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Abstract

The process of divertor detachment, whereby heat and particle fluxes to divertor surfaces are
strongly reduced, is required to reduce heat loading and erosion in a magnetic fusion reactor.
In this thesis the physics leading to the decrease of the divertor ion current (I;), or ‘roll-over’,
is experimentally explored on the TCV tokamak through characterization of the location,
magnitude and role of the various divertor ion sinks and sources including a complete measure
of particle and power balance. These first measurements of the profiles of divertor ionisation
and hydrogenic radiation along the divertor leg are enabled through the development of a
TCV divertor spectrometer, together with careful Stark broadening analysis and novel Balmer
line spectroscopic techniques.

Over a range in core plasma conditions (plasma current, impurity-seeding, density) the
I; roll-over is caused by a drop in the divertor ion source; recombination remains either
small or negligible until later in the detachment process. In agreement with simple analytical
predictions, this ion source is limited by a reduction in the power available for ionisation,
Precl, sometimes characterised as ‘power starvation’. Concurrent increases in the energy
required per ionisation, FE;,,, further reduce the number of ionizations. The detachment
threshold is found experimentally (in agreement with analytic model predictions) to be
Preci/ It Eion, < 2, corresponding to the target electron temperature, T; ~ Fjo, /v where 7 is
the sheath transmission coefficient. Target pressure loss, required for target ion current loss,
is observed to be delivered by both volumetric momentum loss, as typically assumed, and by
a drop of the upstream pressure.

The evolution of measured divertor profiles through detachment of the various ion sources/-
sinks as well as power losses and charge exchange are quantitatively reproduced through full

2D SOLPS modelling of a ramp of core plasma density through the detachment process.
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0.22) fibres and the newer (NA 0.10) fibres.| . . . . . . . . ... .. ... ... ...

6.14

Spectra shown using a Xe lamp in the 465 nm region (central wavelength) with a 1800 1/mm

grating where either the collection optics are illuminated directly by the spectral Pen-Ray lamp

or illuminated through using an integrating sphere. a) Full spectra normalised such that an

integral over the brightest spectral line would yield 1. b) Zoom-in on brightest spectral line.| . .

136

[5.15

Tllustration of the influence of stray light (1 x 10~ stray light (with respect to intensity) is

assumed) on an absolute intensity calibration. a) Pre-calibrated lamp spectra (intensity on a log

scale) where the influence of stray light has been modelled. The different lamp curves have been

normalised with respect to their integral. b) Relative difference in the spectra due to stray light

((Stray light spectra —lamp spectra) / stray light spectra)| . . . .. .. ... ... ... . ...

.16

Absolute calibration curves showing the absolute calibration factors (e.g. calibrated signal =

measured signal (counts / s) / calibration factor) as function of wavelength (corresponding to a

single acquisition of central wavelength 369 nm —lowest calibrated wavelength) shown for three

ROIls using the signal uncorrected for stray light, the stray light corrected signal and using a

424 nm short-pass filter (while taking that filter curve into account in the absolute calibration.).| 139

B.i7

Examples of extracted instrumental functions for the horizontal DSS system using a 1800 1/mm

grating around the 460 nm to 470 nm wavelength region. a-c) Different instrumental functions

(different colours) shown for three different lines of sight corresponding to a 467.81 nm line

from a mercury-cadmium spectral lamp, positioned between horizontal (wavelength direction)

pixel number 100 and 700. d-f) Different instrumental functions (different colours) shown for

three different lines of sight (16 —centre; 4 edge; 27 edge), corresponding to 458.28, 462.43,

467.12, 469.7, 473.42 nm spectral lines obtained from a Xe spectral lamp obtained during a

single acquisition (single grating angle), with and without integrating sphere. Note that the

142

(.18

2D PDF of the Bayesian fit (of instrumentals measured using a 1800 I/mm grating, 465 nm

central wavelength and using a Xe lamp) of the a, ¢ using equation [5.3| (the result is marginalised

along the b direction), shown for two different errors. Each colour map shows the results of three

separate PDF's (corresponding to three separate instrumental functions obtained during a single

acquisition of the Xe lamp at different wavelengths) using red, green, blue colours. When all

instrumentals overlap, a grey map would be obtained. When none of the istrumentals overlap

separate red, green, blue maps are obtained.|. . . . . . .. ... ... 0oL

143

5.19

Extracted (median of distribution obtained through a Xe lamp) and a) simulated asymmetric

Lorentzians obtained from the Bayesian asymmetric Lorentzian fit using the described Monte

Carlo algorithm, b) simulated instrumental functions obtained by point-wise shifting the instru-

mental functions such that the median of the distribution of instrumental functions aligns with

the input instrumental function. The data has been taken from the edge of the CCD (LoS 2)

using a 1800 1/mm grating at 404 nm central wavelength, which deviates more strongly from

the asymmetric Lorentzian fit than central chords, using a Mercury-Cadmium spectral lamp. Of

the Monte Carlo generated instrumentals, 100 different instrumental functions are shown. . . .

