be obtained. Kunze (2009, p. 164) gives the FWHM of a line from a transition

p — q using the Holtsmark microfield distribution as
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Aip

. 8.4 x 1072\, 4(n2 — n2)=n,>? (2.28)
pP—q

where n, and n, are the principal quantum numbers associated with the transition
p — q, Z is the nuclear charge of the emitting atom and z is the charge of the
perturbing ions, A\, _, is in units of nm and n, in units of m~3. This expression is
particularly useful for fitting the line profiles of high-n lines in the hydrogen series
where electron broadening can predominate and the profile can be approximated by
a Lorentzian. In the lower-n lines (e.g., Ba/Pa-«, 3, 7) the influence of ion microfield
broadening becomes important and the assumption of static ions can underestimate
the extent of broadening near the line center (Stehlé and Hutcheon, 1999). An
improvement on the quasi-static approximation is made in the Model Microfield
Method (Brissaud and Frisch, 1971) by introducing ion dynamics where the resultant
microfield fluctuations are treated as a statistical process following Poisson statistics
and employing Hooper’s microfield distribution functions. A widely used set of
extended tabulations for hydrogen Lyman, Balmer, Paschen and Brackett series
lines for a pure hydrogen plamsa is based on the work by Stehlé and Hutcheon
(1999) following the MMM formalism. Since the ions are considered dynamic, the
tabulations include a temperature dependence and span an electron density and
temperature range of 106 < n, < 10% m=3 and 0.22 < T, < 112 eV, respectively.
The total profile from the line center to the line wings is thus provided, from which
the line FWHM can be obtained and compared to observed line profiles, provided the
pure Stark broadened contribution can be isolated in measured spectra. In Section
5.1.1, a parametrisation of the Stehlé and Hutcheon (1999) MMM tabulations is
described, which facilitates efficient implementation of the dataset into least-squares
Stark broadening fitting routines used for inferring plasma electron density from

observed spectra.

Magnetic Field Effects

The magnetic field used to confine charged particles in tokamak plasmas causes
Zeeman splitting of spectral lines due to the interaction of the magnetic moment p
associated with the emitting atom or ion with magnetic field B and an interaction

energy given by
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Emag — I - B
(2.29)

= (pup + ps) - B
where pp = —(e/2m.)L and ps = —g.(e/2m.)S are the magnetic moments due

to the electron orbital angular momentum L and intrinsic electron spin angular
momentum S, respectively, and g, is the electronic g-factor.

For weak magnetic fields where the magnetic interaction is smaller than the
spin-orbit interaction, each level with total angular momentum quantum number
J splits into (2J + 1) states due to space quantisation by the magnetic quantum
number M. Dipole transitions between two such states obey the selection rules
AM = 0,+£1 which results in # (AM = 0) and o (AM £ 1) polarisation com-
ponents. w-components are linearly polarised parallel to the magnetic field lines
when viewed perpendicular to the field and do not emit in the field line direction.
o-components are circularly polarised in the direction of the field and linearly po-
larised perpendicular to the field direction. When observed perpendicular to the
field, the plane of polarisation of the o-components is perpendicular to the field line
direction.

The shift in energy due to space quantisation by magnetic quantum number M

is given by

where g7, is the Landé factor, ug = eh/2m. is the Bohr magneton and B is the

magnetic field magnitude. In the LS-coupling scheme the Landé factor is given by

J(J+1) = L(L+1)+S(S+1)
27(J +1)

gL =1+ (2.31)

such that the energy shift for the Zeeman components away from the unshifted

(non-field) transition energy between levels p — ¢ is, in wavelength units,
ANy g[nm] = 4.669 x 10~°[Myg1.4 — MpgrplXa_,, B (2.32)

where B is in units of Tesla and \,_,, is the unshifted wavelength. The resulting

multiplet structure is known as the anomalous Zeeman effect.
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With increasing field strength, the Paschen-Back regime is reached where the
independent magnetic interactions with the orbital angular momentum L and spin
angular momentum S become larger than the spin-orbit coupling. Each state in the
multiplet structure is now given in terms of the quantum numbers SMgLM; with
selection rules AMg = 0 and AM; = 0,+1, resulting in a triplet with a central
unshifted m-component and two symmetrically shifted o-components with the shift

in the triplets given by

AN, gnm] = 4.669 x 107 AM A2, B (2.33)

p—q

Since each components in the Zeeman/Paschen-Back multiplet is either linearly
or circularly polarised according to whether AM = 0 or AM =+ 1, the emissivity
per steradian of a particular component is dependent on the observation angle 6

between the line of sight and the magnetic field direction, such that

AM:O:%mﬁer+%LSJJ@MnL&LﬂD (2.34)
m

1
AM +1: 8_7'('(1 + cos?’A(p — ¢, L, S, J, M)n(p, L, S, J, M) (2.35)

where A(p — ¢, L, S, J, M) is the spontaneous emission rate for the given transition
and n(p, L, S, J, M) is the upper state population. If the distribution of populations
of the same term and the magnetic sub-states for each of the terms can be assumed

to be statistical, then

1
27+ DL+ 1)2S+1)

n(p, L, S, J, M) = (p, L, S) (2.36)

and the relative intensities of the Zeeman/Paschen-Back multiplet components are
independent of the upper state population. This allows for analysis of the magnetic
perturbations to the profile of a spectral line without prior knowledge of the excited
state populations.

The basis for quantifying the magnetic effects on the profile of a spectral line
in this thesis is the ADAS603 code (Summers, 2004), which provides the Zeeman /
Paschen-Back component relative intensities and wavelength shifts for hydrogenic

species and several impurity transitions as a function of the magnetic field strength,
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Figure 2.1: H 4—3 Zeeman/Paschen-Back o and 7 polarisation components (black)
calculated using the ADAS603 code for B = 2 T, 8 = 90° and the total Stark-Doppler
broadened line profile (red, scaled) for n, =5 x 101 m™3 and T'= 5 eV.

observation angle and polarisation state. As an example, Figure 2.1 shows the
Zeeman / Paschen-Back multiplet components for the Pa-a: (H 4—3) line, with the
parameters B = 2 Tesla and observation angle # = 90°. An estimate of the line
profile is obtained by introducing a common broadener for each component as a
result of the convolution of the Doppler and Stark broadening (obtained using the
MMM tabulations) for plasma parameters n, = 5 x 10! m™3 and T' = 5 eV. The
components are then summed to yield the total profile. This approach treats the
influence of the Zeeman and Stark effects as statistically independent processes (see
Section 5.1).

2.2 Divertor Physics

The operational goals of the tokamak divertor are (i) to mitigate the interaction
between the plasma and the physical structures of the tokamak while maintaining the
performance of the core confined region needed to sustain the fusion power source,
and (ii) to provide efficient active pumping (removal) of helium ash and hydrogenic
fuel. The main design strength of the divertor concept lies in its ability to localise
the plasma-wall interactions away from the core, thus limiting the accumulation of

impurities and fuel dilution which are detrimental to the core plasma performance
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(Stangeby, 2000a).

2.2.1 Plasma-Surface Interactions

The character of the radiation emitted by divertor plasmas depends fundamentally
on the physical processes occurring in the divertor due to the co-existence of plasma
and solid surfaces. Consider, for example, cross-field transport of energetic charged
particles crossing the confined region into the SOL. These particles move rapidly
along the SOL field lines (parallel transport) to the divertor targets, which intersect
the open field lines and thus limit particle diffusion in the cross-field direction (radial
transport). This results in a finite thickness of the SOL which is largely dependent
on the degree of cross-field diffusion and the connection length from point of entry
into the SOL to the target (Stangeby, 2000a) (see Figure 2.3). The region associated
with the strongest PSI processes is therefore localised to the thin strip of SOL plasma
at the point of contact with the divertor targets.

Figure 2.2 illustrates the main PSI processes at the tokamak main chamber
wall and divertor targets. The interface layer which mediates the flow, energy and
momentum of charged particles from the quasi-neutral plasma to the solid surface
is the electrostatic sheath. A net space-charge rapidly develops at the electrostatic
sheath due to the higher thermal velocity of the electrons compared to the ions
(Stangeby, 2000b). An ambipolar electric field thus forms due to the build-up of
negative charge and retards further electron flow while at the same time accelerating
ions towards the surface and equalising the fluxes of electrons and ions to the surface.
This balance prevents the build up of charge in the plasma and thus maintains quasi-
neutrality. An important theoretical result is known as the Bohm criterion (Bohm,
1949), which states that the ion velocity at the sheath edge must be greater than or
equal to the ion sound speed in order for the sheath to form at the solid surface. The
derivation of this result also leads to an estimate of the thickness of the sheath layer,
which, for the simple case of stationary plasma ions (i.e., 7; = 0) turns out to be
approximately equal to the Debye length (Stangeby, 2000a, p. 73). For example, for
typical plasma edge conditions with 7, = 20 eV and n. = n; = 10! m~3 the sheath
thickness is ~ 10 pm, and is thus an extremely thin interface between the plasma
and surface. An important consequence of the ion (plasma or impurity species)
acceleration in the sheath is the impact energy of the ions, Fy ~ 2kgT; + 3ZkgT,,
which substantially exceeds the energy attributed to a Maxwellian ion inflow of

2kpT;, and thus can lead to increased sputtering (Stangeby, 2000b).
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Figure 2.2: Schematic of the main plasma-wall interaction processes in a tokamak.

At the point of contact with the solid surface, some fraction of the charged parti-
cles are adsorbed and recombine to form neutrals, while some may be reflected back
into the plasma. The resulting neutral is weakly bound to the surface and desorbs
(is recycled) back into the plasma where it eventually re-ionises. The mean free path
for ionisation depends on the plasma conditions as well as the energy of the desorbed
neutral, its mass and ionisation energy. For the majority hydrogenic plasma species,
this recycling process is sufficient to fuel the plasma if the plasma is not actively
pumped. At sufficiently high energies, the impinging plasma ions can erode the
solid surface through physical or chemical sputtering, thus introducing impurities
into the plasma which are subsequently ionised and carried away from the erosion
source. The impurity ions can also erode material through a self-sputtering process.
In the JET ITER-like wall configuration, the main wall and limiters are composed
of beryllium coated tiles, whereas the entire divertor consists of solid tungsten and
tungsten coated tiles. Be line radiation is present, however, in the divertor plasma
and can be attributed to the transport of Be ions from the main chamber walls (Be
source) via the SOL down to the divertor targets (e.g. Krieger et al., 2013). The
erosion of the main wall Be tiles occurs mainly due to residual plasma ions and en-
ergetic neutrals impinging on the walls via charge-exchange reactions through which
relatively high temperature charged particles in the SOL plasma exchange electrons
with low energy recycled neutrals from the walls. This process can lead to Be self

sputtering, which has been observed to be the dominant erosion mechanism at high
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impact energies (Brezinsek et al., 2014). Energetic Be ions impinging on divertor
targets, being more massive than the hydrogenic species, can exceed the W sput-
tering threshold energy and lead to W erosion, particularly during the intra-ELM
phase in high confinement mode plasmas (e.g. van Rooij et al., 2013).

The distribution of hydrogen isotope and impurity species and their ionisation
stages in the divertor plasma is driven by the combination of localised erosion and re-
cycling sources, SOL transport, temperature and pressure gradients in the cross-field
and parallel direction, and drifts imposed by the magnetic configuration. Radiation
emitted by the neutral and partially ionised species is then a consequence of the
local densities of excited state populations and the relevant collisional and radiative

processes.

2.2.2 Divertor Operating Regimes

The typical magnitude of the parallel heat flux, ¢, along the open magnetic field
lines of the outer SOL in large tokamaks is in the range 107 —10° W m~2 (Stangeby,
2000b) and scales according to

N Psor/2 B

2.
27RA\, By’ (2.37)

qi

where Psoy is the total power entering the SOL from the core plasma, R is the major
radius, B and By are the total and poloidal magnetic field magnitudes, respectively,
and A, is the characteristic power width (or heat flux decay length). For ITER, for
example, Pgoy is in the range of 100 MW (Ikeda, 2007) and predictions of A, are of
order few mm (e.g Eich et al., 2013) such that ¢j ~ 2 GW m™2. Such high exhaust
power densities pose a serious challenge to the successful operation of reactor-scale
devices, for which the lifetime of plasma-facing components can be unacceptably
short if the steady-state and transient power deposition onto the target materials
exceeds physical limits (~ 10 MW m~2). Optimisation of the target plate geometry
in order to minimise the field line incidence angles can reduce the heat flux to the
target by a factor of ~ 20 or so, but geometry optimisation alone is not sufficient for
reducing the heat loads below engineering limits. The most promising approach for
achieving acceptable levels of power and particle control relies on the dissipation of
energy and momentum upstream of the divertor target plates by means of volumetric
atomic processes. The features of divertor plasmas which exhibit such characteristics

are summarised in the following brief overview of the divertor operating regimes in
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order to motivate the discussion of passive spectroscopy measurements in subsequent

chapters.
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Figure 2.3: Schematic of the straightened out SOL flux tube.

A common conceptual aid used in describing tokamak divertor operating regimes
is to straighten-out the open field lines in the SOL, as shown in Figure 2.3, with the
upstream conditions (denoted with subscript «) on one end and the conditions at the
target plate (denoted with subsript ¢) at the other end. L is the connection length
defined as the shortest distance from the upstream position to the target surface
measured along the field line. In the simplest case, the heat flux which enters the
SOL upstream is carried to the target entirely by parallel convection such that the
temperature along the SOL is constant (i.e., VT ~ 0, or T,, = T;). This scenario
is observed at moderate upstream densities and results in moderate recycling of the
impinging plasma ions at the target, such that ion-neutral interactions near the plate
can be neglected. In the absence of parallel temperature gradients, the electrostatic
sheath represents the dominant heat sink, and is undesirable for tokamak operations
due to large plasma temperatures at the targets and thus increased sputtering yields.
This scenario is termed the sheath limited regime (commonly referred to as the
attached divertor) and represents the first case in Figure 2.4.

With increasing upstream density, a higher particle flux at the target increases
the rate of ionisation of recycled neutrals near the target surface, and thus diminishes
the flows in the SOL which would otherwise be unencumbered in the sheath limited
regime. A direct result of the reduction in the SOL flows is a decrease in convective

transport, leaving conduction as the main heat transport mechanism. This leads to
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Figure 2.4: Main features of the sheath limited, conduction limited, and detached diver-

tor operating regimes.

the formation of a parallel temperature gradient, necessitated by the more stagnant
SOL, such that V|/T" # 0. This is quantified with an increase in the SOL collisionality
parameter, v* ~ n,L/T?, for which high values (= 10) signify strong temperature
gradients (Stangeby, 2000a, p. 194). A SOL characterised by a significant parallel
temperature gradient is said to be in the conduction limited regime (or high recycling
regime), shown as the middle case in Figure 2.4. While the plasma pressure is
conserved in this regime (i.e., a parallel density gradient opposes the temperature
gradient such that nkgT,+nkpT;+(1/2)nm;v? ~ constant), the plasma temperature
at the target can be significantly lower than upstream, leading to reduced sputtering
and erosion.

By further increasing the upstream density through active fuelling the temper-
ature at the target can fall below 5 eV at which point charge exchange collisions
between hot ions and cold recycled neutrals start to predominate over ionisation
in the vicinity of the target plate. This is evident in Figure 2.5 which shows the
temperature dependence of the effective ionisation, charge-exchange and recombi-
nation rate coefficients for pure hydrogen plasmas using derived atomic data from
the ADAS ADF11 class. The resulting hot neutrals, no longer magnetically con-
fined, remove momentum and energy from the plasma thereby lowering the plasma
pressure and reducing the temperature even further. This is highly beneficial as it
results in a reduction in both ¢ as well as the particle flux to the target, I'j. At
T. < 1.5 eV another channel of plasma momentum and radiative energy loss be-
comes accessible as the three-body recombination rate becomes the dominant atomic
process. This leads to significant volume recombination and a further increase in
the neutral pressure and conversely a rapid decrease of the plasma density near the

target. The ionisation front effectively ’detaches’ from the solid target surface and
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moves some distance upstream, hence this operating regime is referred to as the
detached divertor, shown as the last case in Figure 2.4. Volumetric processes in the
detached region can therefore dissipate a significant fraction of the exhaust power
over a much larger area relative to the sheath limited and conduction limited regimes
in which the heat flux is confined to the very narrow strip of wetted area charac-
terised by A,. The experimentally observed signatures associated with detachment
are typically: (i) an initial increase in the ion flux to the target, as measured by
Langmuir probes, and a subsequent roll-over in the ion flux as the plasma detaches
and the plasma sink moves away from the surface (see e.g. Loarte et al., 1998; Har-
rison et al., 2011); (ii) an increase in the D 3—2 emission in the divertor even after
the ion flux roll-over; (iii) the presence of high-n hydrogenic series lines (Lyman,
Balmer, Paschen) associated with the higher lying excited states being primarily
populated by recombination. Spectroscopic measurements of the hydrogen isotope
emission in the detached regime are therefore typically used to quantify the degree
of volume recombination and the plasma properties in the cold and dense detached
divertor plasma (e.g. Meigs et al., 1998). For instance, studies of recombination on
Alcator C-Mod using spectroscopic techniques (Lumma et al., 1997) have shown
the three-body recombination rate to account for ~90% of the total recombinations,
with the remainder mostly attributed to direct radiative recombination and some
small fraction due to molecular-activated recombination (MAR). Consequently, the
total recombination rate on Alcator C-Mod has been shown (Lipschultz et al., 1999)
to account for up to 75% of the ion sink.

In describing the characteristics of plasma detachment, it is important to high-
light the stability issues associated with this operating regime. The extent to which
the plasma can be fueled to increase the upstream density in order to access de-
tachment depends on the degree to which the cold and dense plasma and neutrals
interact with the confined region and the resulting impact on the core plasma per-
formance. Observations from detachment experiments on many devices, including
JET (Monk et al., 1999; McCracken et al., 1998), Alcator C-Mod (Lipschultz et al.,
1998) and DIII-D (Stacey et al., 1999) show that detachment can eventually lead to
the formation of an unstable radiating region near the X-point, known as a MARFE
(Multifaceted Asymmetric Radiation From the Edge) (Lipschultz et al., 1984). This
is usually the precursor to an eventual density limit disruption which terminates the
plasma. Figure 2.6 shows an example of the expansion of the cold radiating region
during detachment from bolometry measurements of the radiated power spatial dis-

tribution in JET density ramp experiments (Huber et al., 2007). The concentration
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Figure 2.5: Effective ionisation, recombination and charge-exchange rate coefficients
from the ADAS ADF11 class.

of radiation near the X-point and incursion into the confined core region at ¢t > 16.4
s is in contrast to the radiation distribution in the earlier phase of the discharge at
t < 16.0 s which is confined along the inner and outer divertor SOL, outside of the

core plasma.
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Figure 2.6: Tomographic reconstruction of JET divertor bolometry data from a density
ramp discharge (Huber et al., 2007).
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An active area of research is concerned with the exploration of more exotic
divertor geometries for improved control and mitigation of exhaust power. One
example is the Super-X configuration on the MAST-Upgrade (Fishpool et al., 2013;
Katramados et al., 2011), being built at the time of writing, which is designed to
increase the wetted area and connection length of the outer divertor by relocating
the outer target radially outward. In combination with mangetic flux expansion and
improved divertor baffling, this should facilitate improved access to and stability of
detachment. Another example is the TCV tokamak which has the unique capability
of introducing additional field nulls to the divertor magnetic geometry with the aim
of distributing the exhaust power to multiple target zones in a configuration known
as the snowflake divertor (e.g Piras et al., 2009).

2.3 Divertor Plasma Radiation Sources

The spectral features of tokamak plasma radiation depend on the local plasma den-
sity and temperature as well as the density and transport of the dominant pop-
ulations of atoms, ions and molecules in the ground and metastable states in the
spatially and temporally inhomogeneous plasma. The radial temperature profile in
the core usually peaks near the magnetic axis with typical values of electron tem-
perature above 1 keV. A steep gradient in both temperature and density, called the
pedestal, is usually observed in high confinement (H-mode) operating scenarios (e.g.
Hubbard, 2000), such that temperature in the edge and SOL plasma are of the order
of few tens to hundreds of eV. Plasma densities in the core are typically > 10! m~3.
Downstream of the SOL in the divertor, atomic processes (e.g., in the detached
divertor regime) can lower the plasma temperatures below 5 eV or even 1 eV and
conversely raise the plasma density above 10 m=3. Light impurity ions, such as Be,
C, O, N, and Ne are predominantly fully ionised in the core, with partially ionised
concentrations at the edge, SOL, and divertor. Medium-Z ions, such as Fe or Ar,
will exist in H-like and He-like states in the core while high-Z ions, such as W, retain
a significant number of electrons in the core and thus radiate strongly. The working
plasma hydrogenic species are fully ionised in the core, with the exception of neutral
beam particles which, owing to their high injection energies (~ 100 keV), can pen-
etrate into the core before losing their electrons through charge-exchange collisions
with hydrogenic and impurity ions. Likewise, excursions of the cold radiating region
to the X-point and beyond the LCFS to the confined plasma region during MARFE

formation can lower the screening of impurities and hydrogenic neutrals which have
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a deleterious cooling effect on the core plasma.

Strongly localised plasma-wall interaction at the divertor targets in combina-
tion with relatively cool and dense plasma conditions in the divertor results in an
emission spectrum with many of the low-Z neutral and partially ionised electronic
transition photon energies in the UV, VIS and NIR part of the spectrum. The low
concentrations or complete absence of these radiating species in the core plasma
is convenient for line-of-sight integrated observations of the divertor plasma. The
recycling of hydrogenic neutrals is typically dominated by the high ion fluxes at
the divertor targets. The re-ionisation depth of these neutrals depends on the elec-
tron and ion density and temperature and the ionisation rate can be related to
the measured intensity of a particular electronic transition using the derived ADAS
SXB coefficients. Higher energy neutrals from charge-exchange processes as well
as Frank-Condon processes due to molecular breakup can also contribute to the
line intensities and spectral line profiles of hydrogenic species. Volume recombina-
tion in detached plasmas provides an additional mechanism in producing significant
fractions of neutrals via three-body recombination into high-n excited levels.

Bremmstrahlung radiation occurs across the entire plasma volume due to Coulomb
interactions as free electrons decelerate in the electric field of an ion. The bremm-
strahlung intensity is o ngTe_l/ 2 according to eqn. 2.5, with the main contribution
attributed to the cool and dense divertor plasma region. Likewise, the contribu-
tion from free-bound recombination radiation is also localised to colder and denser
plasma regions. Heat loads on divertor target plates can heat up the solid surface
locally to temperatures in excess of 1000 K depending on machine size, divertor
geometry and the power entering the SOL from the core plasma. Heat loads can be
exacerbated by transient edge-localised modes (ELMs), during which a significant
amount (~ 0.1 — 10% ) of the plasma stored energy is rapidly expelled from the
confined region, with typical time scales of < 1 ms (e.g. Clement et al., 1999). Ther-
mal emission can thus contaminate the observed emission from the plasma volume.
The problem is compounded in all-metal divertors, such as the JET-ILW tungsten
divertor, where reflections from both surface thermal emission and volume plasma
emission can introduce spurious signals to spectroscopic measurements. Thermal
emission is given by the Planck black-body distribution, modified by an appropriate
surface emissivity. Taking eqn. 2.14 and rewriting in terms of wavelength A, the

spectral radiance attributed to thermal emission is
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where €y 4, is the total hemispherical spectral emissivity of the surface.

2.3.1 Illustrative Example of VIS-NIR Spectra

To illustrate the main spectral features associated with radiation from hydrogenic
divertor plasmas, synthetic spectra including continuum contributions as well as
the Balmer and Paschen series lines were calculated for the visible (VIS) and near-
infrared (NIR) wavelength range (300-2000 nm).