144

(.20

Extracted and simulated (100) instrumental functions (normalised with respect to intensity)

using the described Monte Carlo algorithm for three different lines of sight. All shown correspond

to spectral lines at 458.28, 462.43, 467.12, 469.7, 473.42 nm obtained from a Xe spectral lamp

during a single acquisition (1800 I/mm grating), both with/without using an integrating sphere.| 145
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F.21

Instrumental function characterisation for the 1800 1/mm grating (a,c,e) and the 600 1/mm

grating (b,d,f). Colour maps as function of ROI and wavelength are shown for the width (FWHM

in pixels (a,b) and width at 10 % of the maximum intensity (c,d)) and for the asymmetry in

pixels (e,f). . . . oL

[5.22

DSS efficiency’, where the measured signal (in countsm™>s™ " sr” ' nm™ ') equals the calibrated

1 1

signal (in phm~“s~"sr_ ' nm™ ') times the shown efficiency coefficient (which is in counts per

photon). The calibration coefficient is shown as function of wavelength for several calibration

runs, the 1800 and 600 1/mm gratings and at several ROIs. b) Example of 2D calibration map

obtained during a single acquisition corresponding to three curves highlighted in a).| . . . . ..

61

Various line shapes on a a) linear scale and b) logarithmic scale of Stark/Doppler/Instrumental

broadening for the n = 7 deuterium Balmer line (397 nm). All line profiles are normalised with

respect to their integral.| . . . . . . . ..

152

16.2

Various fractional widths of the Stark ineshape using the Rosato Stark model for two difterent

ne as function of B for two different observational angles| . . . . .. ... ... ... ... ...

6.3

Various fraction widths of the Stark lineshape for two different n. as tunction of /. for both the

parametrised Stehle model and the Rosato Stark model, which assumes 1. = 73 and accounts

for ion dynamics (only the Stark shape is shown —not the Doppler shape)l. . . . . . . . .. ..

6.4

Example of a Stark fit on a synthetically simulated spectra with multiple Doppler components

denoted by their 1on temperature and relative strength f. The fit parameters are noted in the

figure. Due to the multiple Doppler components, going to high temperatures (100 eV), wide

Doppler wings are obtained (similar to Stark) and the Stark/Doppler broadening can no longer

be distinguished.| . . . . . . ..

6.5

Comparison between the electron density set in the synthetic spectrum with a 73 = 15eV to the

electron density inferred 1n the fit assuming a 75 = 5eV for different weighting functions used in

the fit. Uncertainties in the instrumental function and due to the signal to noise level of the

synthetic spectra are accounted for using a Monte Carlo approach.| . . . . . .. .. .. ... ..

[6.6

Example of a Stark fit using experimental TCV data on a linear scale (a) and a logarithmic

scale (b). The shown instrumental function, Doppler line shape, Stark line shape are convolved

and a polynomial background 1s added to form the fitting function. The shown spectral line

corresponds to the 7 — 2 Balmer line. All line profiles are normalised with respect to their

................................................. 161

6.7

Probability density functions (PDF's) for the Monte Carlo inferred Stark density where the

random noise and the instrumental function (according to its error) is varied for a case where

the electron density corresponding to the synthetic spectra is fixed at 2 x 10*° m™°. Different

PDF's are shown for different lines of sight and different signal to noise level|. . . . . . . . . ..

163

6.8

Comparison between the electron density set in the synthetic spectrum to the electron density

inferred in the fit as function of S/N for two LoS at a) ne = 2 x 10" m™~° density, b) n. =

1.1 x 10°° m~° with 68 % and 95 % confidence intervals.| . . . . . . . . . . . . ... ... ...