Figure 2.7 shows the relative contributions of the continuum free-free (eqn. 2.5),
free-bound (eqn. 2.4) and thermal spectral radiance (eqn. 2.38) given a 100 mm
thick homogenous pure hydrogen plasma observed perpendicular to a tungsten sur-
face at temperature T,,,, with the Gaunt and Biberman factors taken to be unity,
and using the empirically derived tungsten emissivity from the ITER Materials
Properties Database (ITER Doc. G 74 LS 102-03-22 W0.1). In the high density
(5 x 10* m™3), low electron temperature case (T, = 1 eV), representative of de-
tached plasma conditions, the steady-state heat flow to the divertor strike point can
be dissipated via atomic processes thus reducing the tile surface temperature. In
this regime the dominant contribution is from the plasma free-free and free-bound
radiation. Conversely, in the lower density (5 x 102 m™2), higher electron tem-
perature (T, = 10 eV) case, the dissipation of exhaust power is less effective and
thus higher target temperatures are expected, depending on upstream parameters
such as the magnitude of Psor, ¢ and A,. For temperatures in excess of 1000 K
the thermal emission will dominate in the NIR spectral range for viewing chords
intersecting the target surface hot spots.

Spectra of the Balmer and Paschen hydrogen series lines are shown in Figure
2.8 for the low density, high temperature case. Their intensities were estimated
using the inverse photon efficiencies (SX Bs) from ADAS with a hydrogen ion flux

at the divertor surface of ' = 102 m—2 s~}

and assuming that all of the impinging
particles are recycled back into the plasma with a characteristic re-ionisation depth
of the order of the divertor plasma size. The lines are doppler broadened assuming
a Maxwellian energy distribution of the neutrals with 7,, = T; = T, and Stark
broadened according to the quasi-static approximation (eqn. 2.28). The discrete to

continuum transition that occurs at the series limit is not fully resolved as SX B
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Figure 2.7: Calculated continuum emission spectrum contributions from

Bremsstrahlung, radiative recombination and thermal emission for a 100 mm thick
isotropic hydrogen plasma with the line-of-sight direction normal to an isothermal

tungsten surface.

coefficients for transitions with upper state n > 12 are not available. The synthesised
spectrum suggests that the thermal contribution can be quite significant for Ty, =
1000 K and starts competing with the Paschen series line intensities depending on the
magnitude of the recycled particle flux. The extent of the thermal contamination on
the Pa-a (H 4—3) line intensity measurements in the JET-ILW divertor is examined
in more detail in Section 4.5.

The high density and low temperature hydrogen series spectrum (Figure 2.9) was
synthesised using the Saha relation (eqn. 2.15) in accordance with the assumption
of LTE conditions. According to eqn. 2.16, the thermal limit with n, = 5x 10%* m=3
and T, =1 eV is ny, ~ 2.5, validating the LTE assumption for all transitions with
upper level n > 3. The discrete to continuum transition is again incomplete as
only lines with upper level n < 24 are shown. At high densities the three-body
recombination process becomes appreciable since the reaction rate is oc n?. As
illustrated in Figure 2.5, for T, < 1 eV, the effective recombination rate dominates
over ionisation.

It is evident that the intensities of the higher-n transitions in Figure 2.9 decrease
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Figure 2.8: Calculated VIS-NIR emission spectrum for an ionising hydrogen plasma.
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Figure 2.9: Calculated VIS-NIR emission spectrum for a recombining hydrogen plasma.

at a slower rate than in the ionising plasma of Figure 2.8. This is the signature of

volume recombination and is a consequence of the recombination flux populating
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mainly the higher levels. The broad high-n Brackett series lines are now visible on

either side of the Pa-« line.
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Figure 2.10: Hydrogen excitation and recombination contributions to the excited state
population densities obtained using PEC coefficients from the ADAS ADF15 class. Also
shown are the population densities assuming LTE conditions. g(p) is the statistical weight

for each excited level p.

The role of excitation and recombination fluxes is further illustrated in Figure
2.10 which shows the excited state populations for the high temperature, low density
and low temperature, high density cases. These populations were obtained using
the PEC' coefficients from the ADAS ADF15 data set, eqn. 2.2 and eqn. 2.22, as-
suming a neutral fraction ng/n; = 0.1, and are normalised by the statistical weight
g(p) = 2p? for each excited level p. The population distributions demonstrate the
negligible impact of the excitation flux in the high density, low temperature plasma,
and, conversely, the predominance of excitation in the low density, high tempera-
ture plasma. Also shown are the LTE populations for each case using the Saha-
Boltzmann distribution which are in good agreement with the collisional-radiative
model derived PEC' coefficients for n > 3. Thus in the recombining plasma the
PEC derived populations are shown to be statistical except for the low lying levels
n < 3, whereas in the ionising plasma the total populations only converge to the
LTE distribution at very high levels n > 12, which are thus in the PLTE regime.
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This is an important result as it facilitates a straightforward spectroscopic tech-
nique for estimating the electron temperature based on measured line intensities of
the higher-n transitions. The procedure is based on taking the logarithm of the
Saha eqn. 2.15:

n.(p)\ _ (1)136 . Nas1(g)neh?
o (gz(p)) a (T) p? Flos (gz+1(9) (mekBTe)3/2> ’ (2:39)

where the ionisation energy E,, has been replaced with 13.6/p? in eV units for

hydrogen isotopes, n,.1(g) is the hydrogen isotope ion density and n.(p) is the pop-
ulation density of the excited level p. A straight line is therefore obtained relating
the excited state population densities determined from spectroscopic measurements
and the electron temperature. In practice, uncertainties in determining the line
intensities of the high-n transitions can arise not only from the measurement ap-
paratus and detector noise, but also from the smooth discrete-to-continuum (D-C)
transition where the Stark broadened hydrogen lines are merged with the radiative
recombination edge. The Inglis and Teller (1939) model, for instance, estimates the
wavelength of the observed discrete series limit beyond which the Stark broadened
lines are no longer distinguishable by combining the overlapping lines with the sharp
step attributed to the radiative recombination edge. However, in more recent work
by Pigarov et al. (1998) the recombination edge is considered as a smooth transition
and a collisional-radiative model is proposed for calculating the D-C spectrum. An
example of the calculated spectrum is shown in Figure 2.11 for the Balmer series
in a pure hydrogen plasma at 7, = 1 eV and n. = 10*! m™3. The Balmer photo-
recombination continuum (BPRC) is thus shown to have a significant influence for
transitions with n > 10. Although it is not possible to separate the measurement of
the continuum and discrete lines in laboratory plasma observations, it is nevertheless
advisable to consider the lower lying levels for inferring electron temperature using
the Saha-Boltzmann procedure. This is valid as long as the excitation contribution

to the population densities of those levels is not significant.
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Figure 2.11: Calculated emission spectrum components of the Balmer series
discrete-to-continuum transition, including the Balmer photo-recombination continuum
(BPRC), photo-recombination continuum from higher sereis transitions (HPRC) and

bremsstrahlung (BR). Reproduced with permission from (Pigarov et al., 1998).



Chapter 3
Spectroscopic Survey on MAST

In this chapter a spectral survey is presented from measurements on MAST using
a purpose built spectroscopy diagnostic covering the VIS and NIR spectral range
on the same line-of-sight in the lower divertor. The measurement aims and instru-
mentation design are discussed, followed by an analysis of spectral data from select
plasma discharges during the M9 MAST experimental campaign in 2013. In partic-
ular, emphasis is given to identifying prominent spectral features in the NIR region
including the deuterium Paschen series lines, low charge states lines from intrinsic
impurities and extrinsic impurities introduced by vessel conditioning. A comparison
of the deuterium Balmer and Paschen series lines is then made to highlight the po-
tential application of NIR spectroscopy as a complementary technique for inferring
the plasma electron temperature. This pilot programme leads naturally to a more
integrated study of VIS-NIR divertor spectroscopy on the JET tokamak presented
in Chapters 4 and 5.

3.1 Instrumentation Overview

During the M9 campaign, a 50 mm diameter quartz window on the lower HLO1 port
of the MAST vessel was made available for the VIS-NIR spectroscopy diagnostic
and provided access to views of the inner and outer divertor. The orientation of
the collection lens was then considered based on the typical magnetic geometry of
MAST divertor plasmas and regions of strong deuterium plasma emission. Figure
3.1 shows an example of a single-null lower divertor plasma magnetic geometry with
regions of the primary plasma-wall interaction highlighted at the inner and outer
divertor target plates. The high concentration of recycled neutrals near the inner and

outer strike points are of primary interest for observing deuterium plasma emission;
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however, differences in the performance of the inner and outer divertor targets and
implications on the divertor radiation must be considered. The vertical orientation
of the MAST inner divertor target plate is likely to promote a horizontal trajectory
of recycled neutrals away from the target surface towards the separatrix such that
the ionisation front in the vicinity of the separatrix will have a cooling and fuelling
effect on the divertor plasma, thus increasing density and lowering temperature
(Harrison, 2010). In addition, an asymmetry in the SOL power flow to the inner
and outer divertor targets is typically observed on MAST (e.g Temmerman et al.,
2010), with most of the power going to the outer divertor for both single (SND) and
double-null (DND) divertor discharges. The combination of divertor plate geometry
and heat load distribution thus leads to plasma conditions at the inner divertor more
conducive to the formation of a volume recombining region and divertor detachment.
In fact, observations from experiments on many tokamaks have shown a similar
basic trend in accessing the detached regime more readily on the inner divertor (e.g.
Pitcher and Stangeby, 1997; Loarte et al., 1998).
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Figure 3.1: Typical magnetic geometry of a MAST lower single-null (LSN) divertor

plasma.

Since detachment is typically associated with the presence of volume recombi-
nation at low (< 1.5 eV) electron temperatures, and from which the electron tem-
perature can be inferred as described in Section 2.3.1, a view of the inner divertor
is therefore of primary interest for obtaining VIS-NIR spectroscopic measurements.
To increase the spectral radiance at the collection lens, the line-of-sight (LOS) path
was selected tangent to the central column such that the plasma volume intersected

by the line-of-sight is maximised. This is demonstrated in Figure 3.2 using sam-
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ple D 3—2 tomographically reconstructed emissivity distribution from pulse 25028
(Harrison, 2010).

LOS

Central LOS Central

column A column

a)

Figure 3.2: Example D 3—2 poloidal emissivity distribution (pulse 25028) in the MAST
lower divertor with a) spectroscopic line-of-sight terminating at the central column and

b) spectroscopic line-of-sight tangent to the central column.

The layout of the VIS-NIR spectroscopy diagnostic is shown in Figure 3.3. Light
collected by the main lens at the port window is relayed via a 600 pm core diameter
multimode fibre (NA=0.22) optic cable to the diagnostic hall (a distance of ~35
m). The light from the fibre is then fed into a VIS and NIR spectrometer via a
dichroic beam splitter optical arrangement. A novel feature of the diagnostic is
an image slicer designed to maximise the light coupling efficiency at the entrance
slit of the NIR spectrometer to increase the throughput. The VIS spectrometer
(OceanOptics HR2000+) utilises a 2048 pixel linear CCD array with 14 x 200 pm
pixel size and a spectral resolution of ~ 1 nm FWHM, a usable range of 380-780
nm and f/4 optics. The NIR spectrometer (BaySpec SuperGamut) features a high
efficiency transmissive volume phase grating, f/1.8 optics and an indium gallium
arsenide (InGaAs) linear photodiode array consisting of 256 pixels with 25 x 500
nm pixel size and a spectral resolution of ~ 10 nm FWHM. The InGaAs detector
is thermoelectrically cooled to -5°C to reduce the dark shot noise while the CCD

detector operates at ambient temperature.

3.1.1 Optical Design

An important criteria of the optical design is to maximise the light coupling efficiency
from the fibre to the NIR spectrometer since the intensity of the Paschen series lines

is relatively lower than the Balmer series lines in the VIS. For example, under ionising
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Figure 3.3: Schematic of the MAST VIS-NIR spectroscopy diagnostic.

plasma conditions at 7, = 5 eV the emissivity ratio in phs™' m™ of the H 42
(486 nm) line to the H 5—3 (1282 nm) line is &~ 6.5 according to ADAS excitation
PECSs at typical divertor plasma densities ~ 10*m=3. In units of W m~2 the ratio
is /&~ 17 due to the difference in the transition energies.

To maximise the light coupling efficiency of the fibre to the spectrometer, the
input light cone should be matched to the spectrometer optics (f/1.8) while optimally
filling the input slit taking into account the vertical dimension of the detector.
With a spectrometer magnification factor of 1 from input slit to detector plane, the
usable slit height of the NIR spectrometer is restricted to 500 pm. Figure 3.4.(a)
shows the main elements of the optical design for the NIR arm of the beamsplitter
configuration. The fibre launch lens forms an intermediate image of the fibre spot at
the image slicer where the spot is then divided into two stacked hemispheres using
a two-mirror arrangement based on the design detailed in Avila et al. (2012). The
focusing achromatic doublet lenses at the NIR spectrometer entrance slit forms an
image of the sliced fibre spot with a height of ~600 pm and an input cone of £/1.7,
which is closely matched to the spectrometer optics thus minimising potential for
stray light from overfilling the input slit. This arrangement results in a factor of
~1.5 increase in coupling efficiency compared to a design without the image slicer.
A dichroic filter with a cutoff at ~800 nm reflects the light in the VIS, as shown
in the optical breadboard layout in Figure 3.4.(b). A short 1000 pm diameter fibre
(NA=0.22) is then used to couple the light to the VIS spectrometer 25 pm wide
input slit.
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3.1.2 Absolute Calibration

The capability for measuring the absolute intensity of spectral lines relies on a

radiometric calibration of the spectroscopic diagnostic using a uniform radiance

source placed in the line-of-sight. For diagnostics operating in the VIS range this is

usually accomplished by placing an integrating sphere illuminated by a calibration

standard lamp in front of the collection lens, ideally from inside the vessel in order



3.1. Instrumentation Overview 60

to account for the entire optical train including the port window.

For the MAST VIS-NIR diagnostics, the available integrating sphere and cal-
ibrated light source (OL-455 series with 150 W EKE halogen lamp) provided a
calibration standard spectral radiance data in the range 385-780 nm, suitable for
absolute calibration of the VIS spectrometer. A separate irradiance source was re-
quired to cover the NIR 900-1700 nm range. For this purpose a cavity blackbody
source with a temperature controller was utilised to provide the known spectral radi-
ance according to the Planck blackbody distribution (eqn 2.38). Since the aperture
of the blackbody source was smaller than the diameter of the collimated spectro-
scopic line-of-sight afforded by the 50 mm diameter collection lens, a lambertian
diffuser placed in front of the blackbody cavity aperture was used to provide a
suitably uniform spectral radiance source for the NIR spectrometer. The calibra-
tion methodology using the blackbody irradiance standard and lambertian diffuser
is described in more detail in Appendix A. As access to the MAST vessel was
not possible during the commissioning phase of the VIS-NIR diagnostic, the quartz
window transmission could not be directly measured. The integrating sphere (VIS
calibration) and the lambertian diffuser illuminated by the blackbody source (NIR
calibration) were thus placed in front of the collection lens with the lens removed
from the port window goniometer.

Figures 3.5 and 3.6 show the spectral radiance of the integrating sphere and
blackbody source, the raw DN spectrum from a sample single exposure during the
calibration, and the resultant calibrated spectrum and uncertainty (£1o). For the
VIS calibration, the uncertainty in the source radiance has been estimated to be
< 5% based on a previously produced spectral radiance calibration sheet. For the
NIR calibration, the uncertainty in the spectral radiance (reflection of the spectral
irradiance on the lambertian diffuser, as described in Appendix A) takes into ac-
count the propagation of independent measurement errors, including: the size of
the blackbody cavity aperture (25 £+ 1 mm); the distance to the lambertian diffuser
(500 £+ 5 mm); the viewing angle of the lens with respect to the diffuser (30° £ 5°);
and the reflectance of the diffuser plate (97 £ 2 % ). The uncertainty associated
with the temperature controller was neglected as it is assumed to be relatively small
compared with the distance and angle measurements. The absolutely calibrated

spectrum is then given by

DN)\ tint cal 1
Ly=1L), : 3.1
A Acal <DN)\,cal ) < tint ) pr ( )
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where Ly is the measurement spectral radiance, DN, is the background corrected
measurement raw DN in counts, L) ., and and DN, ., are the spectral radiance
and averaged background corrected raw DN of the calibration standard source, t;,;
and %y cq the measurement and calibration exposure time and 7, is the port
window transmittance. The uncertainty in the calibrated spectrum (conversion of
the measurement raw DN counts to spectral radiance units) for a single exposure

with subtracted dark frame includes:

e Estimated transmittance and vignetting of the quartz port window (0.85 +
0.1).

e The standard deviation in the calibration and measurement dark frames which

accounts for the electronic noise and dark current shot noise.

e The signal shot noise which is estimated by converting the raw DN to electrons

using the camera’s gain setting.

The dominant term in the total measurement error estimate is associated with the
port window transmittance, except for spectral regions of low detector quantum
efficiency. Figure 3.7 demonstrates the sensitivity of the absolute measurements
in the VIS and NIR by converting the raw digital counts of a single dark expo-
sure (VIS: 5 ms, NIR: 10 ms) to spectral radiance units. The estimated noise
equivalent power (NEP), defined as the optical power which yields a signal-to-noise
(SNR) ratio of 1 independent of exposure time, is therefore: NEP(475-675 nm)~
0.75 mW m~2 s~ Hz~/2 and NEP(1000-1650 nm)=2 0.02 mW m~2 sr~! Hz~'/2. The
throughput of the NIR spectrometer in this range is therefore greater than the VIS
spectrometer by a factor of ~38, and is mainly associated with the reduced opti-
cal coupling efficiency from the input fibre to the VIS spectrometer entrance slit.
Since the total intensity of the low-n Paschen lines is lower than the Balmer lines by
roughly the same amount, the VIS and NIR spectral radiance sensitivity is therefore
well matched for plasma measurements at similar exposure times.

In post-processing the VIS spectrometer data from the absolute calibration, a
drift in the measured spectral radiance of the lamp source was observed over the
course of the measurements, yielding a systematic offset. This was not immediately
obvious during the calibration as the spectra were recorded at difference luminance
values and exposure times. Since it was not possible to repeat the procedure due
to MAST scheduling constraints, the systematic offset of the calibration curve was
instead corrected for by examining the D 5—3 (1281.5 nm) and D 5—2 (433.9 nm)
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Figure 3.5: Sample VIS absolute calibration spectrum including the raw DN signal
(black), integrating sphere spectral radiance (blue) and calibrated spectral radiance ac-
counting for the port window (grey). Colour bands represent estimated calibration uncer-
tainty of +1o.
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Figure 3.6: Sample NIR absolute calibration spectrum including the raw DN signal
(black), spectral radiance at the lambertian diffuser panel (blue) and calibrated spectral
radiance accounting for the port window (red). Colour bands represent estimated calibra-

tion uncertainty of +1go.
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Figure 3.7: Absolute spectral radiance sensitivity of the VIS (top) and NIR (bottom)
spectroscopic channels from a single dark 5 ms (VIS) and 10 ms (NIR) exposure. Colour

bands represent estimated calibration uncertainty of +1o.

line ratio. Since these lines share the same principal quantum number of the upper
excited state, their intensity ratio is determined simply by the ratio of the Einstein
A spontaneous emission coefficients. Taking into account the photon energy of each
transition, the D 5—2 / D 5—3 ratio in units of mW m~=2sr~! is 3.4. Figure 3.8.(a)
shows the time evolution of the D 5—3 and D 5—2 line intensities from pulse
29964 during a volume recombining phase of the discharge which facilitated high
SNR of the two lines for comparison. In Figure 3.8.(b) the resulting line ratios are
plotted yielding an average line ratio of 3.1 + 0.2. The VIS absolute calibration was

subsequently adjusted for all recorded spectra based on these results.

3.2 Spectral Survey Results

3.2.1 Identification of Spectral Features

Hydrogen isotope spectral lines, low charge state impurity spectral lines and molec-
ular bands from emission in the VIS range (350-800 nm) of tokamak edge and
divertor plasmas have been well characterised due to the ubiquitous use of CCDs
and relatively straightforward signal extraction techniques associated with detection

of photons with energies in the VIS range. As such, the identification of the typical
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Figure 3.8: a) Time evolution of the D 5—3 and D 5—2 line intensities; b) time evolution
of the D 5—2 / D 5—3 line ratio.

spectral features recorded with the VIS spectrometer relied mostly on previous spec-
troscopic studies (e.g. Stratton et al., 2008; Biewer et al., 2004; Meigs et al., 1998;
Whyte et al., 2001; Brooks et al., 1997; Maggi, 1997). Figure 3.9 shows a typical
spectrum measured using the VIS spectrometer accompanied by higher resolution
spectra from the MAST SPEX spectrometer (Princeton Instruments SpectraPro
2500i) near 465 nm and 434 nm. Strong emission lines include C II, C III, deu-
terium Balmer series, O II and He II, as well as the C5 and CD molecular bands.
Also shown is the instrumental line shape and FWHM which exhibits an asymmet-
rical profile, most likely as a result of aberrations (coma, astigmatism) introduced
by the spectrometer optics in imaging the entrance slit onto the linear CCD array.

The identification of the spectral features in the measured NIR spectra is made
more difficult due to the coarse resolution of the NIR spectrometer which results
in many blended spectral line features. This is compounded with a relatively poor
characterisation of the NIR spectral region with few spectroscopic studies (see Sec-
tion 1.2) in the fusion plasma context. The approach used in characterising the
typical NIR spectral features thus relied on first identifying the strong lines from
low charge intrinsic impurity species (C I, C II, He I, He II) and the deuterium
Paschen series lines using the NIST Atomic Database (Kramida et al., 2014) and
the ADAS atomic PEC data from the ADF15 derived class (Summers, 2004). A
useful NIST Atomic Database feature is the Saha-LTE spectrum for a given species
and charge state which provides an indication of the relative line strengths, although
it must be used with caution as the typical excited populations in the tokamak di-

vertor plasmas are in the collisional-radiative regime. To isolate spectral lines from
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Figure 3.9: Spectrum from the VIS spectrometer (top) and higher resolution spectra
from the SPEX spectrometer (bottom).

the blended features in the recorded spectra, a multi-Gaussian model (i.e., each can-
didate spectral line approximated by one Gaussian component) was then applied to
fit the experimental data in a least-squares manner using the Levenberg-Marquardt
algorithm (Press et al., 1986) for minimisation of the y? statistic, with constraints
on the center wavelength (+0.5 nm) and the spectral width of the candidate lines.
To account for the spectral variation of the instrumental line width, known isolated
spectral lines from Ar and Xe discharge tubes were measured and fitted using a
Gaussian model. Figure 3.10 shows the FWHM spectral distribution from the dis-
charge tube measurements and the best fit second order polynomial which yielded
normalised residuals within two standard deviations of the estimated line widths.
The polynomial coefficients obtained from this fit were then used to constrain the
FWHM of the candidate spectral lines as a function of their central wavelengths.
Figure 3.11 shows an example of the multi-Gaussian fit (top two plots) to ex-
perimental data obtained with the NIR spectrometer from MAST pulse 28839 at
t =0.25 s. A bremsstrahlung model (eqn. 2.5) was used to account for the con-
tinuum baseline with a A\=2 dependence parametrised by n. and 7., an estimated
effective charge of Z.;y = 1.5 and an estimated length of the region of emission
along the spectrometer LOS of AL =20 cm. The normalised residuals across the

spectrum suggest a reasonable fit to the data in the vicinity of the candidate lines,
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Figure 3.10: NIR spectrometer instrumental line FWHM measurements using Xe and

Ar discharge tubes and polynomial fit to the spectral variation of line widths.

although the model proved to be relatively insensitive to the continuum baseline
with very large fit uncertainties for n. and T.. This is manifested as a positive offset
in the residual values in regions free of spectral lines (e.g., 1030-1070 nm) suggest-
ing an underestimate in the background intensity. Also evident from the residual
structure in the 1330-1400 nm region is the presence of additional weak spectral
lines that were not accounted for by the model. The uncertainty estimates in line
intensity obtained from fitting the candidate lines with a Gaussian model ranged
from around 10% for the strong lines to 30% for the weak lines. Since the spectrum
contains a large number of neutral carbon lines, comparison of the measured rela-
tive intensities to atomic data is useful for verifying the selected candidate lines and
identifying possible overlapping lines of different species. The two bottom plots in
Figure 3.11 compare the reconstructed spectrum obtained from the multi-Gaussian
fit results (shown line widths are narrower for clarity) to a synthetic spectrum com-
posed of relative C I intensities obtained using ADAS excitation PEC's. Qualitative
agreement is observed for a wide range of n, and T, values, but good quantitative
agreement was obtained for n, = 10'® m=3 and T, = 4 eV, except for two C I lines
(1166.0 nm and 1167.0 nm) which exhibit significantly lower intensity compared to
the experimental results. The neutral boron doublet at 1166 nm overlaps the two
C I lines and may account for the discrepancy. It should be noted that the use of
excitation PEC' coefficients to derive the C I relative line intensities is valid only
for ionising plasma conditions. This is an appropriate assumption for 7, 2 1 eV

according to the fractional abundance of neutral carbon shown in Figure 3.12. Un-
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der such conditions the ionisation front of the neutral carbon influx is located in
close proximity to the divertor target. The presence of multiple C I lines in the NIR
spectrum could potentially be used to infer the electron temperature and density
if the measured relative intensity pattern can be reproduced with a unique set of
atomic data excitation PEC's in the n. and T, parameter space. A more detailed
investigation is needed to determine the sensitivity of such a technique, including

the influence of C I metastable levels on the excited state population structure.
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Figure 3.11: Multi-Gaussian fit to measured NIR spectrum and normalised residuals
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for clarity; and C I synthetic spectrum using ADAS excitation PEC coefficients (bottom
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Figure 3.12: Fractional abundances of carbon ionisation stages as a function of plasma
electron temperature derived using ADAS data (Summers, 2004). Reproduced with per-

mission from Harrison (2010).