164

[6.9

2D Map of Stark density inferences relative, absolute uncertainties (68 % confidence interval)

and deviations of Monte Carlo estimate with respect to set electron density for two lines of sight

as function of set Stark density and signal-to-noise level. Several contour lines are shown as

indicates in the colour maps. The S/N ratio > 30 region is shaded.| . . . . . . . ... ... ...

165

[6.10

Comparison between the electron density set in the synthetic line-shape generated through the

Rosato model and the inferred density from the Monte Carlo fit using the parametrised Stehle

model for the 7 — 2 Balmer linel . . . . . . . . . . .

[T

Comparison between the prescribed electron density in the synthetic line-shape generated through

the Rosato model and the inferred density from the Monte Carlo fit using the parametrised

Stehle model as tunction of 1. Both the ratio between the inferred and prescribed Stark density

(a) and the relative uncertainty (95%) obtained through the Monte Carlo method is shown (b).| 168

612

Comparison between the prescribed electron density in the synthetic line-shape generated through

the Rosato model and the inferred density from the Monte Carlo fit using the parametrised

Stehle model as function of 5. Both the ratio between the inferred and prescribed Stark density

(a) and the relative uncertainty (95%) obtained through the Monte Carlo method is shown (b).

The T'CV range of applicable magnetic fields i1s shielded.| . . . . . . . ... ... ... ... ...

169
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613

Comparison between the prescribed electron density in the synthetic line-shape generated through

the Rosato model and the interred density trom the Monte Carlo fit using the parametrised

Stehle model as function of /;. Both the ratio between the inferred and prescribed Stark density

(a) and the relative uncertainty (95%) obtained through the Monte Carlo method is shown (b).| 170

[6.14

Comparison between the probability density functions obtained for a single LoS (4) at a single

time step (1.0 s) using the full Monte Carlo Stark investigation explained above and the fast

"default’” fit using the parametrised Stehle model together with its assumed uncertainty and

probability density shape (Gaussian).. . . . . . . .. ... oL o

171

[6.15

Fvolution of inferred Stark density for the first five lines of sight as tunction of time for discharge

# 57912 using the default fit analysis and a Monte Carlo fit analysis. The inferred 95 %

uncertainty margins based on the Monte Carlo fit analysisis added.] . . . . . ... .. ... ..

[6.16

Stark density as function of time observed for repeat discharges numbers 52126, 52128 and 52131

while using various time windows | . . . . . ... Lo oL Lo

617

Spectra of high-n lines during a detached discharge (#52126) observed with the horizontal

system from the line of sight closest to the target indicating the formation of the recombinative

pseudo-continuum after the n = 17 Balmer line which is still observed. . . . . . . . ... .. ..

176

1

Schematic overview of the analysis steps (green) in the Balmer line analysis chain together

with the required measured inputs (grey, white text —including the Balmer line brightness

B,,—2), assumed inputs (grey, yellow text —including the neutral fraction n,/n., the

path length AL) and inferred outputs (purple —including the Stark density n.; inferred

recombination/excitation Balmer line emission fraction F...(n), Fez.(n); line integrated

hydrogenic excitation/recombination radiated power loss P5r¢, , P7cS ;; line integrated

ionisation/recombination rate I, Ry and line averaged charge exchange to ionisation

ratio CXp/Ip)| - . o o o

72

a) Schematic overview of how the path length AL and r;, z; are determined. b) Example of AL

time trace for three lines of sight for # 56567.f. . . . . . . . . . . . ... ... .. ... ...

182

73

a-c) Emission profiles (recombination/excitation/total) for the n=>5,6,7 Balmer line emission

obtained along the line of sight during a SOLPS simulation (#106237). d-e) Plasma profiles

of electron temperature, electron density and hydrogen neutral density along line of sight. f)

SOLPS grid geometry (outer divertor leg) with line of sight. | . . . . ... ... ... ... ...

74

Estimated path lengths from the Jsq+ profile compared to the actual characteristic lengths of the

emission region along the line of sight; both determined through a SOLPS simulation (MDS+

shot number #106273 —see section |7.7| for more details), for the n=>5,6,7 Balmer lines|. . . . .