3.2.2 Neutral Boron Line

The possible presence of a neutral boron line (B I 2s?3p — 2s?3s doublet, 1166.3 nm,
1166.6 nm) is of interest for monitoring the impact of vessel conditioning on plasma
performance. In tokamaks with a carbon first wall, the process of boronisation is
typically used to condition the vessel by vapour deposition of a thin boron layer
(on MAST using trimethylborane and helium glow discharge) onto plasma facing
components. This process has been widely reported (e.g Higashijima et al., 1995;
Nishimura et al., 2003) to be effective in reducing the oxygen concentration through
gettering and reducing plasma recycling by trapping hydrogen (wall pumping). The
reduced impurity content and reduction of plasma fuelling from the wall have been
shown to be highly beneficial for access to high performance operating regimes (e.g
Kugel et al., 2003). On MAST the influence of boronisation on plasma performance
is typically monitored by measuring the D 5—2 / O II ratio (see lines near 435
nm in Figure 3.9); however, a direct measurement of the influx of boron via wall
erosion is not available due to insufficient brightness of boron spectral lines in the
VIS spectrometer range 380-750 nm (e.g., B IIT 424 nm 1s?5d — 1s?4p, B III 463
nm 1s?5p — 1s?4d, B II 412 nm and 494 nm 1s?2s4f — 1s?2s3d). According to
the NIST Atomic Database, the B T doublet (2s?3p — 1s?2s3d) at 1166.3 nm and
1166.6 nm is the brightest neutral boron line in the range 300-2000 nm assuming
LTE conditions. Due to the close proximity of the B I doublet to the two C I
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lines (2s?2p3d — 2s?2p3p at 1166.96 nm and 1165.97) direct intensity measurement
with the coarse resolution NIR spectrometer is not possible. As a result only the
combined total line intensity of the C I and B I doublets can be inferred using the
multi-Gaussian fitting technique.

To verify the presence of the B I doublet in the NIR spectra, a line ratio compar-
ison was carried out covering a large number of pulses throughout the M9 campaign.

Figure 3.13 shows the pulse averaged line ratios for the following line combinations:

e (D 5—2) /(O II 435 nm) measured with the SPEX spectrometer.
e (D5—3)/(CI+ BI1166 nm), measured with the NIR spectrometer.

e (CI1176 nm) / (CTI + B 11166 nm), measured with the NIR spectrometer.
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Figure 3.13: Pulse scan of select line ratios measured by the NIR spectrometer and the
SPEX visible spectrometer spanning two boronisation cycles during the M9 campaign.

Error bars represent the estimated uncertainty, =10, in the spectral line intensity ratios.

The average ratio for each pulse was calculated over the time window correspond-
ing to the flat-top phase of the plasma current. A clear increase in the (D 5—2)/(O
IT 435 nm) ratio and conversely a decrease in the (D 5—3)/(C 1+ B 11166 nm) and
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(CI11176 nm)/(C I + B 11166 nm) ratios is observed right after boronisation (left
plot in Figure 3.13). This is consistent with a reduction in the oxygen concentration
via gettering and, assuming the total line intensity at 1166 nm contains the B I
doublet, an increase in the boron emission as a result of PSI with the boron coated
tiles. The overall gradual decrease in the (D 5—2)/(O II 435 nm) ratio with pulse
number is also evident (Figure 3.13 right plot) and is most likely associated with a
reduction in the ability of the wall surface to getter oxygen as the boron coating ma-
terial is slowly removed in areas of net erosion and deposited elsewhere in the vessel.
Consistent with this behaviour is the gradual increase in the (C T 1176 nm)/(C I +
B I 1166 nm) ratio signalling a reduction in boron influx. This same trend is less
pronounced, however, in the time evolution of the (D 5—3)/(C I + B I 1166 nm)
ratio and may be influenced to some extent by an increase in the intensity of the
C I lines at 1166 nm which would, in effect, counteract the decreasing boron line
intensity. Further evidence in support of the presence of the B I doublet is shown in
Figure 3.14 in which the measured intensity of the C I + B I 1166 nm lines and the
C I 1442 nm line is compared to the intensity of the C I 909 nm line for two pulses
before (28791, 28796) and shortly after boronisation (28817, 28820). Also shown
in this figure is the region of expected values of the line ratios (CI 909 nm)/(C I
1166 nm) and (C 1909 nm)/(C I 1442 nm) obtained using ADAS excitation PEC's
for T, > 3 eV and 10'® < n, < 10 m~3. This is an appropriate temperature and
density range if ionising plasma conditions can be assumed along the VIS-NIR LOS.
Given the absence of high-n Balmer and Paschen lines in the VIS-NIR spectra which
are typically associated with high density and low temperature volume recombining
plasma, such an assumption is reasonable. The measured (C I 909 nm)/( C I 1442
nm) line ratio for both pre and post-boronisation pulses remains relatively constant
and lies within the expected region, whereas there is a clear departure in the (C I
+ B 11166 nm)/(C I 909 nm) line ratio values which lie beyond the expected range
of values for the two post-boronisation pules. This cannot be accounted for by the
presence of the two C I lines at 1166 nm alone. Thus the most likely cause of the
increase in the total line intensity at 1166 nm is attributed to the presence of the B
I doublet, as there are no other lines in this region of the NIR spectrum associated
with impurities typically present (e.g., O, He) in MAST discharges.

In addition to the commonly used (D 5—2)/(O II 435 nm) line ratio to monitor
the impact of boronisation on plasma performance, spectroscopic measurement of
boron influx using the B I 1666 nm doublet intensity offers a means to directly

monitor the degradation of the boron coating in different vessel locations. The
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nm) line intensity for two pulses before boronisation (28791, 28796) and two pulses after
boronisation (28817, 28820).

supporting evidence for the presence of the B I doublet in the NIR spectrum can
therefore be considered in future for the selection of an appropriate spectrometer
with sufficient resolution and sensitivity for more accurate measurements in the 1166

nm region.

3.2.3 Evaluation of Electron Temperature

Passive divertor spectroscopy plays a key role in characterising plasma emission
associated with the detached operating regime and facilitates measurement estimates
of T, and n, at and away from the strike points. The spectral resolution of the
VIS-NIR diagnostic (= 1 and 10 nm, respectively) is insufficient for a quantitative
analysis of spectral line broadening as the instrumental function width is much larger
than the line profile widths associated with the broadening and splitting mechanisms
described in Section 2.1.4. However, given sufficient SNR, it is possible to estimate
the total line intensities of the Balmer and Paschen series lines for determination of
the excited state population densities and line ratios. This is of particular interest
for T, estimation in detached plasmas using the technique described in Section 2.3.1
if the excited state populations are primarily driven by recombination processes.
MAST pulse 29964 from experiment M9-IPS-010 (benchmarking of JINTRAC
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Figure 3.15: MAST lower divertor diagnostics locations, viewing geometry and edge
magnetic equilibrium reconstruction for pulse 29964. Note: the C III camera is the Co-

herence Imaging diagnostic (Silburn et al., 2014).

/ EDGE2D modelling with high-field side (HFS) gas puffing) provided a good data
set for analysis of Balmer-Paschen spectra in volume recombining conditions. The
plasma density was ramped by puffing Dy gas using a controllable HFS gas valve
(cHFS) located at the midplane of the central column. The main plasma parameters
for the discharge are: maximum ohmic heating power, P,;,, = 1.4 MW:; total neutral
beam heating power Pypr = 2 MW; average plasma current I, = 550 kA; maximum
toroidal magnetic field magnitude, B, = 0.43 T; lower single null (LSN) divertor con-
figuration with the ion V B drift directed downwards. Figure 3.15 shows the poloidal
viewing geometry of the VIS-NIR spectroscopy diagnostic and C III filtered imaging
camera, as well as the inner and outer Langmuir probe arrays (data from the outer
probe arrays was not used in the analysis). Figure 3.16 shows the time evolution
of the line averaged plasma density; plasma current; total ion saturation current
at the inner divertor strike point; fast D 3—2 filtered photo-multiplier tube (PMT)
viewing the outer mid-plane; and the cHF'S fuelling time window at a constant valve

pressure of 400 mbar. Also shown is the time evolution of selected spectral line in-
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Figure 3.16: Time traces of signals from pulse 29964: outer edge D 3—2 intensity; inner
divertor saturation current j,,; measured by Langmuir probes; plasma current Ip; line
averaged density; cHFS fuelling window; D 5—3 intensity; C I, C II, C III line intensities.
Also shown are T, estimates from the Saha-Boltzmann population distribution applied to

the Balmer and Paschen series line intensities.

tensities from the VIS-NIR diagnostic, including the D 5—3 line and neutral, singly
and doubly ionised carbon lines. Shortly after the onset of cHF'S fuelling, the plasma
line averaged density and edge D 3—2 intensity rise while a decrease in the plasma
current is observed, likely due to an increase in the plasma resistivity as a result of
the cold gas puffing. Fluctuations in the line averaged density, inner divertor ion flux
and outer edge D 3—2 intensity are observed at t = 0.21 —0.26 s and are attributed
to short-lived transitions from the low confinement to high confinement mode (L-H
transitions). These fluctuations are particularly pronounced in the neutral carbon
and D 5—3 line intensities along the VIS-NIR divertor LOS. Figure 3.17 shows two
frames from a mid-plane port filtered D 3—2 camera (DIVCAM) which exhibit the
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typical plasma emission signatures associated with L and H modes. At ¢t = 0.252
s the plasma edge is characterised by a well defined region of emission consistent
with good confinement due to the formation of an edge pedestal defined by steep
temperature and density gradients at the edge which suppresses radial transport.
In contrast to this sharp boundary, at ¢ = 0.255 s the emission at the edge and
SOL exhibits wispy filamentary structures along magnetic field lines which channel
expelled heat and particles from the plasma core and are characteristic of the low
confinement mode. This is further supported by the anti-correlated line averaged
density and edge D 3—2 signals such that a sudden increase in density during the
L-H transition due to increased confinement corresponds to a sudden decrease in
the wall recycling flux and thus a decrease in the light emitted by edge neutrals.
The decrease in particle flux to the divertor during the brief transitions to H-mode
is also consistent with the above phenomenology. The location of cHFS fuelling is
indicated by the bright region of emission at the central column mid-plane valve

position.

H-mode: well defined
/ plasma edge

29964 L-mode: “wispy”
t=0.255s / plasma edge

Figure 3.17: D 3—2 emission measurements from a mid-plane filtered camera for pulse
29964 at t = 0.252 s and t = 0.255 s.

The time window of volume recombination (f = 0.21—0.26 s) is inferred from the
presence of high-n lines, the SNR of which is typically below the measurement noise
floor of the VIS-NIR spectrometers, except for the D 5—3 line. For example, Figure
3.18 shows the high-n Balmer and Paschen lines during the volume recombination
phase. The line intensities on the VIS spectrometer are calculated by summation
over the appropriate pixel range of the Balmer lines from which the background is
then subtracted by taking an average of near-by pixels in a region free of impurity
lines. The SNR of the D 8—2 line is low due to the poor sensitivity below 395

nm. Estimating the Paschen and impurity line intensities from the NIR spectra is
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achieved by the multi-Gaussian least-squares fitting procedure. Whereas the uncer-
tainty on the Balmer lines is estimated from summation by propagating the error
on each pixel value in quadrature, the uncertainty on the NIR line intensities is

estimated from the standard error on the best-fit parameter values.
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Figure 3.18: Balmer (top) and Paschen (bottom) series recombination spectra for pulse

29964 at t = 0.220 s. The Paschen lines have been isolated from the blended line spectrum

using the multi-Gaussian fitting technique.

To investigate the degree to which the excited state population densities are
influenced by recombination fluxes, the ratios of Balmer and Paschen lines are com-
pared to atomic data using ADAS PEC's and eqn. 2.22, where both excitation and
recombination contributions are considered, metastable levels have been ignored and
n. = n; 1s assumed. The time evolution of selected Balmer and Paschen line ratios
from the VIS-NIR measurements during the volume recombination window is shown
in Figure 3.19. The observed line ratios exhibit relatively constant values throughout
this period, within the measurement uncertainty. To estimate the electron temper-

ature, the measured line ratios are plotted against PEC' derived line ratios as a



3.2. Spectral Survey Results 76

MAST 29964

D8-3/D7-3

It
&)

il
5 I D6-3/D 53
£ 04| i
S s s s
03y D7-2/D 5-2
0.24
0-1 r L 1 1 1 L
0.21 0.22 0.23 0.24 0.25
Time (s)

Figure 3.19: Deuterium line intensity ratios from the VIS-NIR spectroscopic measure-

ments during the volume recombination phase in pulse 29964.
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Figure 3.20: Calculated deuterium line ratios using ADAS PEC coefficients for two
density values and two neutral fraction values. Also shown are measurement estimates of

the line ratios from pulse 29964 (see Figure 3.19)
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function of T, in Figure 3.20 for two representative divertor density values and high
and low values of the neutral fraction (n(1)/n; = 0.1 and n(1)/n; = 0.9). The neu-
tral density can influence the line ratios significantly depending on the particular
lines examined and the threshold value of T, below which recombination begins to
predominate. Since this temperature threshold varies for different line combinations,
it can be used as a diagnostic tool to determine which side of the line ratio curve
in Figure 3.20 corresponds to the measured line ratio. For example, the range of
possible T, values corresponding to the measured D 83 / D 7—3 ratio is about
0.5-2.5 eV depending on the neutral fraction. However, the D 6—3 / D 5—3 and
D 7—2 / D 5—2 measured ratios constrain the possible values to T, ~ 0.5 eV or
1.3-2 eV. The D 5—2 / D 3—2 line ratio is quite useful as it exhibits the highest
sensitivity to recombination at very low temperatures and could therefore be used
to further constrain the possible temperature range. For instance, if this line ratio
is above ~ 0.1 a temperatures above 1.5 eV can be ruled out for any reasonable
value of the neutral fraction. Due to detector saturation this measurement was not
available in the time window of interest. Therefore, without diagnostic access to the
D 5—2 / D 3—2 line ratio, one cannot definitively rule out the higher end of the
temperature range as indicated by the obtained line ratio measurements.

Ignoring the possible influence of excitation fluxes (i.e., assuming that the line ra-
tios are consistent with 7, < 1 eV in Figure 3.20), the populations of the upper levels
from the measured Balmer and Paschen lines with n > 5 are in the LTE regime. A
more precise value of the line averaged T, can then be estimated using the logarith-
mic form of the Saha equation 2.39. Figure 3.21 shows the measured line intensities
of the Balmer and Paschen lines at ¢ = 0.22 s and the corresponding 7, values ob-
tained from a linear fit to the relative excited state populations using least-squares
x? minimisation. Good agreement is observed between the T, fit estimates obtained
using the Balmer (7, = 0.65+0.04 V) and Paschen (7, = 0.53+0.04 eV) series lines,
although the low value of x?/DoF for the Balmer fit is indicative of overestimated
error variances as a result of the large uncertainty in the D 8—2 line measurement.
The line intensity values can be reconstructed using recombination PEC's with good
agreement at 7. = 0.6 eV over a density range 10%° < n, < 10! m~3, as shown in
Figure 3.21 (also shown are the D 3—2 and D 4—3 lines which could not be mea-
sured). It is also instructive to note that with additional information on the line
averaged n, from Stark broadening measurements, and assuming n, = n;, an esti-
mate of the extent of the emitting region AL (see eqn. 2.1) along the spectroscopic

LOS could be obtained. The time evolution of the 7, estimates from the Balmer
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and Paschen line intensity measurements is shown in the bottom plot of Figure 3.16,

with relatively constant values throughout the volume recombination phase of the

discharge.
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Figure 3.21: Balmer and Paschen measured line intensities using the VIS-NIR spec-
troscopy diagnostic relative to calculated intensities using recombination PEC's at T, = 0.6
eV (left); excited state populations (normalised by their statistical weights) calculated from

Balmer and Paschen line intensities and estimated 7, values from a linear least-squares fit
and eqn. 2.39 (right).

In a typical MAST LSN divertor discharge, the VIS-NIR spectroscopic LOS in-
tersects the outer divertor leg, private plasma region and the inner divertor strike
point (see magnetic geometry in Figure 3.15). The line averaged intensity and T,
measurements are therefore insufficient for localising the region of emission which
contributes most strongly to the observed line intensities. To interpret the spatial
temperature distribution along the VIS-NIR LOS, the 2D reconstructed poloidal
emissivity distribution of the C ITI 464.9 nm multiplet (1s*2s3p — 1s?2s3s) is exam-
ined from absolute intensity measurements obtained using the Coherence Imaging
diagnostic (Silburn et al., 2014), primarily used on MAST during the M9 campaign
to study SOL and divertor flows. By taking the zeroth order moment of the recorded
fringe pattern the LOS integrated emissivity is obtained with spatial resolution bet-
ter than 1 cm and a time resolution of 2 ms with 1 ms exposures. The 2D emissivity
distribution is then reconstructed by inverting the line averaged emissivity camera
data using an iterative procedure based on the simultaneous algebraic reconstruc-
tion technique (SART) and assuming toroidal symmetry (see Silburn et al., 2014,

and references therein). The 2D reconstructed emissivity matrix is then revolved
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toroidally in order to obtain the emissivity distribution along the vertical plane
which intersects the VIS-NIR LOS (see Figure 3.2). The resulting C III emissivity
distributions are shown in Figure 3.22 for two times slices during and after the vol-
ume recombining window. At ¢ = 0.222 s during the volume recombination phase
the C III emission along the inner diveror leg is notably absent and peaks at the
upstream inner separatrix near the X-point, whereas C III emission along the outer
divertor leg is relatively evenly distributed. At ¢t = 0.282, after the cHFS fuelling is
turned off, strong C III emission is observed along the inner divertor leg and near
the inner strike point as well as more modest emission at the outer leg and outer
divertor strike point. Since the line emission of a particular carbon charge state is
sensitive to T, depending on its fractional abundance (see Figure 3.12), the observed
C III emission regions in Figure 3.22 corresponds roughly to a temperature in the
range 3 < T, < 10 eV. Given the upper bound of T, < 2.3 eV obtained from the
D 7—2 / D 5—2 line ratio in Figure 3.20 during the volume recombination phase,
the absence of C IIl emission at the inner divertor leg indicates that the volume
recombining region lies in the vicinity of the inner strike point. The contribution
to the measured line intensities for Balmer-Paschen n > 5 lines from the outer leg
can therefore be neglected as the presence of C III emission places a lower temper-
ature bound of T, > 3 eV. At such temperatures the effective recombination rate
coefficient is much lower than the effective ionisation rate coefficient (see Figure 2.5)
therefore the excited state population densities of the high-n lines in the ionising
plasma of the outer divertor are relatively small. For example, the D 5—2 intensity
is reduced by an order of magnitude relative to the D 3—2 line for T, > 3 eV (Figure
3.20).

The fluctuations in the D 5—3 line intensity in Figure 3.16 due to the L-H
transitions are also observed in the LOS integrated CI (1166 nm and 1176 nm) lines
but less so for the C II (678 nm) and C III (465 nm) lines. Since the time resolution of
the two spectrometers is similar (10 ms for NIR lines, 5 ms for VIS lines), averaging
out of the fluctuations in the VIS line measurements can be ruled out. It is therefore
reasonable to deduce that, taking into account the lack of C III emission along
the inner leg during the volume recombination phase, the region of strongest C
I emission is located at the inner divertor while the C II emission is attributed
to the region where the spectroscopic LOS intersects the outer divertor leg. The
inferred absence of C II emission at the inner leg is also consistent with 7T, < 1
eV which further supports the spectroscopically derived temperature at the inner

divertor. The question then remains as to the source of the C I emission in the cold
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inner divertor plasma since such low temperatures are below the physical sputtering
energy threshold from bombarding ions in the vicinity of the inner strike point. A
previous investigation by Whyte et al. (2001) on the influence of detachment on
carbon erosion-deposition in the DIII-D divertor concluded that the presence of C
I emission in the cold detached plasma is most likely due to material migration
from the main wall through SOL transport. The influence of chemical erosion on
the C I source in the detached plasma was also considered to be weak based on
molecular spectroscopy measurements. On the basis of these conclusions, the most
likely scenario accounting for the presence of C I emission in the cold plasma region

is the inflow and recombination of hotter upstream carbon ions.
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Figure 3.22: C III poloidal emissivity reconstructions and magnetic equilibrium recon-

structions (black lines), revolved toroidally and sectioned along a vertical plane which

intersects the VIS-NIR spectroscopy diagnostic line-of-sight.



Chapter 4

Enhanced Capabilities of the
JET-ILW Mirror-Linked Divertor

Spectroscopy System

The mirror-linked divertor spectroscopy system on JET (diagnostic designation
KT3) provides spatially resolved passive spectroscopy measurements of plasma emis-
sion from the outer divertor. The system covers a spectral range of 350-1000 nm
between three spectrometers (KT3A /KT3B/KT3C) with a range of grating options
providing flexibility in the selection of wavelength window vs. spectral resolution. In
preparation for the JET ITER-like wall (ILW) campaigns the system was upgraded
in 2008 with an extended field of view (FOV, from 150 mm to 360 mm) and 2x
optical throughput (Meigs et al., 2010). After the 2013 JET-ILW campaign further

opportunities were identified for improving the system, namely:
e Extending the near-infrared spectral coverage to 1875 nm

e Increasing the time resolution of Balmer series and Be line intensity spatially

resolved measurements up to 500 ps

e Improving the spectral coverage for dedicated Balmer series measurements

These improvements facilitate: measurements of the hydrogen Paschen series up
to Pa-a (H 4—3); increased capabilities for supporting exhaust physics studies with
a dedicated Balmer series survey spectrometer; and resolving the influence of ELMs,
which deposit a significant portion of the stored plasma energy onto the divertor
tiles on timescales of 100 ps, on divertor performance with an emphasis on plasma

detachment.
81
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4.1 Diagnostic Overview

The new visible system consists of an additional imaging spectrometer (KT3E)
and two imaging filter-scope cameras (KT3-E8TA /B) for spatially resolved Balmer
series and impurity line emission measurements in the 390-700 nm range. A notable
feature of the KT3E 0.32 m focal length grating spectrograph is the Schmidt Czerny-
Turner (SCT) optical configuration designed to reduce astigmatism and coma across
the focal plane while providing an f/4.6 aperture ratio for increased throughput.
The near-infrared system extends the diagnostic spectral range to 1875 nm. This
is achieved with: a single chord, low resolution (instrumental FWHM=~ 7 nm) vol-
ume phase grating compact spectrometer (KT3D) providing surveying capability
from 900-1700 nm; a filter-scope photodiode system (KT3D-PD) which provides ac-
cess to the Pa-a (D 4—3) line at 1874.6 nm and a second channel for measuring the
relative contribution of the thermal background emission; and a medium resolution
imaging SCT spectrometer (KT3D-MR, instrumental FWHM=0.25-0.5 nm) with a
cooled InGaAs camera (640x512 pixel detector), commissioned for a two-week pe-
riod in order to obtain a higher spectral resolution, spatially resolved survey in the
range 900-1650 nm and line profile measurements of the Paschen series lines. Table

4.1 summarises the specifications of the new visible and near-infrared systems.

4.2 Optical Design

The KT3 optical configuration consists of a series of mirrors that relay light emitted
in the outer JET-ILW divertor through the top port of the torus and up to the
roof lab situated on top of the shielded torus hall. Figure 4.1 shows the recently
expanded FOV (blue pre 2008, orange post 2008), mirrors A-G, the objective lens A,
roof apertures through the penetration tube, as well as the roof lab layout including
the dichroic filters, newtonian telescopes, and base spectrometers. By unfolding the
optical path and removing all flat mirror elements, the optical train can be visualised
more simply, as illustrated in Figure 4.2.

The remaining optical components consist of the objective lens A, which forms
an intermediate image on the field mirror D. Mirror D subsequently converges the
ray bundles of the field points given by angle 6, through the penetration tube with
diameter ¢, &~ 130mm. The FOV is limited by the vessel port geometry such that
the total radial extent is h, ~ 360 mm. The curvature of Mirror D is selected such

that an image of lens A is formed inside the biological penetration tube. Thus, in
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Table 4.1: Description of the enhanced mirror-linked divertor spectroscopy system.

Designation

Description

Specifications

KT3D

NIR survey spec-

trometer

Model: BaySpec SuperGamut

Detector: 256 linear InGaAs array, 25 X 500 pm pixels
Measurement spectral range: 900-1700 nm

Spectral resolution: inst. fn. FWHM= 7 nm

Time resolution: 50-250 ms (typ.)

Spatial resolution: single chord, full FOV

KT3D-PD

Pa-a photodiodes

Model: Hamamatsu G12182-210K

Detector: Extended-InGaAs, 1 mm diameter

Time resolution: ~ 50 ms

Spatial resolution: single chord, full FOV

Filters: 2-cavity, 4.5 nm FWHM bandpass, 1874.6 nm, 1886.0 nm

KT3D-MR

NIR imaging

spectrometer

Model: Princeton Instruments IsoPlane SCT 320

Detector: Princeton Instruments NIRvana, 640x512 InGaAs sensor, 20
pm pixels

Measurement spectral range: 900-1650 nm

Focal length: 0.32 m

Gratings: 300, 600 1/mm

Spectral resolution: inst. fn. FWHM=0.25-0.5 nm

Time resolution: 50-250 ms (typ.)

Spatial resolution (post-process binned): 15 mm

KT3E

VIS imaging

spectrometer

Model: Princeton Instruments IsoPlane SCT 320

Detector: Princeton Instruments ProEM:1024B, 1024x1024 frame
transfer CCD, 13 pm pixels

Measurement spectral range: 390-700 nm

Focal length: 0.32 m

Gratings: 200, 1200, 1800 1/mm

Spectral resolution: inst. fn. FWHM=0.08-0.8 nm

Time resolution: 15-40 ms (typ.)

Spatial resolution (on-chip binned): 15 mm

KT3-
ESTA/B

Filtered imaging
spectroscopy

Model: AVT Pike F-032

Detector: 640x480 interline CCD, 7 pm pixels

Time resolution: > 500 ps

Spatial resolution: 1.2 mm max.

Filters: 2-cavity, 1.5 nm FWHM bandpass, Ba-a,8,v, Be II 436.0 nm,
467.3 nm
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Figure 4.1: Schematic of the KT3 optical configuarion.

the absence of a physical aperture stop placed at lens A, the biological penetration
tube is the limiting element in determining the light collection area upstream and
is therefore the aperture stop of the system. Upstream of the penetration tube in
the roof lab, a pseudo-collimated on-axis beam emerges and intercepts the primary
mirror of three Newtonian telescopes which focus the intermediate divertor image
onto the entrance slits of the three base spectrometers, KT3A, KT3B and KT3C
(details on the optical design and base spectrometer specifications are in Meigs

et al., 2010). Off-axis field points are mechanically vignetted as a function of the
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Figure 4.2: Top: simplified optical schematic of KT3. Bottom: JET-ILW divertor tile
schematic (numbered), KT3 FOV (blue rays) and typical divertor plasma configurations

(black and purple lines represent the separatrix).

field angle 6, by the penetration tube. Additional vignetting of the high-field side
(HFS) (R=2.5-2.6 m) also occurs at the port window due to the geometry of the
vessel port tube. Treating the intermediate image as the object-space with h; = 310

mm, the final image height on the spectrometer entrance slit is

(4.1)

where f is the Newtonian telescope focal length and z; &~ 20000 mm is the distance
from mirror D to the final focusing element. With a primary mirror focal length of
f =750 mm, hy = 12 mm and the lateral demagnification M = h,/hs ~ 30. With
this conjugate ratio the divertor is imaged onto the entire vertical extent of the CCD
cameras providing good spatial resolution and an f-number close to the acceptance
cone of the spectrometers.

The basis of the optical design for the new system is the utilisation of the portion
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of the main optical beam area that is otherwise obstructed by the base spectrometer
Newtonian telescope secondary mirror cell. A turning fold mirror placed in front of
the secondary mirror cell gives access to both the VIS and NIR arms of the dichroic
beamspliter configuration, as shown diagrammatically in Figure 4.3. Figure 4.4
shows the compact optical table layout of the new systems utilising 50 mm optics

and standard catalogue flat mirrors and achromatic doublet lenses.
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Figure 4.3: Schematic of new KT3 system and secondary mirror pick-ups from the VIS

and NIR arms of the existing KT3 system.

The turning mirror of diameter ¢! = 27 mm placed behind the Newtonian sec-
ondary mirror cell is now the aperture stop in the optical train of the new system.
Vignetting by the penetration tube is diminished, but the throughput is reduced by

the ratio

Gbo) _ [0,V (0:)] — (6)°
G’ (¢7)°

where G and G’ are the etendue of the existing and new systems, respectively,

(4.2)

and V(0,) is the vignetting factor of the existing system. The ratio has a range
10 £ G/G" < 22 depending on the field angle, with the highest value on-axis.
Although this geometric effect reduces the amount of available light for the new
system, it also allows for the use of small diameter 50 mm optics facilitating a

flexible and easily adjustable optical layout.
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Figure 4.4: Optical table layout of the new KT3 systems.

To compensate for the reduction in throughput, an /6.5 input cone was selected
for the new visible spectrometer (KT3E, /4.6 SCT) to ensure adequate utilisation
of the grating area and to maximise the toroidal extent of the divertor FOV that
is imaged on the 50 pm x 12 mm entrance slit. Similarly, the resulting demag-
nification (M~ 130) at f/6.5 allows for significant reduction in the detector region
of interest (ROI) on the filtered imaging cameras, thus increasing the maximum
achievable frame rate. Figure 4.5 shows imaging characteristics of the base spec-
trometer (KT3B, hy = 12mm; ~ 920 pixels), the new visible system spectrometer
(KT3E, hs = 2.7 mm; ~ 210 pixels) and filtered imaging cameras (KT3-E8TA/B,
hs = 2.4 mm; = 320 pixels). The images of mirror E were obtained by fully open-
ing the entrance slits to the spectrometers and setting the grating position to zero
order. Even with the reduced image size on the new visible system, equivalent base
system spatial resolution at the divertor object plane (KT3A/B/C, ~15 mm per
binning track) was easily achieved by x10 vertical binning. The achieved spatial

resolution of the filtered imaging system is sufficiently high to resolve individual
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tungsten lamellae on tile 5 stacks B, C and D (see tile identification in Figure 4.2)

as further demonstrated in Section 4.5.

MIRROR E

KT3-ESTA/B

Figure 4.5: Imaging characteristics of the new VIS systems compared to the base KT3B

system.

The measured vignetting functions of the base and new KT3 systems were ob-
tained from in-vessel calibrations during the shut-down period after the summer
2014 JET-ILW campaign. An integrating sphere equipped with a calibration lamp
was placed inside the vessel using remote handling equipment such that the aperture
of the sphere intersected the KT3 LOS. Since the aperture diameter is smaller than
the radial extent of the KT3 FOV, the lamp was placed in three radial positions
such that full coverage could be obtained. The resulting full radial profiles across
the CCD binning tracks for KT3A/B/C and the new KT3E systems are shown in
Figure 4.6, in the standard spatial binning scheme, normalised to the profile peaks.
The base systems exhibit a similar degree of vignetting towards the high-field side as
a result of the port tube geometry which increasingly restricts the view at larger field
angles towards the inner divertor. The increasingly peaked profiles of KT3B and
KT3C indicate additional vignetting caused by transmission through the dichroic
filters, relative to KT3A for which the light path is reflected from the first dichroic
filter. The vignetting profile for the new KT3E system exhibits sharp edges and
reduced vignetting compared to the base systems. The sloped and relatively flat
KT3E vignetting profile may indicate some misalignment in the vertical position

of the secondary pick-up mirror placed behind the Newtonian telescope secondary
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mirror cell.

N T
- KT3B
- KT3C (reversed)
1.0 KT3E .
0.8 —
0.6 |
04 —
0.2 .
LFS—
0.0[ Cl
0 15 20 25

Track

Figure 4.6: Measured vignetting profiles obtained during an in-vessel calibration.

4.2.1 Narrowband Interference Filters

The VIS and NIR filter-scopes employ 50 mm diameter Fabry-Perot interference
filters for transmitting a well-defined band of light centered on the emission line of
interest. A 2-cavity design provides a narrowband transmission profile with a width
of ~ 3.5 x FWHM at 1% of the peak transmission. Filters for the Balmer series lines
(Ba-«, 5, v) and Be lines (Be II 436.0 nm, Be II 467.3 nm) limit the bandpass to
1.5 nm FWHM while the Pa-a (1874.6 nm) and background correction (1886 nm)
filters provide a 4.5 nm FHWM bandpass. A narrower bandpass in the NIR can
technically be achieved but at substantial additional cost relative to the VIS filters.
The small (< 0.5°) incidence and field angles of the pseudo-collimated light result in
a negligible center wavelength shift (< 0.03 nm) for all rays intersecting the filters.

4.2.2 Schmidt Czerny-Turner Spectrograph Characteristics

The Czerny-Turner (CT) spectrograph is a widely used configuration for mounting
plane reflective ruled or holographic gratings and typically consists of an entrance

slit, collimating mirror, grating mount or turret, focusing mirror and exit slit or
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detector plane, as shown in Figure 4.7 (left). In applications employing 2D detec-
tors, attaining good imaging quality along the dispersion (horizontal) and spatial
(vertical) axis is of primary concern for achieving optimal spatial resolution (e.g., to
maximise the number of fibres placed along the slit) and spectral resolution to min-
imise the instrumental FWHM. Just as important is minimising off-axis aberrations
in order to avoid excessive blurring towards the edges of the camera sensor as well

as retaining a symmetric instrumental line profile.

Collimating Focusing Schmidt
mirror / mirror

Grating
turret

Czerny-Turner Schmidt Czerny-Turner

Figure 4.7: Schematic of the Czerny-Turner (left) and Schmidt Czerny-Turner (right)

spectrograph configurations.

CT designs employing spherical mirrors typically suffer from astigmatism whereby
the tangential and sagittal foci are well separated. This gives rise to elongation of
the imaged point source either in the horizontal or vertical direction, with the op-
timal visual focus found between the two focal planes. An improvement on this
design employs toroidal mirrors characterised by different horizontal and vertical
radii of curvature. This effectively brings the tangential and sagittal focal planes
closer together and significantly reduces astigmatism over the entire focal plane,
with virtually no astigmatism on the optical axis. However, toroidal mirror CT
designs still exhibit significant coma, or the blurring of off-axis point sources, the
degree of which increases as a function of aperture size. Retaining good quality
off-axis imaging characteristics and symmetrical line shapes thus requires operating
at a larger f-number and/or limiting the analysis of the spectral /spatial information
to point sources imaged near the optical axis.

An improvement in imaging quality and uniformity across the focal plane can

be achieved by correcting for astigmatism and coma with an additional optical ele-
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ment. One such design, the Schmidt Czerny-Turner (SCT) configuration, is shown
in Figure 4.7 (right) and incorporates a reflective Schmidt corrector placed between
the toroidal collimating and focusing mirrors. This is the basis of the IsoPlane SCT-
320 (Princeton Instruments Inc., 2013) instrument, used for both the KT3E system
and KT3D-MR near-infrared demonstration system. This spectrograph incorporates
/4.6 optics, resulting in a factor of 2 increase in maximum throughput compared to
the Acton SpectraPro-500i conventional CT toroidal mirror imaging spectrograph
(f/6.5) used in KT3C. A performance assessment of the KT3E SCT spectrograph
was carried out by comparing its imaging quality and instrumental FWHM unifor-
mity across the focal plane to the conventional CT (KT3C) under identical illumi-
nation conditions and using the same model of CCD camera (ProEM:1024B). The
test set-up consisted of mounting Hg-Ar and Ne pencil style calibration lamps on a
fixture attached directly onto the entrance slit housing. This combination provided
sufficient isolated spectral line density in the range 600-700 nm to cover the entire
focal plane area (1024x1024 pixels, 13 pm pixel size). The lamp placement at the
entrance slits ensured sufficient illumination along the entire vertical (spatial) axis.
A 300 I/mm ruled grating was selected on both spectrometers, yielding a spectral
range of 129 nm for the 0.33 m focal length SCT and 85 nm for the 0.5 m focal length
CT. Since both spectrometers are designed with 1:1 magnification of the entrance
slit (set to 50 pm) on the detector focal plane, the spectral line FWHM in pixels
provides a measure of the imaging quality as a function of the design aperture ratio
and degree to which the optics correct for off-axis aberrations, independent of the
grating groove spacing.

Figure 4.8 shows contour plots from measurements of the same two spectral
lines imaged with the CT and SCT spectrometers near the detector center in the
dispersion direction and across the entire sensor in the spatial direction, binned
into 23 tracks consistent with the standard KT3C binning scheme. Since Doppler
broadening of the spectral lines emitted from the pencil lamps is assumed to be
negligible, the line FWHM and line shape is considered to be entirely attributed
to the instrumental broadening. The dispersed slit images on the CT instrument
exhibit some curvature and broadening away from the center. The slit images on the
SCT instrument exhibit more consistent widths across the sensor but an asymmetric
bump in the tails of the spectral line is also evident at the sensor edges. A 1-2 pixel
shift in the line centre is also observed in the spatial direction across sensor and is
attributed to a slight misalignment on the detector rotational axis. It was found

that the line shape at the sensor edges of the SCT spectrometer was particularly
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Figure 4.8: Comparison of the CT and SCT spectrometer instrumental line width over
the spatial dimension of the CCD sensor from measurements of two spectral lines po-
sitioned near the center of the sensor in the dispersion direction. The bottom spectra

correspond to track 12.

sensitive to small changes in the illumination position as the pencil lamp fixture was
slightly rotated. This effect was much less noticeable with the CT spectrometer. It
is unclear whether the presence of the SCT line shape asymmetry is a consequence of
overfilling the design input light cone at £/4.6, inadequate alignment of the spectrom-
eter optical elements and grating, or whether this is an inherent feature. Further
testing is recommended using a fibre bundle and entrance slit adapter in order to
more accurately map the imaging characteristics towards the sensor edges. Such a
set-up was not available during the characterisation. Since the reduced image size
of mirror E on KT3E only spans 220 pixels across the spatial axis (see Figure 4.5),
the observed line asymmetries at the sensor edges were not of particular concern for
plasma measurements.

It is also of interest to compare the line FWHM distribution over the entire
sensor, disregarding the bump on tail asymmetric line feature at the sensor edges.
This was carried out by fitting a Gaussian model in the least-squares manner to
the measured Hg-Ar and Ne spectral lines spanning the entire width and height of
the detector. The resulting change in the FWHM relative to the on-axis value as
a function of binned track (vertical axis) and spectral line number (dispersion axis)

is shown in Figure 4.9. Only a small variation in the AFWHM is evident along the
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dispersion axis for both spectrographs. A significant increase in the spectral line
FWHM is observed away from the optical axis for the CT instrument, whereas a

more uniform FWHM profile across the slit is observed for the SCT instrument.

B KT3C (=0.5m CT)
BN KT3E (f=0.33m SCT)

('d) WHM SV

Figure 4.9: Variation of the change in instrumental FWHM over the spatial and disper-
sion extents of the CCD sensor for the CT and SCT spectrometers.

While the SCT spectrograph offers increased uniformity in the spectral line
FWHM along the vertical axis, additional performance testing is required to draw
definitive conclusions on the relative imaging performance compared to the conven-
tional CT spectrograph. It was also found that the asymmetric bump on tail can
be reduced somewhat by defocusing the slit image on the detector plane, at the
cost of increasing the instrumental line width. A further recommendation for future
testing is to incrementally decrease the slit width in order to ascertain the impact of
the corrective optics on the minimum attainable instrumental width and its spatial
distribution along the dispersion and spatial directions. Lastly, it should be noted
that using spectral line measurements from tokamak plasma emission for the pur-
pose of mapping the FWHM variations across the sensor is not recommended due
to the influence of line broadening and splitting mechanisms (e.g., Doppler broaden-
ing, Stark broadening, Zeeman splitting) which tend to obfuscate the instrumental

broadening contribution.
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4.3 Visible System (KT3E and KT3-E8TA /B)

Selection of CCDs for the visible system was largely based on the application re-
quirements for sensitivity vs. speed. For the new grating spectrometer (KT3E) a
1024 x1024 pixel frame transfer cooled CCD (ProEM 1024B) offers excellent quan-
tum efficiency (QE) with a peak of ~95% at 650 nm due to a pixel fill factor of
100% . Cooling the sensor to -50°C reduces the dark current down to 0.04-0.002
e-/pixel/s, rendering the read noise as the dominant noise mechanism at low light
levels. Frame rates are limited by the vertical shift rate in the readout cycle during
which the charge from the entire exposed sensor region of interest (ROI) is trans-
ferred to the masked region. Since the active area is exposed to light during the
transfer process, the frame transfer CCD is more prone to image smear at high light
levels.

The main requirement of the visible imaging spectroscopy system (KT3-E8TA /B)
is a fast frame rate up to ~2 kHz. Machine vision interline progressive scan CCDs
provide sufficient speed to meet this criterion while preserving sensitivity and sensor
uniformity characteristic of CCDs. Although the QE for interline CCDs suffers due
to relatively lower fill factors, the use of microlenses can recover much of the QE
with a peak of ~54% at 500 nm for the KAI-0340 640x480 pixel sensors used. The
real advantage of interline CCDs is very quick charge transfer from exposed pixel
columns to adjacent masked pixel columns. Smear is minimised in this arrange-
ment and a dual shift register provides fast frame rates up to 2 kHz for a ROI of
320x10 pixels. The two cameras (AVT Pike F-032B) in the filtered imaging sys-
tem operate at room temperature with typical dark currents of < 1000 e-/pixel/s.
One limitation of interline-CCD cameras is a lack of an electronic rolling shutter
feature, which could facilitate higher time resolution taking advantage of the de-
layed exposure timing at each row of pixels. CMOS cameras typically provide such
functionality and should be explored for this application provided that the photon
statistics and camera noise at sub-500 ps exposures results in adequate SNR.

The available light at the pick-up turning mirrors (located behind the secondary
mirrors of the Newtonian telescopes) of the new VIS and NIR systems is estimated

from

Py =L\GT, (4.3)

where P, is the total photon flux [ph s™! nm™!] incident on the pick-up mirror, Ly is

the averaged spectral radiance [ph s™' m~2 sr~! nm™!] across the divertor FOV, G
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is the averaged etendue [m?

sr] across the divertor FOV and T} is the total spectral
optical transmission which takes into account all optical elements from the vessel
port to the secondary turning mirror in the roof lab. Estimated values are G ~
1.1 x 1078 m? st and T = 0.15 in the range 300-2000 nm.

Based on observations of the outer divertor ion fluxes in JET-ILW discharges
(e.g. Huber et al., 2013; Romanelli, 2013) and using ADAS SX B coefficients as a
function of electron density and temperature, the range of expected H 3—2 radiance
values averaged across the outer JET divertor is shown in Figure 4.10.(a). Taking
into account the beamsplitter transmission (0.5), slit width (50 pm), image height
(2.7 mm), grating efficiency (200 1/mm, 0.7@650nm), an instrumental line width
of ~ 3 pixels FWHM, the estimated SNR for D 3—2 intensity measurements on
KT3E is 150 < SNR < 5500 assuming a total CCD noise figure of 6 e~ RMS
and 25 fps frame rate. Similarly, the SNR for the Pike cameras with a 1.5 nm
FWHM narrowband filter and a 2.4 mm image height on the sensor yields values
of 10 < SNR < 350 assuming 1 kHz fps and 16 e~ RMS camera noise. On-chip
binning on the frame transfer ProEM CCD (23 tracks) and post-process binning on
the Pike cameras (23 spatial tracks and 30 pixels toroidally) will improve the SNR
by a factor 3-5 for lower intensity impurity Be lines, D 4—2 | D 5—2 as well as hign-
n Balmer recombination lines. A spatial resolution of 15 mm in the radial direction,
consistent with the existing system, is preserved using this binning scheme.

Figure 4.10.(a) also shows the estimated bremsstrahlung and thermal contribu-
tions from the outer divertor plasma and tungsten tiles. Bremsstrahlung emission
was modelled assuming a LOS integration of uniform emissivity through 100 mm
of an isothermal divertor plasma, ignoring the high temperature core contribution.
Thermal emission was calculated using the empirically derived tungsten emissivity
from the ITER Material Properties Database (ITER Doc. G 74 LS 102-03-22 WO0.1).
The continuous spectral emission was then multiplied by the 1.5 nm bandpass 2-

cavity filter transmission function centered at the H 3—2 wavelength.

4.4 Near-infrared System (KT3D)

4.4.1 Grating Spectroscopy

After the completion of the MAST M9 experimental campaign, the low resolution
NIR spectrometer (BaySpec SuperGamut) was installed on the JET-ILW mirror-
linked system and given the designation KT3D. The 100 pm input slit was replaced
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Figure 4.10: Estimates of the H 3—2 (656.3 nm) and H 4—3 (1875.1 nm) line intensity,

bremsstrahlung and thermal emission.

with a 50 pm slit in order to improve the spectral resolution. The instrumental
FWHM was thus reduced from ~ 10 nm to ~ 7 nm. The slit replacement re-
quired a wavelength re-calibration which was carried out using a combination of a
fibre-fed Hg-Ar light source and later using the deuterium Paschen series lines from
plasma measurements. Although the KT3D spectrometer is useful for surveying
the NIR spectrum in the JET-ILW environment, the coarse resolution, even after
the slit replacement, limits the interpretation of the spectral features and precludes
both spatially resolved measurements and line shape measurements. The medium-
resolution KT3D-MR imaging spectrometer was thus commissioned for a two week
period on a loan basis from Princeton Instruments. The challenge in installing the
KT3D-MR IsoPlane SCT-320 instrument was the limited space in the new optical
table layout. To accommodate KT3D-MR, the remaining new NIR systems (KT3D
and KT3D-PD) had to be disassembled for the duration of the loan. To ensure
accurate realignment of KT3D and KT3D-PD, current-stabilised calibration LEDs
(both VIS and NIR) were placed in-line with the optical path using a slit, collimator
and beam-splitter arrangement (see Figure 4.3). Figure 4.11 shows images captured
using a CCD camera during the initial KT3D alignment illustrating the view of mir-

ror K, the LED reference source aligned with the position of mirror E; as well as an
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inverted image showing tile 5 in the divertor illuminated by the in-vessel inspection
lights (IVIS). With this system in place, the KT3D and KT3D-PD systems could
be removed, reinstalled and realigned correcting for any measured spectral radiance

offset using the current-stabilised LED light source.