185

75

Comparison of the neutral fraction along the (a) separatrix and (b) emission-weighted (n = 7

Balmer line) along the DSS chords; both from the outer divertor leg obtained from SOLPS-ITER

simulations at different upstream densities. The SOLPS results are compared to the no-transport

assumption in (a) (equation [7.4). The neutral fraction range (no,/n. = [0.001 — 0.05]) is shaded

m yellow.] . . L e e

|7.6

Modelled gf’—ﬁ;’; as function of T.. Both the excitation only and recombination only trends are

shown at three different densities, while the green/magenta take both recombination/excitation

into account and assume a fixed n,/n.. The black solid line indicates %_ as function of T,

where 1, /n. is determined as function of 7, using equation [7.4] as done in [73] to determine the

"TEC’. The black plusses indicate the measured g5—ﬁ;’§ for # 56567 for all lines of sight of the

divertor spectrometer, where 1, respective of the excitation emission is used as the effective 1,

(see section [7.3.1land [9.1.2)).] . . . . . . ..o

188

|7.7

Frec(n = 5) as function of % for a set of fixed n. and no/n.. Each point in this graph

corresponds to a certain Ze.l ......................................

190

78

Frec(n) and Fezc(n) as function of the temperature (and hence recombination to ionisation rate

ratio) for an assumed ne = 5-10""m ™" and no/me =0.05] . . . . .. ...

191
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79

An illustration of the technique for obtaining a unique Frec: a Frec(n = 5) as function of

Bg—2/Bs—2 where two different 7T, windows were used, a 'full’ window and a restricted window

from the Balmer line ratio showing two solutions for F,.. and a visualisation of the solution

provided by the highlighted correction algorithm. c¢) Magnification of figure a in the Fr.. ~ 1

|
|
(" Frec restricted T. window’) where only unique solutions can be obtained. b Inferred Frec(n = 5) |
|
|
|

non-unique region where four points of /. are highlighted, which are represented by the numbered

vertical lines in b to link figuresa, bandc| . . . . . . ... oo oo 195

[7.10

a Modelled Ry as function of Bgo for a set of n. and AL. b Modelled I as function of Bg~io |

for a set of ne and AL X no/me| . . .« o o oo 198

[F1T

a Emission-weighted (recombination/excitation/total), along DSS lines of sight, T profile from |

target to separatrix. b Emission-weighted (recombination/excitation/total), along DSS lines of |

sight, n. profile from target to separatrix. | . . . . . . .. ... o000 199

[7.12

Fconszstent

a) Both the calculated Fi..(n = 5) and the post-process calculated Fyor (n = 5) using |

the statistical techniques of section [7.6]as function of time with 68% confidence intervals. b) |

Visualisation of the probability density function (PDF) of Fy...(n = 5) and F2™5*5" (n = 5) at |

three different times for a given chord.] . . . . . . . . . . . ... .. o o 200

[7.13

a Modelled P.75° as function of Bg, for a set of ne and AL. b Modelled P.>'¢%¢ as function |

[ of BE"%, for a set of e and AL X T /Thel e « v o o v e e e e e e 201

[F1d

a) Modelled C' Xy, as function of B5*, for a set of n. and AL X no/ne.. b) Modelled C X /I |

exrc

ratio as function of BE*;; for a set of me and AL X no/me | . o v v v o o oo oo o Lo 203

715

Example of Monte Carlo analysis chain, ion source calculation. a) Examples of input PDFs for

Bs_,2 and no/ne X ne X AL. Points are randomly sampled from these input PDF's yielding to

Shows a PDF of I, together with the maximum likelihood estimate (MLE) and 68% Highest

|
|
points in the scatter plot whose colours represent the [;, corresponding to that calculation. b) |
|
|

Density Interval (HDI). X-axis corresponds to /;, magnitude and its colour bar colours of the

scatter plot in figure A. | . . . . . . oL 204

[7.16

Monte Carlo T result for # 56567 (line of sight 3; t = 0.6 s) represented as a) Point cloud. b) |

Histogram. ¢) PDF obtained through kernel density estimation [211] together with the MLE |

and 68 % HDI estimates. | . . . . . . . . . . . . e 206

[7.17

Characteristic PDFs from output parameters (I;, I, Pg;“, Pfg’;ec, [ CXr/Ii, Frec(n = 5) (line

of sight 3), TF TF (both line of sight 3)) obtained from #56567 at three different time steps,

together with the maximum likelihood estimate (MLE - +) and the highest density interval |

(HDI - 68 % —Shaded). | - - -« o o oo e e 207

[7.18

Characteristic PDFs from output parameters (I;, I,., P1¢¢, PTHJ“, [CXL/I;, Frec(n = 5) (line

rad

of sight 3), To”, T2 (both line of sight 3)) obtained from #56567 at three different time steps,

together with the maximum likelihood estimate (MLE - +) and the highest density interval |

(HDI - 68 % -shaded).|. . . . . . . . 210

BI

Overview of detachment based on a high [, density ramp discharge (#56567). a Line averaged

|
density, ne, upstream density ne.. and upstream temperature, 7. , as function of time. b Total |
|

ion target flux (I;), ion target flux density at the separatrix (I'y), recombination rate (I,) and I,

8.2

a) Electron density (characteristic uncertainty ~ 1 x 10'” m™") traces of chords near the target |

(#57912) for a density ramp experiment. b) Corresponding divertor geometry and lines of sight| 215
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B3

Left hand side: Experimentally (spectroscopic inferences + bolometry) determined quantities

along the outer divertor leg. Right hand side: Results obtained directly from SOLPS simulation

utilizing synthetic diagnostic measurements. a) Total outer ion target flux I, outer divertor

integrated ion source and recombination rate (I;, I,), together with the linear scaling of the ion

target flux as function of time and vertical lines corresponding to the times at which the profiles

are shown in the figures below. b) Analogous ion source/sink plot (outer divertor integrated)

of upstream density. ¢, e) Stark density profiles (c —obtained from a synthetic diagnostic —see |

section [5.8]). e, f) Chordal integrated recombination (Ry) /ionisation rate (Ir) profiles. g, h) |

Chordal integrated total radiation profiles through bolometry — P,qq.r; and radiation due to

hydrogenic excitation — P,Z:fz;. i, j) Line integrated charge exchange to ionisation ratio profiles

CXL /I - T 215

B4

First two columns correspond to core density ramps at two different plasma currents: Core

Greenwald fraction (a,b); divertor ion sources/sinks and ion target flux (d, e) as well as the

|
|
loss of ion target current, recombination sink and loss of ionisation (g, h). The last column |
|

corresponds to a Na seeding ramp at constant core density (c): divertor ion source/sink and ion

target flux (f) as well as the loss of ion target current, recombination sink and loss of ionisation (i).220

8.5

The target 1on flux compared to the 1on source, inferred 1on flow from the upstream SOL and |

R6

Power balance investigation for the outer divertor for pulse #56567 a): ion target flux, ionisation

rate and recombination rate; b) break-down of total radiation and its contributors; ¢) comparison

Preci and the power needed for ionisation, Pi.n; d) comparison between Py, and the outer

|
|
between power entering the outer divertor leg, Py;,; the power entering the recycling region, |
|
|

divertor leg radiative losses plus the measured power deposited on the target by the IR for

CONSIStENCY.| . . . . . . e 225

87

a) Target ion flux, ionisation rate and recombination rate as function of time. b) Measured

(summed over all chords) Da signal and predicted summed Da signal. ¢) Measured and predicted

D~/Da ratio along three different locations. The expected excitation limit, or minimum ratio is

shown. The predicted recombination limitis ~ 0.1 . . . . . . .. .. .. ... ... ... 227

0.1

a) Target ion flux as function of time together with the ionisation rate and recombination rate. |

b) Effective radiative energy cost per ionisation/recombination. ¢) Radiative energy cost per |

ionisation along a certain chord.| . . . . . . . ... Lo oo 232

0.2

a) Predicted ion target flux based on power balance compared with measured ion target flux |

as function of time. b) Ion loss as function of time for the ion target flux prediction and the |

measured ion target flux. c¢) Target temperature as function of time. | . . . . . ... ... ... 233

0.3

Break-down of the fraction of P...; spent on ionisation (fion); reaching the target (fiarget);

reaching the target in the form of potential energy (fpo:) and reaching the target in the form

[3.11)), which are compared to direct experimental inferences from power balance. Note that the

|
|
of kinetic energy (frin). The shown fractions are modelled /predicted, based on T; (equation |
|
|

fractions visualised in figure [9.3[ have not been corrected for recombination, as the ratio I, /I; is

small for the TCV discharge presented (see equations|3.11{ and [3.13] for further explanation).| . 235

0.4

Comparison of target pressure and upstream pressure. a) reference total current to the target,

total ionisation source and recombination sink; b-c) Target separatrix pressure (p;) and (p; /T, %)

ratio based on spectroscopic measurements (Stark broadening + excitation temperature of the |

chord closes to the target); d) Upstream separatrix pressure from Thomson scattering.| . . . . . 239