KT3D IVIS
KT3D Mirror E view KT3D alignment reference (inverted)

Figure 4.11: CCD alignment camera images of the NIR system including: a view of
mirror E (left), overlapping alignment reference illumination (middle), and an enhanced

image of tile 5 (using an inverse look up table) in the JET-ILW divertor (right).

To demonstrate the measurement capabilities of the KT3D-MR system, Fig-
ure 4.12 compares the Hg-Ar spectrum obtained with the low-resolution KT3D
spectrometer and the composite spectrum obtained with the KT3D-MR imaging
spectrometer with a 300 1/mm grating over several grating positions. A factor of
14 increase in the spectral resolution was thus achieved with the 300 1/mm grat-
ing (instrumental FWHM=0.5 nm), and a factor of 28 with the 600 1/mm grating
(instrumental FWHM=0.25 nm). The trade-off for obtaining the higher spectral
resolution is a reduction in the spectral range at each grating position. Figure 4.13
compares the spectral reciprocal linear dispersion (nm/mm) of both instruments
thus illustrating the spectral range of the KT3D-MR 300 1/mm grating position
settings. The imaging characteristics of KT3D-MR equipped with the 2D cooled
InGaAs camera (PI NIRvana640) provided spatial resolution equivalent to the base
and KT3E systems, depending on the post-process binning scheme.

4.4.2 InGaAs Photodiode Characteristics

The InGaAs photodiode is the most common detector for NIR applications in the
range 900-2500 nm. Band gap energies of InGaAs photodiodes are smaller then Si

photodiodes for operation at reduced photon energies, and can be tuned by changing
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Figure 4.12: Comparison of the Hg-Ar calibration lamp spectrum obtained with the
KT3D and KT3D-MR spectrometers.

139 : : : 9.8
KT3D, Inst. FWHM=7 nm (BaySpec SuperGamut)

£ KT3D-MR, Inst. FWHM=0.5 nm (PI IsoPlane SCT-320) | ; T
£ 138F £
13 los £
s 137F S
(7] [
g 195 ¢
2 136f 3
g 194§
£ £
— 135} =
® @
S 193§
Qo o
2 2
§ 134 {928

133 : * * 9.1

800 1000 1200 1400 1600 1800

Wavelength (nm)

Figure 4.13: Comparison of the reciprocal linear dispersion for the KT3D and KT3D-MR

spectrometers.

the composition ratio of indium and gallium. The standard type offers good spectral
response in the 900-1700 nm range while extended-InGaAs photodiodes have cut-offs
up to 2600 nm (Rogalski, 2010, p. 309) (see Figure 1.6).

The detectivity, or sensitivity per unit active area, given by

. VA

Df =1
»" NEP,

(4.4)

is a commonly used figure of merit for comparing photodiode performance, where

A is the active area [cm?], and
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PA _ PA
SNRVAF  Af
is the noise equivalent power [W Hz~'/?] corresponding to the rate of incident photon
energy P [W cm™2] which yields a SNR of 1 at a measurement bandwidth Af = 1
Hz.

Ignoring any internal and operating circuit noise sources, the theoretical detec-

NEP, =

(4.5)

tion limit of infrared detectors is determined by the photon noise due to background

fluctuation, given by

. A n
Dy =1\ 30s (4.6)

where 7 is the quantum efficiency and @) g is the total background photon flux density
reaching the detector. For a blackbody background flux at 300 K the theoretical
detectivity, which is inversely proportional to the Planckian distribution, falls off
with increasing wavelength. In the 1000-2000 nm region, the dominant noise mech-
anism at or near room temperature operation is not the background fluctuation but
rather internal processes associated with thermal generation. The narrower band
gap results in transition energies that become comparable to the thermal energy of
charge carriers, kg7, enabling thermal transitions (Rogalski, 2010, p. 59).
The total noise current of the InGaAs photodiode is given by

in =3+ i+ i, (4.7)

where i, is the thermal (or Johnson) noise,

i, = HeTAS (4.8)
Rsp,

igp is the dark current shot noise,

isp = \/2qipAf (4.9)

and, similarly, 1gp is the photocurrent shot noise. ¢ is the electron charge, ip the
dark current and Rgj, the shunt resistance of the photodiode. Both the dark current

shot noise and thermal noise can be significantly reduced by cooling the detector.
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Table 4.2 lists the performance characteristics of Si and InGaAs photodiodes
with similar photosensitive areas. Si diodes offer very high detectivity at room
temperature due to low noise current, whereas the infrared InGaAs photodiodes
require a low temperature operating point to minimise the dark and Johnson noise
currents. Extended InGaAs photodiodes with sensitivity up to 2100 nm exhibit the
lowest performance due to a narrower band gap, hence even at -20°C the detectivity
is an order of magnitude lower in comparison to the Si photodiode operated at room

temperature.

Table 4.2: Performance characteristics of Si and InGaAs photodiodes.

Element Photosensitive Spectral Peak Photosensitivity Detectivity
Type Temperature Area response range sensitivity at peak at peak
(°co) (mm) (nm) (nm) (A/W) (cm Hz'/2 w1
Si
Hamamatsu 25 1.1x1.1 320-1100 960 0.5 1.75 x 1013
S1336-18BK
InGaAs
Hamamatsu 25 21 900-1700 1550 1.1 6.3 x 10%2
G12180-010A
InGaAs
Hamamatsu -20 Z1 900-1650 1550 1.1 6.7 x 10'3
G12180-210A
InGaAs
Hamamatsu 25 #1 900-2100 1950 1.2 3.5 x 10%1
G12182-010A
InGaAs
Hamamatsu -20 z1 900-2050 1950 1.2 2.0 x 10%2

G12182-210A

Photodiodes can be operated either in photoconductive (biased) mode by ap-
plying a reverse bias voltage, or photovoltaic (unbiased) mode, depending on the
application requirements. To illustrate the working principle and trade-offs of pho-
todiode operating modes, a typical current-voltage (I-V) characteristic curve of a
photodiode is shown in Figure 4.14 with the shifted curves resulting from increasing
photon flux incident on the detector area. The load lines (red) represent the load
resistance Ry which converts the generated photocurrent to a measurable voltage.
In the photoconductive mode, the reverse bias voltage Vi increases the depletion
region width and decreases the junction capacitance C;. Since the measurement

cut-off frequency f. or rise time 7, (10% to 90% ) is approximately

PNLEC I
T 21 RCy’

(4.10)

the main advantage of reverse biased operation is the increase in speed and detector

linearity at the cost of increased noise due to additional dark current. Conversely
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Figure 4.14: Current-voltage photodiode charactersitics and load lines (red) for different

operating modes.

the photovoltaic mode (Vg = 0) offers reduced noise due to the absence of dark
current and is particularly well suited to very low light level measurements at the
cost of reduced bandwidth (speed) due to relatively larger value of C;. In this case
the detector linearity depends on the relative size of the internal photodiode shunt
resistance Rgy, and Rp. In the limit when Ry — 0 (short circuit) the photodiode
behaves as an extremely linear current generator and is typically connected to a
transimpedance amplifier circuit to convert the generated photocurrent (isc) to a
measurable voltage, the gain of which is determined by the value of the amplifier
feedback resistance. In the limit when R; — oo (open circuit) the voltage across
the photodiode (V,.) is determined entirely by Rg,. In this case the forward bias
voltage opposes the band gap potential of the photodiode junction, which results
in an exponentially decreasing output voltage with increasing illumination. This
non-linearity is the main disadvantage of the photovoltaic mode of operation, but at
very low light levels it offers the highest detectivity due to elimination of the dark
shot noise, relatively high output voltage level and an entirely passive circuit con-
figuration. Addition of active operational amplifier elements (e.g., transimpedance
amplifier) reduces the effective detectivity of the photodiode due to 1/f, or flicker
noise, especially at lower frequencies. This can be mitigated by selecting the mea-
surement bandwidth at higher frequencies by modulating the input signal by means

of a chopper wheel and lock-in amplifier, but at significant additional cost and com-
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plexity.

To maximise the detection limit of the KT3D-PD D 4—3 and background fil-
tered photodiode measurements, the photovoltaic mode of operation was chosen.
This ensured timely commissioning of the diagnostic for the 2014 JET-ILW scien-
tific campaign by reducing additional complexities associated with amplifier optimi-
sation and/or additional costs associated with a lock-in amplifier and chopper wheel
configuration. A dual stage cooled PIN photodiode (Hamamatsu G12182-210A) was
selected based on its relatively high detectivity (D*) compared to packaged detector
and transimpedance amplifier configurations. The D 4—3 and thermal background
photodiodes were connected directly to a digitiser (National Instruments 6221) with
10 G2 input impedance using 5 m twisted pair shielded cables and were cooled
using two temperature controllers (ILX Lightwave LDT-5525). Figure 4.15 shows
the optical table configuration of the KT3D-PD system. The optimum photodi-
ode operating temperature was determined to be -15°C as a compromise between
the reduction in Johnson noise and the presence of a low frequency ripple in the
thermoelectric cooler circuit. The observed ripple increased with lower temperature
operating points due to the higher thermoelectric current demand, and eventually
offset the SNR gains from Johnson noise reductions.

The two critical performance measures of the photodiode system are the SNR
and detector linearity at the expected incident photon fluxes. An assessment of the
detector linearity in the open circuit photovoltaic mode depends on the photodiode’s

[-V characteristics, which can be approximated with the ideal diode equation,

ir = ig [eXp (N‘Q;T) - 1} +ip (4.11)
where ir is the total current flowing through the diode, ip is the photocurrent, 7
is the saturation or dark leakage current, V' is the applied voltage across the diode
and T is the absolute operating temperature. N is the ideality factor, which is
typically in the range 1-2 for actual diodes. In the absence of photocurrent, the sat-
uration current can be estimated using the photodiode’s dark current characteristic
(obtained from the manufacturer’s datasheet) since the dark current is composed of
contributions from the photocurrent generated by background fluctuation and the
saturation current at the diode junction. The open circuit voltage V,. can then be

estimated from
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Figure 4.15: Optical table layout of the KT3D-PD filtered photodiode system.

v, = YT <1 - Z.—P> . (4.12)
q %0

The expected photocurrent i¢p can be estimated using eqn. 4.3 and Figure
4.10.(b) which shows the estimated H 4—3 intensity calculated using ADAS SXB
data for electron temperatures 1 < 7, < 50 eV and electron densities 10! < n, <
10%! m™3, as well as the tungsten thermal emission intensity. With the entire diver-
tor FOV demagnified and focused onto the monolithic detector area with g1 mm,
the estimated photocurrent is in the range 0.1 < ip < 10 nA. Figure 4.16 shows
the photodiode response in the open circuit configuration at -20°C according to eqn.
4.12 as a function of the expected photocurrent for three values of the ideality factor
N. The response is close to linear for all ideality factors with < 10% drop from the
purely linear response at an output voltage of 4-5 mV.

The photodiode linearity in the open circuit configuration was further scrutinised
by comparing time evolved signals of the D 5—2 line intensity, obtained with KT3B
and summed across all tracks, against the D 4—3 filtered photodiode output voltage

from a divertor detachment experiment, JET pulse 86959 (Figure 4.17). The contri-
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Figure 4.16: Ideal photodiode response for different ideality factors N.

bution of the background emission was negligible for this pulse. The measurement
serves as a convenient ramp function for comparison of the relative changes in the
slope of both signals and is also one of the strongest D 4—3 signals recorded during
the 2014 JET-ILW scientific campaign. The D 5—2 peak-to-peak signal is scaled
to the D 4—3 signal in order to isolate any differences in the slope. The very good
agreement in the signal rate of increase up to 3 mV output voltage is consistent with
near-linear photodiode response. This result confirms the suitability of the open cir-
cuit photodiode operating mode for D 4—3 line intensity and thermal background

contribution measurements.
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Figure 4.17: D 4—3 (KT3D-PD) photodiode output voltage vs. D 5—2 (KT3B) total
line intensity (scaled) from JET pulse 86959.
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The SNR at illumination levels representative of expected D 4—3 and thermal
emission intensities was characterised using the current stabilised NIR LED (center
wavelength 1450 nm, spectral FWHM 100 nm) calibration source. The time domain
step response of the photodiode to the LED illumination is shown in Figure 4.18,
as well as the frequency spectrum obtained using a fast Fourier transform (FFT)
of the signal at 4.45 < ¢ < 4.65 s for three signal conditioning cases: (1) the raw
signal sampled at 10000 samples/s; (2) the raw signal with the 50 Hz electromagnetic
interference (EMI) component subtracted using a Butterworth filter with a bandpass
of 10 Hz, and (3) raw signal smoothed using a Hann window with a width of 250
samples and subsequent subtraction of the 50 Hz interference component using the
Butterworth filter. The SNR for the three signal conditions, shown in the bottom
left plot, is calculated by dividing the peak-to-peak signal voltage by the standard
deviation of a 1000 sample window. Clearly, the smoothing and removal of the 50
Hz EMI component significantly improves the SNR from =~ 30 to ~ 2000 at a peak-
to-peak voltage of 4.6 mV. The rise time of all three signals, largely dictated by the
photodiode Rg;, and C; values according to eqn. 4.10, is 7, &~ 40 ms which yields a
-3 dB cut-off frequency f.~ 9 Hz.

T T T T
— Raw signal (10,000 samples/s)

T T T
8[| = 50 Hz Butterworth filter H 6.4F

=== Smoothing (Hanning: 250 samples) + 50 erworth filter L
7+ | .
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Figure 4.18: Time and frequency response and estimated SNR of the KT3D-PD filtered
photodiode system for three different signal conditioning cases using illumination provided
by the NIR calibration LED.
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The 16 bit analog-to-digital conversion (ADC) resolution at the lowest available
input range of 0.2 V yields an effective digitiser resolution at the full scale plasma
signal (= 5 mV) of 10 bits, or 1024 levels. Improving the digitiser resolution would
require signal amplification and consequently a reduction in the SNR.

In summary, the filtered photodiode system in the photovoltaic open circuit con-
figuration provides linearity at < 10% deviation at peak expected illumination levels
(effective full scale), a maximum SNR~ 2000 with appropriate signal conditioning
in post-process and time resolution of ~ 50 ms. Although there is significant room
for improvement in increasing the detector speed, the current configuration per-
formed sufficiently well within the main measurement criteria; mainly quantifying

the extent of the thermal contribution to the D 4—3 line intensity.

4.4.3 Isolating the Thermal Emission Contribution

Contamination from thermal emission is of particular concern for quantitative mea-
surements of the D 4—3 line intensity at 1874.6 nm, which coincides with the peak
of a blackbody radiation spectral distribution at a temperature of 1547 K accord-
ing to Wien’s law. Maximum surface temperatures of the JET-ILW solid tungsten
divertor target lamellae (tile 5) have been observed to exceed 1500 K due to steady-
state and transient heat loading (Balboa et al., 2012). Figure 4.10.(b) includes
estimates of the thermal emission contribution for different tungsten tile tempera-
tures by applying the KT3D-PD filter function to the thermal emission continuum.
The bremsstrahlung contribution admitted through the filter is also shown. Similar
to the VIS range, signal contamination from bremsstrahlung only becomes appre-
ciable for high electron density and low electron temperatures, typically associated
with the detached divertor regime.

Removing the background contribution from the D 4—3 signal is achieved in
the KT3D-PD system by a dedicated background channel with a 4.5 nm FWHM
bandpass filter, with the center wavelength (1886 nm) shifted 11.4 nm away from the
D 4—3 line centre (Figure 4.19.(a)). At this wavelength separation crosstalk between
the two measurements is reduced to < 5% . Due to the non-linear wavelength
dependence of the black body spectrum, the corrected D 4—3 signal includes a

non-linear component that varies with the tile temperature such that

Ia,corr = Ia,Th - CITh (413)
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where I, corr, Lo, 1n, and Iy, are the corrected D 4—3 intensity, combined D 4—3 and
thermal intensity, and the stand-alone thermal intensity, respectively, as a function
of the tungsten tile surface temperature and the given D 4—3 radiance [,. Figure
4.19.(b) shows the corrected D 4—3 intensity according to eqn. 4.13, normalised to
the actual value [, as a function of tungsten tile temperature. Three closely spaced
values of the correction factor { result in quite different corrected signal functions,
with ¢ modifying the correction significantly at low values of I,. The significance of
this result is that, in practice, the uncertainty in the D 4—3 intensity measurement
will become larger with increasing tile temperature. A narrower bandpass filter,
at significant additional expense, would reduce the admitted thermal background
component and thus decrease the measurement uncertainty at high tile tempera-
tures. Finally, it should be noted that, in the absence of budgetary constraints, the
optimal solution for obtaining D 4—3 line intensity measurements is by means of
a grating spectrometer with a linear extended-InGaAs sensor. Removing the back-
ground thermal continuum could then be carried out in the usual manner by fitting

and subtracting the continuum baseline from the spectral line measurement.

4.5 Results From Plasma Measurements

The increased spatial resolution afforded by the new filtered imaging system (KT3ESTA
/ B) allows for precise monitoring of any radial and toroidal view shifts during plasma
pulses, since the features of the divertor target plates are well resolved, as shown
in Figure 4.20,(a). An example of the dynamic FOV shift in the radial direction
during JET pulse 86087 is shown in Figure 4.20,(b)-(c) from filtered D 3—2 and
Be II emission during a strike point sweep on tile 5. A 10 pixel (= 12 mm) shift
is evident and is most likely caused by movement of the mirror box housing mirror
D and E which is mounted to one of the transformer limbs. The highest recorded
shift during the 2014 summer campaign was 40 pixels (=~ 48 mm) during JET pulse
87075. The gaps between the lamellae stacks (5D, 5C, 5B) thus serve as a refer-
ence point for spatial calibration correction for the rest of the KT3 instruments. A
possible method for automating such a correction is to track the position of the tile
gap using, for instance, cross-correlation or a selection algorithm using the radial
pixel array in the vicinity of the gap for each camera frame. Such a method relies
on sufficient plasma emission or corner reflections to illuminate the tiles.
Operation of the imaging cameras at 1 kHz frame rate gives diagnostic access

to ELM cycle resolution, the duration and frequency of which is usually determined
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Figure 4.19: Thermal background corrected D 4—3 intensity as a function of tungsten

tile temperature.

from fast measurements of the upstream edge pedestal temperature 7. ,.q, the total
radiated power P,.4, and peaks in the total Be II (527 nm) line emission from a
sudden increase in impurity influx to the divertor during the ELM. Figure 4.21
shows first of its kind ELM-resolved divertor D 3—2 emission measurements at 1
ms time resolution and better than 1.5 mm radial spatial resolution using KT3ES8TA
during two H-mode JET-ILW pulses. The collapse in pedestal temperature, Be 11
intensity spikes and subsequent peaks in radiated power (Figure 4.21 (a) and (c))
are consistent with ELM cycles in both pulses (JET 86421 and 86255). The D
3—2 radial emission profiles, however, exhibit different features. In pulse 86421
the onset of each ELM causes first an increase in D 3—2 intensity near the strike
point followed by a ~ 30% decrease relative to the inter-ELM intensity. This is
likely an indication of the ELM ”burning” through the cool and dense region in
the outer divertor caused by a sudden influx of hotter plasma from the upstream

ELM event through parallel SOL transport. Conversely, the radial D 3—2 emission
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Figure 4.20: a) KT3E8TA raw camera frame from JET pulse 86087 with tile identifi-
cations; b)KT3E8TA time evolution of the D 3—2 radial intensity profile during a tile 5
strike point sweep; ¢) KT3E8TB time evolution of the Be II radial intensity profile for the

same pulse.

profile in pulse 86255 exhibits transient ELM peaks, similar to the Be II signal,
and is associated with increased recycling in ionising plasma conditions due to a
sudden influx of particles during the ELM. The spatially resolved emission profiles
thus provide valuable diagnostic information of the influence of the transient ELM
events on the plasma state as well as any perturbations to the magnetic geometry
which may cause an intra-ELM strike point shift. Further investigation, for example
by comparing the D 5—2/3—2 line ratio, is needed to gain insight into the plasma
radiation characteristics as well as the possible impact of deuterium out-gassing from
the solid tungsten tiles during ELM cycles.

The low resolution KT3D NIR survey spectrometer allows for identification of

the strong lines in the 900-1700 nm spectrum. As a proof of concept diagnostic,
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Figure 4.21: a) Time evolution of select signals and D 3—2 radial intensity profiles from
JET pulse 86421 and 86255. Ordinate units are given in square brackets for each signal.
R is the plasma major radius and extends from 2.60 < R < 2.92 m over the outer divertor

tiles.

the survey is useful for identifying the regions of interest for further study at higher
resolution. Two KT3D spectra are shown in Figure 4.22 with the strong lines from
intrinsic impurities (Be I, Be II, C I) and the D 5—3 and D 6—3 lines identified.
Thermal emission from tile 5 contributes a significant broadband component in the
spectrum of pulse 85829. A region of poor transmission around 1380 nm is also
evident in the raw DN data, likely due to the K'T'3 main system dichroic filters. The

presence of the thermal spectrum reduces the dynamic range and increases shot noise
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for line intensity measurements, but also provides spectrally resolved temperature
data of possible use for IR thermography. Quantitative measurements of spectral
line emission intensities and line profiles are possible given a suitable background
subtraction technique, provided the sum of spectral emission contributions does not

saturate the detector.
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Figure 4.22: KT3D spectra from JET pulse 85829 and 85551.

The extent of the thermal contribution relative to the D 4—3 line intensity was
examined using the KT3D-PD photodiode pair by scanning the range of plasma
pulses throughout the 2014 campaign. Horizontal target plasma configurations,
in which the outer strike point position on tile 5 is directly in the LOS of the
photodiodes, is of particular interest. It was found that the thermal contribution
was significant for high input power discharges (Pyp; > 20 MW) and attached
divertor plasma conditions. In such scenarios the bulk of the power entering the SOL
upstream is deposited onto the target plates in a narrow strip characterised by the
power width A, (see Section 2.2.2), typically of the order of a few to several mm on
JET (e.g. Fundamenski et al., 2002). The highest thermal contribution to the D 4—3
line intensity was observed in pulse 86718 (Pyp;r = 22.7 MW, Ip = 2 MA), shown in
Figure 4.23.(a), where at the thermal peak with a maximum surface temperature of
1463 K the D 4—3 / background intensity ratio is ~ 1.6. The outer divertor D 3—2
smoothed and scaled intensity trace (JET signal EDG8/DAO) is in good agreement
with the thermal background corrected D 4—3 signal. This indicates very low cross-
talk between the D 4—3 and background KT3D-PD photodiode narrowband filters
thus confirming reliable background correction.

To gain insight into the spatial extent of D 4—3 emission in Figure 4.23.(a), the D
3—2 radial emission profile obtained using KT3-E8TA is shown in Figure 4.23.(b) at
a time window near the thermal peak (¢t =7.60-7.65 s). The radial profile is localised
to the strike point (the location of the outer strike point (OSP) from the magnetic
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Figure 4.23: JET pulse 86718: a) Outer divertor total D 4—3 intensity and thermal
background contribution (KT3D-PD), and total D 3—2 intensity (EDG8/DAO); b) D
3—2 radial intensity profiles (KT3ESTA).

reconstruction EFIT ! signal is indicated), shifting outward towards the tile 6 corner
during each ELM cycle. This indicates that the measured volume integrated D 4—3
/ background ratio is representative of the local conditions near the OSP. As such,
the above comparison supports the utility of D 4—3 line intensity measurements on
the JET-ILW divertor, even at high input power and high tile temperatures, albeit
with increased shot noise (< v/2) and decreased dynamic range. It is also worth
pointing out that KT3D-PD thermal background measurements did not exceed the
photodiode noise level in detached plasma scenarios in which the power deposition
on divertor targets is reduced due to atomic processes upstream of the target. Lastly,
the time resolution of the D 4—3 and background photodiode signals (=~ 50 ms) is
not sufficient for examining the intra and inter-ELM thermal contribution, thus the
photodiode measurements represent the average over one or more ELM cycles.
Interpretation of hydrogenic Balmer and Paschen series lines relies on sufficient
spectral resolution for resolving line profile features and identifying contributions
from nearby impurity lines that may obfuscate the measurements. The base KT3
system (KT3A/B) provides an instrumental FWHM of 0.08 nm using the 1200 1/mm

grating. This is sufficient for resolving Stark broadening of the Balmer lines with n >

'EFIT (Equilibrium Fitting) is a computer code which translates measurements from magnetic

probe diagnostics into useful outputs such as plasma geometry, stored energy and current profiles.
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5 and identifying impurity lines with high precision. To gain insight into the spectral
character of the NIR region in more detail, the KT3D-MR spectrometer was used to
survey the region from 900-1350 nm under different plasma conditions. Figure 4.24
shows composite spectra spanning the VIS and NIR range using KT3A /B, KT3D-
MR (solid line) and KT3D (dotted line) instruments in unseeded, Ne seeded and N
seeded plasmas. Impurity seeding on JET-ILW is frequently used in experiments
with the aim of promoting a high radiative fraction in the SOL and divertor in
order to dissipate the exhaust power upstream of divertor targets. A consequence
of such extrinsic impurity puffing is the presence of many low charge state (e.g.,
N I-IV, Ne I-1V) spectral lines across the VIS and NIR spectrum, the intensity of
which may be comparable to the Balmer and Paschen series lines depending on the
seed gas injection rate and divertor plasma conditions. This is most evident for the
high-n Balmer lines near the discrete to continuum transition (370-380 nm) as well
as for the high-n Paschen lines (900-1100 nm). Lines which are relatively free from
contamination due to seeded impurity lines are D 4—2, 5—2, 7—2, 82, 5—3 and
6—3. These lines are therefore good candidates for estimating plasma parameters
such as T, and n. for both unseeded and seeded plasmas. It is also interesting
to note that, although the low resolution KT3D spectrometer is not suitable for
Paschen line intensity measurements under Ne and N, seeded conditions due to
contamination from unresolved blended lines, the Paschen spectrum is sufficiently
free of intrinsic impurity lines (e.g., Be I-II, C I-II) in unseeded plasmas. This is
especially relevant in detached plasmas in which the volume recombining conditions
give rise to relatively strong Balmer and Paschen series line emission. Therefore, as
already demonstrated in Section 3.2.3, useful information for 7, estimation can be
extracted from even a low resolution spectrometer, with the benefit of facilitating a

wider spectral range relative to measurements with longer focal length instruments.
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Figure 4.24: Composite spectra from KT3 grating spectrometers.



Chapter 5

Parameter Estimation From

Balmer-Paschen Spectroscopy

The interpretation of hydrogen isotope line emission spectra in tokamak divertors
is of great interest in advancing the understanding of plasma exhaust and divertor
physics. This is especially relevant for detachment experiments in preparation for
the ITER baseline scenario (Ikeda, 2007) for which operation at high density and
partial detachment is mandatory for reducing heat loads on plasma facing compo-
nents to tolerable levels. Likewise, operation in the detached regime is necessary for
reducing the tungsten sputtering yields to prevent impurity accumulation and its
deleterious effects on energy confinement and fuel dilution in the core plasma. Reli-
able measurements of plasma parameters such as density and electron temperature
at and away from the divertor targets are needed for characterising the conditions
under which volumetric dissipative processes act to reduce the particle and heat
fluxes incident on the divertor targets. Application of divertor spectroscopic mea-
surements for providing real-time spatially resolved information on the state of the
detached plasma is also of interest due to increased opportunity for feedback con-
trol (e.g. Huber et al., 2013; Brezinsek et al., 2009) of the detached regime in the
all metal JET-ILW machine (Matthews et al., 2011). Exploitation of the high-n
hydrogen Paschen series lines (in the CCD sensitivity range up to the cut-off at
around 1000 nm) as a spectroscopic diagnostic tool for estimating density has thus
far been limited (e.g. Soukhanovskii et al., 2006; Brezinsek et al., 2009). The line
profile features of the Paschen lines above 1000 nm and their applicability as divertor
spectroscopy diagnostic have not, to date, been explored.

In this chapter the scope for plasma parameter recovery from analysis of hydro-

genic Balmer and Paschen series spectral line profiles is investigated. The diagnostic
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capabilities are examined through the formulation of a simplified and computation-
ally efficient line profile model suitable for application to batch analysis of spectro-

scopic data and multi-parametric fitting techniques.

5.1 Methodology

The total spectral line profile for a given electronic transition of a neutral hydrogenic
species is characterised by multiple influences in the plasma environment. In the
simplest case of a pure hydrogen isotropic plasma at thermal equilibrium, described
by electron and ion density n = n. = n; and temperature 7' = 1T, = T; = T,,
the spectral line is Doppler broadened with a Gaussian profile due to a Maxwellian
velocity distribution describing the motion of the emitter atoms. Stark broadening
of the spectral line occurs due to the presence of charged particles which impose
an electric field experienced by the emitter. The broadening effect is proportional
to the surrounding particle densities and can be approximated in the parameter
range of tokamak plasmas using the impact approximation for electrons and the
quasi-static approximation for the ions, as described in Section 2.1.4. The total line
profile for this simple case is given by the convolution of the Doppler and Stark
broadened profiles assuming that the two processes are statistically independent
(i.e., ignoring any correlations between Stark and Doppler broadening, (see Griem,
1997, Chap. 4.6). The wings of the combined line shape are influenced by the Stark
broadened profile, typically approximated by a Lorentzian function, which decays
weakly compared to the Gaussian function arising from Doppler broadening.

The presence of a static magnetic field causes Zeeman splitting of degenerate en-
ergy levels according to the magnetic quantum number M with partial polarisation
of the resulting multiplet components. Each of the split components can then be
Doppler and Stark broadened, with the sum of the components yielding an approx-
imation of the total profile. However, the magnetic field also influences the Stark
broadening process by imposing a quantisation axis on the space averaged electric
microfield. Thus a more accurate treatment must consider separately the parallel
and perpendicular microfield components, relative to the magnetic field direction
(Ferri et al., 2011). Furthermore, consideration of ion dynamics can result in signifi-
cant deviation of the line shape and total width from the quasi-static approximation,
particularly for low-n transitions (e.g., Ba-a, Ba-f, Pa-a, Pa-) for which the ion
microfield broadening predominates over the electron impact broadening contribu-
tion (Potzel et al., 2014; Ferri et al., 2011). The hydrogenic isotope mixture of H,



5.1. Methodology 117

D, and T species also influences the spectral line shape through the isotopic energy
(wavelength) shift resulting in overlapping line profiles, the intensities of which are
given by the ratio of isotope concentrations.

In tokamak edge and divertor plasmas asymmetries in the Doppler broadened
line profile are observed (see Kukushkin et al., 2014a, and references therein). The
local neutral velocity distribution function (VDF) at some distance away from the
wall is influenced by multiple kinetic processes occurring due to the interaction of
neutral, molecular and ion fluxes into and out of the wall. Charge exchange of
relatively hot background plasma ions with cold recycled neutrals near the wall
results in a broad Gaussian contribution, while reflection of fast atoms can add an
asymmetric component to the line-of-sight averaged Doppler profile. Formation of
< 5 eV energy neutrals from Franck-Condon dissociation of recycled Hy molecules
can be significant, even when the local plasma temperature is <1 eV in the detached
plasma regime.

With a suitably narrow instrumental function, the spectral line profiles of the
hydrogen Balmer and Paschen series lines offer a range of diagnostic possibilities
for the recovery of line-of-sight averaged plasma parameters. Typically, high reso-
lution Ba-a spectroscopy has been employed for diagnosing the neutral VDF in the
scrape-off layer (SOL) (e.g. Kukushkin et al., 2014b), while the broad profiles of
the high-n (n > 9) lines dominated by Stark broadening offer a robust measure of
electron density in detached or partially-detached plasmas (e.g. Meigs et al., 1998,
2013; Potzel et al., 2014; Soukhanovskii et al., 2006). In the context of JET-ILW
SOL and divertor plasma conditions (B < 3.0 T, n, > 5 x 10 m™ and T,, < 10
eV), Zeeman splitting and Doppler broadening can generally be neglected for high-n
Balmer lines, while Stark broadening of the Ba-«a line is small relative to Doppler
broadening in the SOL plasma. The use of high-n Balmer lines as a density diag-
nostic is limited by the population distribution of excited upper states, which only
become significant when driven by three-body recombination in low temperature,
high density volume recombining plasmas (T, < 1.5 eV, n, > 10 m=3). In di-
vertor plasma conditions, where density is typically higher and temperature lower
than in the SOL, the Ba-« profile can generally include a significant contribution
from Zeeman splitting and even Stark broadening at high densities. For profiles of
intermediate lines, such as Ba-(, Ba-v, a general treatment of Stark, Zeeman and

Doppler broadening mechanisms is also required for recovery of plasma parameters.
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5.1.1 Line Profile Model

The present analysis of the Balmer and Paschen series transitions is underpinned
by a parameterised forward model of the spectral line profile in which the Zeeman,
Stark and Doppler effects are treated individually and the convolution of the Doppler
and Stark contributions is assumed to be valid in the range of JET-ILW SOL and
divertor plasmas.

The magnetic effects are calculated using the ADAS603 code (Summers, 2004)
which generates the Zeeman / Paschen-Back multiplet feature for hydrogenic species
spectral lines, separated into the m and o polarisation components, as a function
of magnetic field magnitude B and observation angle 6. For a given B field value,
the Zeeman /Paschen-Back multiplet component wavelength and intensity values are
linearly interpolated from a set of ADAS603 results across a 10 point grid of B values
in the range 0.5 < B <5.0T.

A semi-analytic neutral VDF model (Kukushkin et al., 2014a) is used for deter-
mining the Doppler broadening function Sypr(A) for the i-th Zeeman / Paschen-
Back component, with allowance for multiple Maxwellian (A1) and non-Maxwelian
(M?2) contributions, such that

M1
Svpri(N) =Y St Faauss(A — Ai, i)
m=1
" (5.1)
+ ) Sk Fauss(A = A, TR)DAA = A, A)n(A = Ay, K, 1)

n=1
where Fiuyss 15 the normalised Gaussian line shape according to eqn. 2.25; Sy}
and Sy are statistical weights of the m-th Maxwellian and n-th non-Maxwellian

contribution to the VDF, respectively. The damping factor D, is given by

DA(ANA) = exp (-ﬁ) , (5.2)

where A is derived from the characteristic damping velocity which describes the
attenuation of the inward neutral flux due to ionisation by electron impact and
charge exchange. 7 is the Heaviside step function whose argument, defined by the
line-of-sight unit vector 1 and the direction unit vector of the inward neutral flux k,
modifies the sign and magnitude of the step.

The Zeeman-Doppler profile is then convolved with a pure Stark broadened pro-
file using a parameterisation of the Model Microfield Method (MMM) (Brissaud



5.1. Methodology 119

and Frisch, 1971) tabulations generated by Stehlé and Hutcheon (1999) for a pure

hydrogen isotropic plasma. A power law of the form

ne]a(p_)Q)

A (5.3)

Aliyp(p—q) =C(p —q)

is adopted for recovery of the Stark FWHM, A);/» (nm), with n. given in m™3

and T, in eV, with a set of coefficients C, a, and b for each transition p — ¢. The
coefficients were determined by first interpolating the tabulated MMM profiles for
a given n, and T,. Due to the coarsely discretised wavelength detunings in the
tables, the interpolated profile was fitted in the least-squares manner to a modified

Lorentzian fitting function of the form

1

5(77 A)\) XX —A)\5/2 T 75/2

(5.4)

in order to more accurately estimate the Stark FWHM, where v = A\ /5/2.

The Stark profile wing shape is attributed to the relative influence of electron and
ion broadening. Progressing through the Balmer or Paschen series to higher principal
quantum number n, the electron broadening contribution increases relative to the ion
microfield contribution. Electron broadening in the impact approximation results
in a pure Lorentzian wing decay, assuming random collisions, whereas a somewhat
faster decay is typically observed due to the influence of the ion microfields (see
Griem, 1997; Kunze, 2009, for details). For the Holtsmark microfield distribution
function (Holtsmark, 1919) (see Section 2.1.4) the wing decay is oc AA~%/2. Figure
5.1 demonstrates the impact of the choice of wing decay functions with oc AX~2
decay (pure Lorentzian) and oc AN™%?2 decay (eqn. 5.4) on fitting to the H 9—2
MMM line profile, where magnetic effects have been ignored. The oc AAN™>/? decay
is shown to be the more suitable functional form, even for this high-n transition.

To obtain the FWHM for transitions with a shift in the central component (e.g.,
Ba-g8 (4—2), Pa-f (5—3)) the line fitting model consisted of one central and two
shifted modified Lorentzian components (eqn. 5.4) in order to resolve the central
dip, as shown in Figure 5.2.(a). This procedure was repeated over the density and
temperature range of 10Y < n, < 10 m™ and 1 < T, < 10eV, respectively,
with 200 samples. The coefficients of eqn. 5.3 were then determined in the least-
squares manner based on the set of 200 FWHM values. Using this method, the

parameterised FWHM error in the specified n, and T, range is under 10% compared
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Figure 5.1: H 9—2 peak normalised line profiles with different wing decay functions

relative to the MMM profile.

with the original MMM tabulations. Table 5.1 shows the recommended coefficient

values for Balmer and Paschen transitions up ton = 9.
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Figure 5.2: a) Three component fit to MMM tabulated H 5—3 line profiles; b) compar-

ison to a simplified single component fit using coefficients in Table 5.1, equations 5.3 and

0.4.

To simplify the Stark profile parameterisation, profiles for all transitions, includ-
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Table 5.1: Parameterised MMM Stark profile coefficients for use with equations 5.3 and

5.4. Fit errors above 5% shown in parantheses.

H transition C(p—q) a(p — q) b(p — q)

(»—q)

352 | 3.710e-18 (17.49) | 0.7665 | 0.064 (6.51)
4—2 8.425e-18 (10.86) 0.7803 0.050
5— 2 1.310e-15 0.6796 0.030
6 — 2 3.954e-16 (6.24) 0.7149 0.028
7T— 2 6.258e-16 0.7120 0.029
82 7.378¢-16 (5.42) | 0.7159 0.032
9—2 8.947e-16 (6.88) 0.7177 0.033
4—3 1.330e-16 (13.04) 0.7449 0.045
5—3 6.640e-16 (7.28) 0.7356 0.044
6—3 2.481e-15 (7.02) 0.7118 0.016
7T—3 3.270e-15 0.7137 0.029
8 —3 4.343e-15 0.7133 0.032
9—3 5.588e-15 (6.81) 0.7165 0.033

ing ones with a shifted central component, are recovered using the single modified
Lorentzian function (eqn. 5.4) for which v = A);/5/2 is obtained with eqn. 5.3
and Table 5.1. The suitability of the parameterised MMM single broadening func-
tion and coefficients in Table 5.1 is illustrated in Figure 5.2.(b) in which the three
component fit model is compared to the simplified single component broadening
function for the H 5—3 line profile. Some loss in resolution of the central dip is
evident, but an otherwise good fit away from the line centre is obtained with the
single broadening function. Since instrumentation effects and Doppler broadening
will tend to blur the details of the line center it is primarily the line wings and the
FWHM that encode the Stark broadening information; hence the loss in resolution
of the central dip is not expected to significantly influence the recovered n. value.
Moreover, the line center features of § transitions are particularly sensitive to ion
dynamic effects and, as such, are the main source of discrepancy between established
Stark broadening models and experiment (e.g. Wujec et al., 2002; Ferri et al., 2014).
The separate calculations and subsequent convolution of the Zeeman-Doppler
and Stark profiles make the model suitable for efficient application to multi-parametric
non-linear least squares minimisation, but any coupling of the magnetic and elec-

tric field perturbations on the emitter is ignored. To assess the applicability of the
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proposed model for interpretation of diagnostic data, the PPP-B code (Ferri et al.,
2011) was used as a benchmark. A reformulation of the original PPP code based on
the frequency fluctuation model (FFM) (Talin et al., 1995; Calisti et al., 2010), the
PPP-B code extends the calculations to magnetised plasmas and has been validated
with full numerical simulations (see Ferri et al., 2011, and references therein). The
line profile calculation in PPP-B is carried out by first establishing the static pro-
file. In this step the electrons are treated in the impact approximation and ions
in the quasi-static approximation, with the static electric field integrated over the
microfield distribution function for the directions parallel and perpendicular to the
magnetic field direction. The coupling in the 7 and ¢ components of the static
Stark-Zeeman profile, as shown in the H 3—2 example in Figure 5.3 (left), is ev-
ident in the profile asymmetries between the central m and shifted o components.
In the H 5—3 example (Figure 5.3, right), the static Stark-Zeeman profile exhibits
additional features in the line wings. Ion dynamics are introduced at a later stage
in the calculation and have a significant smoothing effect. Doppler broadening has
been ignored in Figure 5.3 for clarity.

In comparison to the PPP-B dynamic results, profiles generated with the proposed
simplified line profile model (denoted as ADAS603-MMM in Figure 5.3) generally
reproduce the line width and wing decay with sufficient accuracy especially at high
densities, but a loss in resolution of the line-centre features is evident for the [
transitions, as well as a modest discrepancy in the o-component shift in the «
transitions. Good agreement was obtained for the higher-n lines for which the
strong Stark contribution tends to smooth any Stark-Zeeman coupling effects. With
a negligible Zeeman splitting contribution for the higher-n lines, this is effectively a
direct comparison of the pure Stark MMM model with the FFM model.

The above comparisons suggest that the proposed parameterised line profile
model is suitable for application to diagnostic studies and JET-ILW divertor mea-
surements, with acknowledgement of likely higher uncertainties associated with re-
covering n, using the [ transitions. Lastly, while the influence of higher effective
charge on the Stark profile due to plasma impurities was ignored, a cursory inves-
tigation using the PPP-B code did not show this effect to be significant at divertor
plasma densities. However, previously reported simulation results (Halenka et al.,
2002) at high densities (n, > 10** m™2) in helium plasmas showed a 10% increase in
the Stark FWHM for H 4—2. A more detailed investigation of this effect is therefore

warranted.
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Figure 5.3: Comparison of H 3—2 and H 5—3 Stark-Zeeman line profiles generated
with the PPP-B code (static and dynamic ions) and the simplified Stark-Zeeman model
(ADAS603-MMM). Observation angle § = 90°. Separate 7 and o polarisation components

are shown below the abscissa.

5.1.2 Overview of Diagnostics

Plasma density and electron temperature spectroscopic measurements were carried
out using the mirror-linked JET-ILW divertor spectroscopy system KT3 (see Chap-
ter 4). This includes: spectral coverage of the Balmer series (KT3A /B, spatially re-
solved, instrumental FWHM=0.08 nm with the 1200 1/mm grating); Paschen series
medium resolution spectra up to D 5—3 (KT3D-MR, spatially resolved, instrumen-
tal FWHM=0.24 nm with the 600 1/mm grating).

In addition to the mirror-linked system, a fibre-fed high resolution spectroscopy
system (KSRB/KSRD, instrumental FWHM=0.024 nm) provided access to D 3—2
neutral VDF measurements in the outer divertor and density measurements from
the D 6—2 line in the inner divertor. For these measurements the collecting optics
are fitted with linear polarisers in order to isolate the m-polarisation component.

Fixed divertor Langmuir probes (KY4D) were used to corroborate the spectro-

scopic plasma density and electron temperature measurements with localised probe
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measurements. Figure 5.4 shows the relevant spectroscopic views, Langmuir probe
(LP) locations, divertor geometry with tile identification, as well as the plasma

configurations for the two plasma discharges examined.

Height [m]

Major radius [m] Major radius [m]

Figure 5.4: JET-ILW divertor geometry, tile identification and diagnostic views: Lang-
muir probes (KY4D) (red squares), high-resolution D 6—2 spectroscopy (KSRD) (left,
shaded), selected chords from high-resolution D 3—2 spectroscopy (KSRB) (right, shaded),
mirror-linked outer divertor imaging spectroscopy (KT3) (right, blue lines). Also shown
are the horizontal (JET 87223, grey line) and vertical (JET 86959, black line) target
plasma configurations as indicated by the separatrix geometry and location of the outer

strike point on the horizontal or vertical divertor tiles, respectively.

5.1.3 Data Evaluation

Radial Density Profiles

Spatially resolved density profiles in the radial coordinate in the outer divertor
were inferred from Stark broadened Balmer and Paschen lines, depending on the
mirror-linked spectroscopy setup, and measurement SNR. Density profiles across the
inner divertor were inferred from the D 6—2 line measured with the high-resolution
fibre-fed spectroscopy system (KSRD). The simultaneous measurements of different
transitions offered a basis for evaluating the robustness of the parameterised line
profile model.

In the magnetic field magnitude range (typically B < 3 T) of large tokamaks
such as JET or ASDEX-Upgrade (AUG) Zeeman splitting and Doppler broadening
effects can be neglected for the high-n Balmer series lines employed for spectroscopic
density measurements (Potzel et al., 2014; Meigs et al., 1998). For the lower-n

Balmer and Paschen lines, the contributions from Zeeman and Doppler broadening
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effects relative to Stark broadening must be examined based on the scaling with

respect to the transition wavelength:

kgT;
Dopp. B1Li
AN o Ay s (5.5)
Zeeman
ANZeeman o N2, (5.6)

from eqn. 2.25 and eqn. 2.32, and, using the Rydberg formula to calculate isotopic
shift, the D-T separation is:

ANRydbers o ). (5.7)

The wavelength scaling is examined in Figures 5.5-5.9 for the D 3—2, 4—2, 5—2,
4—3, 5—3 lines using the simplified line profile model based on the parameterised
MMM model for Stark broadening, the ADAS603 module for the Zeeman / Paschen-
Back effect and a simple Gaussian component for Maxwellian neutral temperature
Doppler broadening. The peak-normalised profiles demonstrate the influence of
density variation in the range 5 x 10" < n, < 5x10%° m~3 and neutral temperatures
in the range 1 < T,, < 10 eV. Line profiles on the right hand side plots have been
convolved with a Gaussian instrument function corresponding to the diagnostics
used for the measurement of each line. Spectrally resolved measurements of the D
4—3 line profile were not possible hence the instrument function for this line is taken
to be equivalent to the D 3—2 instrument function from the KSRB spectrometer.

It is clear that the D 3—2 and 4—3 line profiles are influenced by all three
processes, although the density sensitivity is certainly less pronounced in the D
3—2 line. Spectral profile analysis of these two lines is therefore non-trivial, and
is examined in more detail in Section 5.3. For the other low-n lines, the absolute
differences in the line FWHM (including the convolved instrumental function) as
a result of the neutral temperature variation are: D 4—2=20% D 5—2=18% and
D 5—3=5% . Likewise, for variation of the magnetic field magnitude in the range
2< B <3 T (only B = 3 T is shown in the Figures), the absolute FWHM differences
are: D 4—2=9% D 5—2=5.5% and D 5—3=17.5% . The influence of electron/ion
temperature on the MMM Stark profiles in the range 1< T,; <10 eV was less
than 5% for all cases examined. Therefore, it is reasonable to proceed with the

assumption that the D 5—3 line is only weakly sensitive to Doppler broadening
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while the D 5—2 line is only weakly sensitive to Zeeman splitting, in the parameter

range representative of JET divertor conditions.
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Figure 5.5: D 3—2 calculated line profile variation with density and neutral temperature.

Plots on the right include the convolution of an instrument function with FWHM=0.024

nm.

The practical execution of Stark broadening analysis to spectral lines for which
Zeeman effects must be captured relies on sufficient spectral resolution for resolv-
ing the m-o polarisation components directly. Alternatively an a priori diagnostic
calibration accounting for the transmission of each polarisation state through the
optical train containing reflective, refractive and dichroic filter components would

provide such information. For the D 5—3 line which exhibits significant sensitiv-
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Figure 5.6: D 4—3 calculated line profile variation with density and neutral temperature.
Plots on the right include the convolution of an instrument function with FWHM=0.024

nm.

ity to Zeeman splitting, the m-0 component transmission calibration could not be
performed for the KT3 system. Likewise, the spectrometer did not offer enough
resolution to measure the component intensities directly. Therefore the o/ ratio
was inferred by comparing derived density values from the D 5—3 line to the high-n
Balmer lines, yielding an estimate of o /7 &~ 0.3.

The ADAS Feature Generator (AFG), coupled to the Framework for Features
Synthesis (FFS) package (Nicholas, 2011), was employed for non-linear least-squares
fitting of the spectral line profiles. This fitting package is already integrated within
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Figure 5.7: D 4—2 calculated line profile variation with density and neutral temperature.

Plots on the right include the convolution of an instrument function with FWHM=0.08

nm.

JET spectroscopic analysis tools and provides an object oriented platform for pa-
rameterising line feature components such as Gaussian, Lorentzian, Voigt and cus-
tomised functions, with provision for bounds and coupling. Moreover, Zeeman split-
ting is directly integrated into the fitting model via the AFG, which yields the Zee-
man / Paschen-Back multiplet relative intensities and wavelength position using
the ADAS603 module. The modified Lorentzian broadening function (eqn. 5.4) was
added to the FFS package to capture the parameterised MMM model.

In the analysis of the D 5—3 line, Doppler broadening has been neglected since
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Figure 5.8: D 5—2 calculated line profile variation with density and neutral temperature.

Plots on the right include the convolution of an instrument function with FWHM=0.08

nm.

the line width exhibits only weak sensitivity in the range 1 < 7,, < 10 eV relative to
the KT3D-MR instrument FWHM and Stark broadening. The model is constrained
with the total magnetic field magnitude, obtained using the FLUSH library for post-

processing EFIT magnetic equilibrium reconstruction data (Pamela, 2013), at R

and Z machine coordinates corresponding to each vertical spectral cord location in

the divertor. Figure 5.10 shows an example of the total magnetic field magnitude

contours and the magnetic equilibrium. The 1/R decay of the magnetic field mag-

nitude from the inner to outer divertor vertical tiles is typically around 0.5 T. The
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Figure 5.9: D 5—3 calculated line profile variation with density and neutral temperature.

Plots on the right include the convolution of an instrument function with FWHM=0.24

nm.

uncertainty of inferred density values from the D 5—3 line is estimated to be < 25%
due to insufficient knowledge of the o /7 polarisation component ratio, compounded
with the loss in resolution of the central line shape features using the simplified line
profile model.

To maintain consistency in the fitting technique, the same procedure was followed
for the higher-n Balmer lines with principal quantum number n > 5. Zeeman
splitting had no effect on the recovered density values for Balmer lines with n>6

and typical magnetic field magnitude of Ba2.5 T. Given the sensivity of the D 5—2
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Figure 5.10: Example of EFIT outputs from the FLUSH library, including contours of
the total magnetic field magnitude (vertical black lines) and magnetic equilibrium recon-

struction (separatrix: purple, closed flux surface contours: red).
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Figure 5.11: Example of fit results to the D 5—3 and D 5—2 line profiles using the FFS
package.

line to Doppler broadening (see Figure 5.8), this line was only used in the analysis of
high density, low temperature detached plasmas for which the Doppler contribution
is small, although some broadening corresponding to a few eV from Frank-Condon
dissociation energy of recycled Dy molecules is likely present. Figure 5.11 shows an

example of the least-squares fit results from the FFS package for the D 5—3 and D
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5—2 lines. Example fits to the high-n Balmer lines near the discrete-to-continuum

transition are shown in Figure 5.15.

Radial Profiles of Electron Temperature

As discussed in Section 2.3.1, at T, < 1.5 eV the effective recombination rate for
hydrogenic species begins to predominate over excitation and thus the excited state
populations of high-n hydrogen series lines are largely driven by the three-body
recombination process. The characteristic volume recombination spectroscopic sig-
nature has already been exploited in Section 3.2.3 for electron temperature estimates
on MAST using the Saha-Boltzmann distribution (eqn. 2.15) for the higher excited
levels which are assumed to be in LTE. Similarly, the ADAS PEC coefficients offer
an alternative method of inferring the electron temperature by means of relating the
line-integrated spectral line intensities to the dominant driving populations accord-
ing to eqn. 2.22. In the general case in which both excitation and recombination
PEC's are considered, the unknowns in eqn. 2.22 are T,, n., n;, and ng. Assuming
ne = n;, the inferred density values from the line profile measurements can be used
as an additional constraint, thus leaving ng and 7, as the remaining unknowns. In
JET-ILW, Penning gauges (KT5P/PEN1-PEN2) located in the sub-divertor below
the plasma-facing tiles are used to monitor neutral pressure. However, information
on the local neutral density in the divertor plasma volume is not available. Con-
sequently, T, estimates using atomic data rely on neglecting the excitation term
in eqn. 2.22, which is only appropriate if recombination is the dominant populat-
ing mechanism. Hence T, estimates using either the PEC" approach restricted to
the recombination contribution or the Saha-Boltzmann distribution are effectively
equivalent. The most common approach for justifying this assumption is by moni-
toring the D 5—2/D 3—2 line ratio, the value of which rises sharply for 7, < 1.5 eV
from about 0.02 to 0.1, depending on the plasma and neutral densities (see Figure
3.20).

An initial attempt at estimating the electron temperature using the high-n
Balmer lines (including upper states n =9 through n =12 shown in Figure 5.15)
in detached plasma conditions proved unsuccessful as the inferred temperatures us-
ing eqn. 2.15 to relate the populations to 7. yielded negative values. This is very
likely attributed to the influence of the D-C merging at high densities as discussed in
Section 2.3.1, which effectively leads to an overestimation of the line intensities close

to the D-C transition. Estimates of radial T, profiles were therefore obtained using
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the D 9—2/5—2 line intensity ratio assuming the influence of excitation fluxes on
n >5 excited state populations to be negligible for typical plasma temperatures as-
sociated with detachment (7, <1.5 eV). This is a reasonable assumption for spectral
measurements which exhibit strong volume recombination, as indicated by high-n
Balmer line spectra extending up to n=14. Although more accuracy would cer-
tainly be gained by using multiple isolated lines away from the D-C transition (e.g.,
D 6—2, 72, 8—2), KT3 data for these lines was not available for the selected
plasma discharges since KT3E, the new Balmer survey spectrometer, was not fully

commissioned at the time.

Langmuir Probe Data Preparation

LP current-voltage (I-V) characteristics for the selected plasma pulses were inter-
preted using a 4-parameter model accounting for sheath expansion (see Gunn et al.,
1995), or a 3-parameter model (e.g. Wesson, 2004)) in cases where the four param-
eter model yielded unphysical T, vales (and the derived n, o T, ? vales) due to
increased scatter in the data points. LP divertor data for the present analysis was
obtained from the KY4D responsible officer at JET.

Neutral Velocity Distribution Function

The Kukushkin neutral VDF parametric model (see Section 5.1.1) was applied to
the high-resolution outer divertor D 3—2 measurements obtained with the KSRD
diagnostic. Previously this has been carried out in JET-ILW SOL measurements
using the KSRD midplane views (chord 10 and 11) (Kukushkin et al., 2014b). The
interpretation is more straightforward for the divertor chords compared to the mid-
plane radial and tangential chords due to the absence of significant stray light. Since
Stark broadening of the D 3—2 line profile becomes significant for n, > 10%° m=3,
the least-squares fit was constrained with the parameterised MMM Stark broadening
model based on density values inferred from the D 9—2 line for the corresponding
chord location and plasma discharge time-slice. Since the o components are re-
moved via polarisation filters on the KSRD divertor spectral chords, the fit was
performed on the measured central © component. A fixed Gaussian component
with A\ /2=0.024 nm was also included to account for the instrumental width. The

total spectral profile was then obtained by least-squares minimisation using the FFS

fitting package.
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5.2 Measurement Results and Discussion

5.2.1 Comparison to Langmuir Probe Measurements

The overestimation of 7T, from LP measurements in high recycling and detached
plasmas, and hence an underestimation of the derived n., is a well known observa-
tion (e.g. Horacek et al., 2003). A possible explanation of this effect is based on the
influence of hot upstream electrons, which can penetrate into the divertor plasma,
on the probe I-V characteristics (Stangeby, 1995). A meaningful comparison of
spectroscopically derived density values to LP measurements should therefore be
carried out under fully attached plasma conditions characterised by a lack of signif-

icant parallel temperature and density gradients along the SOL. Typical upstream
> 100 eV and n, < 10 m™2 in JET-ILW

~J

edge-SOL conditions in this case are T,
(e.g. Duran et al., 2015), for which Stark broadening measurements in the diver-
tor are prohibitive due to low SNR of the high-n lines and a significant Doppler
contribution to the low-n line profiles. As such, a horizontal outer target configu-
ration discharge was examined (JET 87223, Pygr = 7 MW, Picry = 2.6 MW and
I, = 1.9 MA) with midplane separatrix density and electron temperature values of
Nne ~ 1—2x10"Y m=3 and 7. ~100-200 eV obtained from the core LIDAR Thomson
scattering system (Maslov et al., 2013). Divertor conditions in the time window of
interest from t = 10 — 11 s determined from LPs near the outer strike point were
ne ~ 0.3 — 1.4 x 102 m~3 and T, ~10 eV. Although at such SOL density and tem-
perature gradients the divertor plasma is likely in the high recycling regime in which
n. underestimation from LPs is possible, the high recycling rate on the horizontal
tungsten tile 5 provided sufficient SNR to measure the D 5—3, 6—2 and 7—2 lines
which exhibited Stark broadening.

Figure 5.12.(a) shows the time evolution of outer divertor radial profiles of the
D 7—2 line intensity and the ion saturation current, js,, from tile 5 LPs. The OSP
position was swept along tile 5 at 4 Hz during this phase of the discharge. There is
evidence of volume recombination at the outer divertor following a sawtooth crash at
t =10.14 s, as indicated by the sudden rise in the D 7—2 intensity as well as a rise in
higher-n Paschen line intensities observed on KT3D (not shown). This corresponds
to a sudden drop in j,; followed by its recovery and a corresponding collapse in the
recombining plasma. Figure 5.12.(b) compares the spectroscopically derived density
profiles from D 7—2 Stark broadening and LP derived local density values. During
the recombination phase (¢ =10.38 s) the LP density values are significantly lower

than the spectroscopically derived values. In the recovery phase (¢t =10.66 s) where
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Jsat 18 high, there is better agreement particularly around the OSP. Inward of the
OSP, the LP derived density decays to very low values and high fit uncertainties

(not shown for clarity) indicative of insufficient particle fluxes in the private plasma

region.
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Figure 5.12: a) Time evolution of outer divertor radial D 7—2 intensity and js. profiles;
b) radial density profiles from Stark broadening of D 7—2 line and LPs for JET pulse
87223.

The sudden rise in the spectroscopically derived density profile at R>2.88 m is
consistent with reflections on the tungsten coated tile 8, the curvature of which facil-
itates specular reflections from the inner divertor and/or the X-point emission and

possibly from tile 5, depending on the plasma configuration. A detailed reflection
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analysis of the JET-ILW divertor is needed to predict the source of the reflected
light (e.g. following initial work by Zastrow et al., 2008). This feature is observed
in most discharges and, compounded with the obstructed view of tile 7 by the KT3
system, makes density measurements at the OSP of vertical configuration discharges
unreliable.

In an earlier ohmic phase of the discharge, the fixed horizontal OSP position
facilitated the comparison of spectroscopically derived density profiles from three
different spectral line measurements: D 5—3 (time resolution of 150 ms), D 7—2
(time resolution of 40 ms) and D 6—2 (time resolution of 100 ms). Figure 5.13
shows the density profiles for which the three separate spectroscopic measurements
and LPs were interpolated along the time axis to account for the different exposure
times. Good agreement is observed between the D 5—3 and D 7—2 profiles except
for near R =2.85 m where the D 5—3 density profile is markedly lower. This is likely
due to increasing uncertainty in the line shape fitting procedure at low densities.
Good agreement is also evident in the overlap region near the X-point between the
outer and inner density profiles, whereas LP measurements at both the inner and
outer divertor underestimate the local density by a factor of 2-3 at the OSP and
more so at the ISP.

General consistency in the spectroscopically derived density profiles, in combi-
nation with the good agreement with LP results at t=10.66 (Figure 5.12.(b)) where
Jsat 1s relatively high, reinforce the suitability of the parameterised Stark broadening

model extending to lower-n lines.

5.2.2 Detachment Experiments

Divertor detachment experiments are typically conducted by steadily increasing the
plasma density, at constant input heating power, by introducing additional deu-
terium fuelling (and possibly impurity seeding) to the edge and divertor. In L-mode
experiments the discharge is usually terminated by a density limit disruption, the
precursor of which is the MARFE cooling instability (Lipschultz et al., 1984) in
the plasma edge. In H-mode detachment experiments, with higher input heating
power, the high to low (H-L) confinement transition constitutes an effective undis-
ruptive density limit, causing the collapse of the edge pedestal transport barrier and
a back-transition to the low confinement mode.

The recent installation of the all-metal ITER-like wall (Matthews et al., 2011)

on JET has allowed for direct comparisons of the influence of wall material on
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Figure 5.13: Radial density profiles from Stark broadening of D 5—3, 6—2 and 7—2

lines and localised density measurements from LPs for JET pulse 87223.

detachment behaviour. Main observations of the impact on detachment of the Be-
W wall (JET-ILW) vs. the previous carbon wall (JET-C) are (Huber et al., 2013;
Brezinsek, 2015): (1) a higher density limit in JET-ILW than in JET-C; (2) the
radiation fraction is higher in JET-C due to the presence of carbon (an efficient
radiator in the edge and SOL) leading to a reduction of power flow to the SOL
and thus earlier detachment than in the JET-ILW; (3) due to a tenfold carbon
concentration decrease in the JET-ILW, reaching the density limit requires larger
deuterium puffing rates; and (4) in contrast to the C wall, JET-ILW L-mode density
limit discharges demonstrate a stable fully detached outer divertor phase and a
much longer lifetime of the X-point MARFE formation. The extended MARFE
lifetime and increased detachment stability in JET-ILW presents an opportunity for
feedback control to stabilise the detached operating regime by means of gas puffing
(actuator) and appropriate diagnostic signal (e.g. using the edge density as feedback

signal, Brezinsek et al. (cf. 2009)). In this regard, Balmer-Paschen series divertor
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spectroscopy in the detached plasma regime is well suited for estimating divertor
T., n., for monitoring volume recombination and the incursion of the high density
low temperature recombining plasma region into the X-point region during MARFE

formation.

L-mode density limit discharge

An L-mode density limit discharge has been examined (pulse 86959, Figure 5.14;
By=25T, [,=2.5 MA, Pygi=1.2 MW, Poum=2.3 MW, low-triangularity magnetic
equilibrium and outer vertical target configuration) from a series of experiments
aimed at investigating the impact of the outer strike point configuration (horizontal
vs. vertical target) on divertor plasma conditions (Groth et al., 2015). Measurements
of the the n > 5 Balmer lines were utilised for inferring plasma density and electron
temperature. The density is ramped by puffing D, gas into the outer and inner
divertor at constant input power starting at t =8.5 s up to a steady state value of
2x10% e~ s7! at t =10.5 s. The total ion flux to the outer target rises rapidly as the
D, puffing rate increases, until at t =9.3 s the characteristic roll-over is observed.
At the inner target, the roll-over occurs slightly earlier at ¢t =9.0 s, shortly after the
start of Dy puffing. A sharp increase in the total radiated power Prap, as well as
total D 3—2 intensity in the inner and outer divertor, is also observed after the start
of puffing. The line-averaged mid-plane density rises steadily from 2.8 x 10 m=3
to 8.9 x 10 m~3 right before the density limit disruption terminates the pulse at
t =20 s. The onset of the density limit disruption is consistent with Greenwald
density limit (GDL) scaling, a well known operational limit where the Greenwald
density ngw o< Ip/a?, and a is the plasma minor radius (Greenwald, 2002). The
neutral pressure, measured in the sub-divertor (not-shown), also follows the same
trend, rising sharply followed by a more gradual increase towards the density-limit
disruption.

The signature volume recombination Balmer and Paschen high-n spectrum, shown
to be closely correlated on JET with the onset of detachment (McCracken et al.,
1998), is observed to occur shortly after the onset of Dy fueling consistent with the
rise of the D 3—2 intensity in the divertor. Figure 5.15 shows the time evolution
of the high-n Balmer spectra from the KT3A cord viewing the outer divertor leg at
R = 2.72m. Two frames are highlighted: the first coinciding with the start of fueling
at t = 8.54 s, and the second at t = 14.06 s. In comparing the two spectra, the main

observations are the significant rise in the intensity of the Balmer lines as well the
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Figure 5.14: Time evolution of selected signals from JET pulse 86959: estimated power
entering the SOL, Psor; estimated total radiated power from bolometry, Prap; neutral
beam (NBI) heating; the Greenwald density fraction, n/ng; Ds fuelling rate; total inner

and outer D 3 — 2 intensity; and total ion flux on the inner and outer divertor targets.

broadening of their profiles indicative of an increase in plasma density. The overlap
in the line wings of the D 11—2, D 12—2 and D 13—2 lines, compounded with the
D-C transition merging (see Figure 2.11), leads to increasing uncertainty in deter-
mining the total intensity of these lines. In the example shown, the selection of the
functional form describing the continuum background is non-trivial, and although
a good fit was obtained to the spectra using a constant offset background model,
the n > 10 lines were subsequently excluded from evaluating electron temperature
radial profiles.

To elucidate the spatial distribution of the deuterium radiation pattern in the
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Figure 5.15: High-n Balmer spectra from KT3A measurements for pulse JET 86959,
and the corresponding FFS fits.

divertor for pulse 86959 and thus provide context for the location of strong radiat-
ing regions along the line-integrated spectral cords, Figure 5.16 shows 2D poloidal
tomographic reconstructions of the D 5—2 emissivity and the D 5—2/3—2 line ra-
tio from a similar L-mode density ramp discharge, pulse 81548. These results were

reported by Huber et al. (2013) in an investigation on the influence of the main
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wall and divertor surface material upgrade to Be and W, respectively, in compari-
son to the previous all-carbon machine. Regions of high D 5—2 emissivity and D
5—2/3—2 line ratio values are associated with strong volume recombination. In the
early phase of the discharge high D 5—2 emissivity is is observed near the strike
points, with the inner divertor radiating more strongly. As the plasma density is
increased further, the outer leg radiation increases rapidly. The strong radiating re-
gion then moves towards the X-point and eventually into the plasma core consistent
with MARFE formation. Values of the D 5—2/3—2 line ratio 2 0.1 indicate low
electron temperatures of around 1 eV (see Figure 3.20). This basic phenomenology
has been observed in detachment experiments on other machines (e.g. Goetz et al.,
1996; Potzel et al., 2015). For the present analysis of pule 86959, Figure 5.17 shows
the time evolution of the line-integrated D 5—2 radial intensity profiles from KT3A,
with select time slices before the onset of fueling and in the later part of the dis-
charge. The basic features of increasing emission along the outer leg and incursion
of the strong radiating region towards the X-point are qualitatively consistent with

the poloidal reconstructions from pulse 81548.

JET 81548

—)t

Figure 5.16: Poloidal D 5—2 emissivity and D 5—2/3—2 line ratio reconstructions from
the KL11 filtered imaging diagnostic for JET pulse 81548 (Huber et al., 2013).

The presence of volume recombination as well as the roll-over in ion saturation
current is evidence of partial or full detachment. Full detachment is characterised
by the plasma detaching from the physical target across the entire width of the
SOL, thereby forming a virtual target ion sink in the plasma volume upstream.
In partially detached plasma the ion flux reduction occurs first at the strike point

and, with increasing density, gradually propagates outward along the SOL width
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Figure 5.17: Time evolution of the D 5—2 radial intensity profile.

until transitioning to the fully detached regime. A convenient quantitative scaling
of the ’degree of detachment’ (DoD), first introduced by Loarte et al. (1998), uses
the simple two point model of the edge and divertor (Stangeby, 2000a) to calculate
the reference ion flux, which can then be compared to measurements to assess the
degree of detachment achieved in the experiment. Within the two point model

approximations, the divertor ion flux is given by

2

Ds (5.8)

T3/

IdO(

where ng and T, P5%/07L are the separatrix density and temperature values up-
stream, respectively. Selecting an early phase of the density ramp at constant input
power, for which the divertor plasma is in the attached or high recycling regime,
and assuming that the line-averaged midplane density (7.) is proportional to the

density at the separatrix, the two point model scaling gives



5.2. Measurement Results and Discussion 143

[ = C(ne)?, (5.9)

where I5° is the extrapolated ion flux and C'is the proportionality constant which

is obtained from measured values of I;. The DoD is then given by

scal

DoD = 4 (5.10)
[éneas

where [7'*® is the measured ion flux in the high density phase of the discharge.
Given sufficient spatial distribution of LPs along the target plate, the DoD can
be determined locally at the separatrix as well as for the total, or integral, ion
flux (DoD™). A convenient criteria for classifying the detachment state based
on integral values of DoD has been proposed by Loarte et al. (1998) as: partial
detachment for DoD™ < 10 and full detachment for DoD™ > 10. The high-
recycling, constant input power window in pulse 86959 prior to detachment is small
due to the large Dy puffing rate commencing shortly after NBI heating begins at
t=8 s. Therefore the C coefficients for the inner and outer divertor are determined
during the time ¢t = 8.2 — 8.8 s, where the ion flux ramp is steady and Psop, is
relatively constant.

Figure 5.18 shows spectroscopically derived plasma radial density and electron
temperature profiles and local LP derived values for pulse 86959. The neutral tem-
perature contribution to the D 5—2 line profile was ignored which could account
for the modest discrepancy observed between the D 9—2 and 5—2 density profiles.
The overlap region between the inner and outer profiles is again in good agreement.
The radial profile values right near the OSP at R > 2.85 m are considered unreliable
due to shadowing and reflections on tile 8 (see Figure 5.4).

At t =8.9 s, corresponding to the start of the fuelling ramp and before the
ion flux roll-over, there is a gradual density increase from the X-point towards the
ISP and OSP, indicating high recycling conditions consistent with DoD;, ., and
DoD e < 1. LP density values in this regime are in relatively good agreement
with the spectroscopically derived density values near the strike points. LP T, values
are between 10-15 eV. The spectroscopically derived T, profile is not available since
application of the Saha-Boltzmann distribution to the D 9—2/5—2 ratio is not valid
in this temperature range due to the influence of excitation fluxes on the upper state

populations.
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Figure 5.18: Radial density profiles from Stark broadening of D 5—2, 6—2, 9—2 lines
and LPs, and electron temperature profile from D 9—2/5—2 line ratio for JET pulse
86959. Electron temperature LP values scaled by 10~ for clarity.

At t =10.10 s (Figure 5.18) after the ion flux roll-over, DoD; e, > 10 indicating
full detachment, while the outer divertor is partially detached (DoDyter = 1.9). The
density decreases gradually away from the X-point towards the ISP and OSP and
the LP density measurements at the strike points are significantly underestimated.
Spectroscopic T, estimates are between 04-0.6 eV, much lower than LP values at
the OSP, indicating significant overestimation of LP T, results. It is important to
reiterate the assumption of LTE conditions for the n = 5 excited level in obtaining
such low values for the spectroscopically derived T, estimates. In future work it is
thus recommended to obtain intensity measurements of the D 6—2, D 7—2 and

D 8—2 lines which exhibit reduced sensitivity to excitation fluxes for 7, < 2.0 eV
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relative to the D 5—2 line and are sufficiently far away from the D-C transition
for continuum merging to be significant. This is illustrated in Figure 5.19, which
shows the recombination and excitation contributions and the total excited state
population densities derived using ADAS PECs for T, =2.0, T, =1.5and T, = 1.0

eV assuming a neutral fraction of 0.5. The selected density, n, = 2 x 102 m=3, i

consistent with conditions in the outer divertor.
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Figure 5.19: Excitation, recombination contributions and the total excited state popu-
lations for Hydrogen using ADAS PFEC's assuming a neutral fraction of 0.5. Calculation

of LTE populations as a function of excited level p using eqn. 2.15.

At t =14.42 s (Figure 5.18) the density near the X-point rises and the profile
begins to exhibit a well defined peak, while the density continues to decrease towards
the OSP. This is consistent with the incursion of the dense plasma away from the
strike point and towards the X-point. A peak in the temperature profile is also
evident.

At t =19.86 s (Figure 5.18), shortly before the density limit disruption, both
the outer and inner divertor are completely detached and the density peak increases
further, consistent with the radiation pattern during MARFE formation in Figure
5.16. Density along the outer leg continues to fall.

Changes in the T, profile are less pronounced compared to relatively strong
shaping of the density profile. This feature offers a good measure of density gradients
associated with the MARFE formation near the X-point. By replacing the least-
squares fitting technique with computationally efficient look-up tables based on a
2-point FWHM estimate of the Stark broadened line (using Table 5.1), estimates of
n. profiles for feedback control should be feasible within the K'T'3 real-time interface.
Currently this interface can be used for real-time monitoring of total line intensities
(e.g., seeded impurity lines) for a particular set of viewing chords, depending on the

aims of the control scenario.
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5.3 Multi-parametric Fitting of Low-n Line Pro-
files

Whereas the n >5 Balmer lines are used routinely for n., T, determination and
as indicator of the extent of volume recombination in detached plasmas, the low-n
Balmer and Paschen lines offer additional diagnostic capabilities. Given sufficient
instrument resolutions, their spectral profiles contain information on the B-field
magnitude, hydrogen isotope ratio, the neutral VDF as well as plasma density. In
this section the scope for parameter recovery from the low-n Balmer and Paschen
lines is examined using a survey of synthetic diagnostic data generated with the
parameterised line profile model. A localised divertor emission source is assumed,

consistent with JET-ILW vertical view observations.

5.3.1 Simulation Setup

Synthetic diagnostic data was generated for the D 3—2, 4—2, 5—2, 4—3, 5—3 lines
using instrument characteristics which correspond to a high resolution spectroscopy
configuration with a linear dispersion of 0.0075 nm/pixel and an instrumental func-
tion FWHM=0.02 nm. Zeeman component filtering is not applied to the synthetic
data in order to asses the entire line profile including the magnetic field effects. Since
no capabilities exist for measuring the D 4—3 line profile on JET-ILW at present,
one of the aims of the analysis is to evaluate its properties.

Photon shot noise and camera electronic noise, 0., are added to the synthetic
data such that the SNR=1,,4./ \/m corresponds to good photon statistics
with a chosen value of 150. The synthetic data is generated by randomly sampling
the line profile at each pixel position according to a normal distribution with the
standard deviation corresponding to the total noise term. The input parameters
that define the line profile are recovered via a non-linear least squares fitting routine
which minimises x? using the Levenberg-Marquardt algorithm (Press et al., 1986),
weighted by the variances of the pixel intensity values.

The spectroscopic and LP measurement results in the previous section are used
as a guide for establishing an appropriate range of values for n.. Since the Stark
broadening contribution is only weakly dependent on 7,, and, treating electron and
ion temperatures as equal in the model, a value of T.,=1 eV was used for high density
detached plasmas cases and T,=5 eV for high-recycling and attached plasma cases.

To elucidate the appropriate selection of Maxwellian and non-Maxwellian neu-
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tral temperatures and their relative contributions to the total VDF, D 3—2 divertor
spectra from KSRB were examined for JET discharges 87223 (high recycling) and
86959 (detached). Since absolutely calibrated measurements of the D 3—2 spec-
tra were not available, the total camera noise 0. was estimated by calculating the
standard deviation of the raw DN counts away from the spectral line, thus isolating
the combined read noise and dark current shot noise contributions. The signal shot
noise o,, was estimated by converting the DN counts to electrons using the cam-
era gain setting G[e~ /ADU] such that the total estimated variance on each on-chip

binned pixel is

ol =04+02 =0+ DN xG . (5.11)

The neutral VDF model was defined with the following contributions: (i) a single
non-Maxwellian component with statistical weight Sy, temperature T, and the
damping parameter A; (ii) two Maxwellian components parameterised together with
the statistical weights Sy, Sye and corresponding temperatures Ty, and Thys.

Figure 5.20 shows an example of the weighted fit for pulse 86959 at ¢t =9.65 s and
R =2.52 m with parameter estimates and standard errors. The majority of residuals
are within +20 except for a statistically significant peak in the red wing which is not
accounted for by the model. Similar fit quality was obtained for pulse 87223 (not
shown), t =8.45s, R =2.74 m, but with a negligible non-Maxwellian contribution,
and higher Maxwellian temperatures (Ty;; = 18 eV, T2 = 2.5 eV and Sy = 0.5).
These results suggest that the model is a reasonably good representation of the LOS
integrated neutral VDF in the JET-ILW divertor for the selected pulses. Selection of
the neutral VDF parameters in the multi-parameteric fitting analysis was therefore
based on these measurements. Table 5.2 summarises the input parameters that

describe the total line profile and their range of values considered for the analysis.

5.3.2 Simulation Results and Discussion

In the first iteration, multi-parametric fits were carried out for each line by varying
the input parameters n., B and T//(T + D) (tritium fraction) in the range according
to Table 5.2 and using a simplified neutral VDF described by a single Gaussian with
a temperature range 1 < T;, < 10 eV. The fit precision and accuracy results for each
line are presented in Figure 5.21, where each marker corresponds to a simulation case

and its position to the relative difference between the model input value and the free
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Figure 5.20: Example of neutral VDF parametric fit to divertor the D 3—2 measured
line profile from KSRB.

parameter estimate and associated standard error. The best results were obtained
for the D 4—3 line with parameter estimates for all cases recovered within 10% of
their input values. The D 3—2 results show poor sensitivity to Stark broadening,
especially for cases with n, < 10 m~3. Conversely, the D 4—2, 5—2 and 5—3 line
results show decreased sensitivity to 7, and increased sensitivity to n.. Parameter
recovery from D 3—2 and 4—3 is generally more sensitive to B and T'/(T + D).
Overall, the synthetic diagnostic fitting results indicate that in the absence of
additional information to constrain the fit, the D 4—3 line offers increased scope for
recovery of plasma parameters from spectroscopic observations. This is consistent
with the wavelength scaling of the broadening and splitting mechanisms (eqn. 5.5,
eqn. 5.6 and eqn. 5.7). For example, relative to the D 3—2 line at 656 nm, Doppler
broadening for the D 4—3 line (1874.6 nm) is x2.9 wider for the same neutral
temperature, as is the D-T separation. The quadratic wavelength dependence on
the Zeeman splitting leads to a m—o separation that is x8.4 greater, whereas the pure
Stark broadening FWHM is wider by a factor of ~13.5. The initial results therefore
suggest that measurements of the D 4—3 profile can benefit from reduced demands
on spectral resolution and/or enhanced profile feature resolution. However, the shift

in emphasis in wavelength space towards the Stark broadening contribution may also
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Table 5.2: Input parameters and range of values for multi-parametric fitting of synthetic

diagnostic spectral line profiles.

Fit Range Units
parameter
Ne 5.0 - 50.0 10Y¥9m=3
T 0.5-5.0 eV
T 5.0 - 20.0 eV
TNy 1.5-5.0 eV
S 0.4-0.6 -
SNMm 0.00 - 0.05 -
A 0.656 (fixed) nm
B 2.5-4.5 Tesla
T/(T + D) 0.2-0.5 -

T/T+D

0.5
0.2
B B

Figure 5.21: Simulation results for 4-parameter fits for the D 3—2, 4—2, 5—2, 4—3, and

D327 D42 D52
1.0 1.0
0.5 0.5
Ne Ne
T/(T+D) )
0.5
0.2

5—3 lines. Each marker corresponds to a simulation case and its position to the relative
difference between the fit estimate and input value. Fit error bars <25% are not shown

for clarity.

reduce the scope for recovery of more complex neutral VDFs at high densities.

To further examine the diagnostic capabilities of the D 3—2 and 4—3 lines, the
more representative neutral VDF was considered according to Table 5.2. The second
iteration of the multi-parametric fitting analysis thus included 9 free parameters: B,
T/(T+ D), ne, Suas Thrrs T2y Snars T, A, where the first Maxwellian statistical
weight is then derived from Sy;; = 1 — S0 — Syay. Figure 5.22 shows an example of
the synthetic diagnostic data and the line of best fit for the D 3—2 and 4—3 lines.

Plasma parameter sets corresponding to attached, high-recycling and detached
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Figure 5.22: Example of 9-parameter fits to synthetic D 3—2 and D 4—3 line profile
data. Input values: T/(T + D) = 0.30, n, = 102 m™3, B = 3.00 T, Tys; = 2.00 eV,
TM2 = 10.0 eV, SM2 = 0.50, TNM = 2.00 GV, SNM = 0.05 eV, A = 0.656.

b) Tyo B Sy Sym

-

Figure 5.23: Simulation results for 9-parameter fits for a) isolated D 3—2 (squares,

high-density light blue, low-density dark blue) and D 4—3 (circles, high-density purple,
low-density red) lines; b) combined D 3—2, 4—3 line profiles (high-density light green,
low-density dark green). Each marker corresponds to a simulation case and its position
to the relative difference between the fit estimate and input value. Fit error bars <25%

are not shown for clarity.

divertor plasma conditions were selected comprising 27 simulation cases. The rela-
tive differences between the free parameter fit estimates and their input values for

low density (n. < 10* m™?) and high density (n. > 10** m™®) cases are presented
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in Figure 5.23.(a). Since the non-Maxwellian contribution in the given range has
only a small contribution to the total line profile, it is the most difficult feature to
recover, especially for the D 4—3 line. This contribution was removed from the
set of input parameters in the high density cases due to poor sensitivity, large fit
uncertainties (> 100% ) for Syar, Twa, and A and to ensure faster solution con-
vergence. Comparing the D 4—3 results to the first iteration (Figure 5.21), the
increased number of parameters has clearly degraded the parameter recovery, espe-
cially for the neutral temperature components at high density and conversely low
temperature (T < 1.5 eV, Tyo < 7.5 V). At low densities the D 4—3 parameter
recovery is generally more accurate, whereas the D 3—2 results show more scatter
and larger fit uncertainties, especially in n., Sy and Tnjy;. The quality of the fits
shift in favour of the D 3—2 line at high densities due to improved sensitivity to
Stark broadening. The sensitivity of the D 3—2 line profile to low neutral temper-
atures remains sufficient for the Ty;y, Tho fit estimates to fall within 50% of the
input values, and Sy, within 20% of the input values.

Given the inverse relationship between fit quality in high vs. low density condi-
tions (and conversely, low vs. high neutral temperatures), coupling the D 3—2 and
4—3 lines takes advantage of the sensitivity range of each line in isolation. Such
coupling improves the overall recovery of parameters, as shown in Figure 5.23.(b),
for the same set of simulation cases and input parameters. The results show a
marked improvement in the fit accuracy and estimated parameter uncertainty for
all 9 input parameters. Some degree of systematic error and parameter estimate
correlation is evident in the recovered values of T, and Ty at high densities and
low temperatures.

The results of the above analysis demonstrate the difficulties associated with re-
covering information from an isolated low-n hydrogen spectral line characterised by
a large set of input parameters, and highlight the potential for substantial improve-
ment in parameter recovery through simultaneous multi-parametric fitting of the D
3—2 and 4—3 line profiles. The findings can be generalised to other lines which
show similar characteristics in terms of complementary sensitivity to broadening and

splitting mechanisms over different parameter ranges.



Chapter 6
Conclusions

In this thesis the principles of passive spectroscopy diagnostics in the VIS and NIR
spectral range and their application to observations of plasma emission in tokamak
divertors have been investigated. The utility of spectroscopic data interpretation
methods for estimating divertor plasma properties and the complementary char-
acteristics of signal extraction techniques in the VIS and NIR make passive spec-
troscopy diagnostics essential for divertor physics studies and the development of

exhaust power mitigation strategies.

6.1 Summary of Thesis

Diagnostic applications of VIS-NIR passive divertor spectroscopy have been inves-

tigated through a combination of:

i. Instrument development on MAST and JET-ILW: this work demonstrated the
complementary characteristics of signal extraction techniques in both the VIS

and NIR spectral range

ii. Measurement and data analysis: the properties of the Balmer and Paschen
series and their application to plasma parameter estimation were ascertained
using measurements from MAST and JET-ILW plasma experiments, under-

pinned by plasma spectroscopy theory and atomic data.

iii. Spectral line profile modelling: development of a parametrised Stark-Zeeman-
Doppler line model facilitated both interpretive capability in fitting measured
data, and forward modelling capapability as a tool for quantifying the scope

for parameter recovery from complex spectral line shapes.
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The implementation of the VIS-NIR spectroscopy diagnostic on MAST provided
valuable insight into the operational performance of light detection in the VIS and
NIR as well as an initial survey of the NIR spectral region. The measurement
sensitivity of both VIS and NIR spectrometers facilitated operation at similar time
resolution, while providing good SNR in both the 390-750 nm and 900-1700 nm
regions. The low resolution of the NIR spectrometer necessitated the use of a multi-
Gaussian fitting technique for identification of some of the blended spectral features.
Besides the Paschen series lines, a large number of neutral and singly ionised carbon
lines were identified with the aid of atomic data. Evidence for the presence of a
blended neutral boron doublet was also given, and may be of interest for directly
measuring the boron influx as a vessel conditioning diagnostic. The use of both
the Balmer and Paschen series lines for electron temperature estimation in volume
recombining plasma was successfully demonstrated.

The diagnostic upgrade of the JET-ILW mirror-linked divertor spectroscopy sys-
tem provided a unique opportunity for extending spectral coverage to the NIR range
and increasing the VIS range measurement capabilities. Key results from the devel-

opment work include:

e Successful time-resolved measurement of the Pa-« line intensity using a pair
of filtered extended-InGaAs photodiodes.

e Filtered photodiode background thermal emission and Pa-« line intensity mea-
surements showed a sufficiently high Pa-a/background ratio across a wide
range of plasma conditions and input powers, thus demonstrating the limited
impact of signal contamination from thermal emission on Pa-« line intensity

measurements in the JET-ILW environment.

e Successful survey of the NIR spectral range with a medium resolution imaging
spectrometer providing first of its kind spectral line profile measurements of
the Pa-( line, as well as a detailed survey of the NIR spectrum in the JET-ILW

divertor plasma environment.

e Successful measurement of ELM-resolved Balmer line radial emission profiles
in H-mode scenarios demonstrating the spatial and temporal dynamics asso-

ciated with inter and intra-ELM divertor plasma emission.

e An assessment of the Schmidt Czerny-Turner spectrograph performance rela-

tive to the conventional Czerny-Turner design, which showed an improvement
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in the instrument function width uniformity over the spatial and dispersion di-
rection of the sensor, but proved inconclusive due to uncertainty in the impact
of the test conditions on the line shape asymmetries observed at the sensor

edges.

The Stark-Zeeman-Doppler parametrised line profile model was formulated with
emphasis on computational efficiency, thus neglecting the effect of magnetic and
electric field coupling effects which require more detailed calculation. Compared to
the coupled Stark-Zeeman PPP-B code, the proposed model reproduced the spectral
profile features, including the line FWHM and wing decay, with good accuracy
especially at high densities and for high-n transitions. For the low-n lines, and
particularly the £ transitions, some loss of resolution near the line center was evident.
Likewise, the o-component shifts and asymmetries in the D 3—2 and 4—3 lines
arising from Stark-Zeeman coupling could not be fully reproduced with the simplified
model. However, the computational efficiency of the proposed model makes it more
suitable for inter-shot analysis and possibly for real-time measurements of divertor
density gradients as observed from strong shaping of the density profiles near the
X-point during L.-mode detachment.

The parametrised line profile model was applied for estimation of divertor plasma
density from spatially resolved measurements of the Balmer and Paschen series lines
on JET-ILW. Good agreement was obtained using different lines, including D 7—2,
6—2, 5—2, lines and the first of its kind application of the D 5—3 line. Due to the
low neutral temperature sensitivity and broader Stark contribution, the D 5—3 line
profile characteristics offer potential for fast density measurements at relatively low
spectral resolution, but must be constrained with the magnetic field magnitude due
to sensitivity to Zeeman splitting.

Multi-parametric fitting simulations to synthetic diagnostic spectral data for
isolated low-n Balmer and Paschen lines across a range of divertor plasma conditions
showed particularly good parameter recovery (within 10% ) for the D 4—3 line
for cases with a simplified single Maxwellian neutral VDF, while the D 4—2 and
5—2 exhibited poor sensitivity to recovery of the neutral temperature and magnetic
field. The accuracy and precision of the recovered parameters for D 3—2 and 4—3
lines was markedly degraded once a more representative multi-component neutral
VDF was considered. Simultaneous fitting of both D 3—2 and 4—3 profiles yielded
significant improvement in fit quality for all 9 free parameters, but at high densities
the fits were largely insensitive to the small non-Maxwellian neutral temperature

contribution. The results of the synthetic data fitting analysis highlight the benefits
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of complementary measurements of low-n line spectra, from which significant plasma

parameter information can be extracted.

6.2 Implications for Tokamak Divertor Spectroscopy

As has been intimated throughout the thesis, the advantage gained in combining
VIS and NIR spectroscopy diagnostics is the added versatility of measurements and
increased scope for evaluation of plasma parameters. This is best exemplified by
the utility of the enhanced JET mirror-linked divertor spectroscopy system (KT3)
in providing simultaneous access to the Balmer and Paschen series lines. Such flex-
ibility is conducive to obtaining improved coverage of the hydrogen isotope high-n
and low-n excited state populations in future exploitation of the system. Diag-
nostic access to both line series provides additional capability with respect to the
range of measured excited population densities, which not only increases the scope
for data interpretation using collisional-radiative population models, but allows for
direct comparison of the results for improved data validation. In addition, the dif-
ferent sensitivity range of Balmer and Paschen series transitions to spectral profile
broadening and splitting mechanisms expands the capabilities for plasma parameter
recovery through least-squares fitting techniques which utilise multiple spectral lines

to improve the fit quality.

6.3 Future Work

Although the properties of the Balmer and Paschen series lines have been exam-
ined in this work in significant detail, recommendations for refining and advancing
the complementary VIS-NIR passive divertor spectroscopy diagnsotic techniques in-

clude:

e An evaluation of the impact of the discreet-to-continuum transition on both
the Balmer and Paschen high-n lines, in order to identify to what extent the
D-C merging is expected to influence the line measurements, and thus whether
any advantage can be gained by using the high-n Paschen lines for evaluation

of electron temperature.

e Based on the simulation results which showed improved scope for parameter
recovery through simultaneous D 3—2 and 4—3 spectral profile fitting, capa-

bility for spectrally resolved D 4—3 measurements should be explored. This
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would not only facilitate diagnostic exploitation of the fitting technique, but
it would also serve as a test-bed for line profile comparisons to codes such as

PPP-B owing to the enhanced profile feature resolution of the D 4—3 line.

e Although 1D profiles of density and electron temperature in the divertor are
quite informative, a need exists for obtaining 2D spatially resolved information
for benchmarking edge and divertor fluid and transport codes, particularly for
detachment studies. In this regard, consolidation of the JET-ILW divertor
grating spectroscopy and filtered imaging diagnostics offers significant bene-
fits from combined measurements of the Balmer series and intrinsic/extrinsic
impurity lines. Integration of the spectrally resolved line-of-sight integrated
measurements with 2D spatially resolved line ratio and emissivity poloidal re-
constructions provides opportunities not only for tomography validation, but
also for exploration of data reduction techniques with the aim of obtaining

localised plasma parameter estimates.

e Further investigation is needed to explore the potential benefits of NIR spec-
troscopy measurements in the burning plasma environment of ITER. This
would involve extrapolating the scope for parameter recovery from Paschen
line profiles to the parameter range representative of ITER divertor plasmas.
A reassessment of the potential advantages of NIR measurements from the
perspective of optics degradation is also needed in light of recent advances in
mirror cleaning techniques for recovering optical performance in the UV-VIS

range.
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Appendix A

Calibration Methodology Using an
Irradiance Standard and

Lambertian Diffuser

Figure A.1: Definition of radiance.

The radiant power d?¢ [W] emitted by a small plane source of area d.S into a
small solid angle dQ2 = dA/r? (Figure A.1) is given by

d?¢ = L dS cosf dN (A.0.1)

where L is the source radiance [W m? sr™!]. For a Lambertian source, L is inde-
pendent of the angle of observation (i.e., equally bright at all angles). The total
power radiated by the small Lambertian source into a hemisphere can be calculated

by considering the geometry in Figure A.2. The power radiated into a thin conical
170
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shell is first derived by determining the solid angle d{2 subtended by an annulus of
width dr = r df, and annulus area dA = 27 r sinf r df. The solid angle is then

dQ) = 27 sinf df , (A.0.2)

and the power radiated into the conical shell is

d?¢ = L dS cosf 27 sinf df . (A.0.3)

L dS

Figure A.2: Geometry of a thin conic shell.

The total power radiated into a cone of half angle 6 is then

0o
deg, =27 L dS/ sinf cos df = L dS sin?f; . (A.0.4)
0

The power radiated into a hemisphere with 8y = 90° is

dé, = 7L dS . (A.0.5)

Figure A.3 shows the calibration layout of the source, diffuser and collection
lens. The normal to the diffuser surface is aligned with the camera lens, whereas

the diffuser normal is positioned at an angle # with respect to the irradiance source.
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Diffuser

Figure A.3: Calibration layout.

The diffuser is positioned 500 mm away from the source. The power falling on the
diffuser surface is reduced by a factor cosfl, neglecting any curvature associated with
the irradiance front E) incident on the diffuser panel. Hence, the power falling on

the diffuser surface is

d¢; = E) cosf nr? | (A.0.6)

where 2r; is the portion of the diffuser diameter that is imaged by the collection lens
(i.e., the field of view of the lens).

The hemispherical reflectance of the diffuser is typically given for a particular
illumination angle (typically 8°) viewed normal to the diffuser surface. More gen-
erally, the reflectance f, is a function of # depending on the scattering properties
of the coating. In the calibration of the NIR spectrometer, an illumination angle of
0 = 30° was selected. For a Spectralon® diffuser, the reflectance has been shown to
vary by about £3% for illumination angles in the range 5-30° (Durell et al., 2014).
Since the diffuser panel could not be characterised in detail, fy in the range 900-1700
nm was estimated at 97 +2% assuming the coating was not significantly degraded.
The diffuser thus reflects a fraction fy of the incident power into the hemisphere (27

solid angle), hence

do, = fr do; = f\ E\ cosf m’f ) (A.0.7)
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Equating expressions A.0.5 and A.0.7, and replacing L with Ly and dS with mr?,

the radiance of the diffuser is then

Ly=fyEycosf /7 [Wm2sr ! nm™]. (A.0.8)