9.5

Thomson upstream temperature as function of time for # 56567 together with the upstream |

temperature prediction from conductivity.| . . . . . . .. ..o 240

0.6

a) Measured and predicted target ion flux trend. b) Break-down of the contributors to the

|
predicted ion flux. c¢) Measured p,/gr.c; compared to the critical predicted level for p;/greci. |
|

d) Inferred momentum losses from spectroscopic estimates. e) Measured upstream pressure

compared to critical target pressure level.| . . . . . . ..o oo 241

0.7

Comparison of the various detachment thresholds with the experiment. a) fion. b) T%. €) Pup/Grecil243

9.8

Recombination to ion target flux ratio as tunction of Stark density obtained from the chord near |

the target for the three discharges presented in figure 8.4} . . . . . . ... ... ... ... ... 248
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19.9

A schematic overview of the location, size and dynamics of the impurity radiation, 1onisation

and recombination regions on '1'CV; based on the profiles shown in figure|8.3] . . . . .. . ...

AT

Overview of smearing of the 6 — 2 Balmer line and neighbouring NIII lines at 200 Hz acquisition

frequency for a No seeded discharge. a) Profile of NIIT (410.33 nm) intensity as function of ROI

at t = 1.25s together with highlights of the ROI of which the spectra are shown. b) Profile

of the NIII (410.33 nm) intensity for LoS 30 (near x-point) as function of time, together with

windows corresponding to the different acquisition phases. c-g) Spectra of 6 — 2, NIIT (409.73

nm) and NIIT (410.33 nm) both measured (non-smearing correction) and smearing corrected for

four different lines of sight. Also the deviation between the spectra and the smearing-corrected

spectra (plusses) is shown, which indicates the amount of smearing contributing to the measured

..................................................

A2

Examples of a background corrected full-frame spectra of an incandescent light source (2800

K color temperature) obtained using a 1800 1/mm grating (approximately 18 nm coverage

per acquisition) at different central wavelengths. a-c) Full-frame spectra with colourmap (0

minimum, each map is normalised with respect to its maximum). d) Spectra summed in the

spectral direction normalised with respect to the integral over a single ROI for the three different

cases, indicating different levels of signal in between the ROIs| . . . ... . ... ... ... ..

A3

Overview of the first step of the stray light correction algorithm applied to the measured absolute

calibration spectra at 369 nm without the application of a 424 nm shortpass filter. a) Measured

spectra (full-frame) masking off all regions not corresponding to the 'dark spots’ in between

ROIs, b) interpolated spectra over the masked regions: e.g. full-frame signal expected due to

signal in the optical ’dark’ regions. c¢) Measured spectra (full-frame) masking off all regions not

corresponding to the ’'brightest centra’ of the ROIs, d) interpolated spectra over the masked

regions: e.g. full-frame emission expected due to signal in lit regions (if no fibre edges were

present). e) Ratio between the expected 'dark’ signal and ’lit signal’ . . . . . . ... ... ...

259

!

Overview of the second step ot the stray light correction algorithm applied to a measured

absolute calibration spectra at 369 nm without the application of a 424 nm shortpass filter. a) +

b) determined ratio between the expected extrapolated ’dark’ and ’lit’ signals of the 600 nm

measurement (of which no smearing is assumed) and the 369 nm measurement. c¢) Difference

between these both ratios, indicating the predicted fraction of stray light the measured spectra

at 369 nm has. d) Measured spectra (with stray light) at 369 nm. f) Stray-light corrected

spectra (full-frame) with e) a plot as function of horizontal pixel location (spatial direction). g)

Measured spectra (normalised at a single ROI’s intensity) as function of horizontal pixel position

(spatial direction). h) Stray-light corrected spectra (normalised at a single ROI’s intensity) as

function of horizontal pixel.| . . . . . . . . ..

A5

CAD model for lens to fibre (tokamak end) coupler. Pre-made parts are highlighted in cyan, 3D

printed parts according to this CAD model are highlighted inred.| . . . .. .. ... ... ...

NG

CAD model for the 3D printed assembly at the end of the tokamak, shown in picture[5.2]a). The

CAD model shows the three different DSS orientations and as such, no Ocean optics collection

optics mount 1s shown. Pre-made parts are highlighted in cyan and 3D printed parts according

to this CAD model are highlighted inred.| . . . . . . .. .. ... o0 ..

262

A7

CAD model for the 3D printed assembly for mounting the fibres to the slit at the spectrometer’s

end. Pre-made parts are highlighted in cyan, 3D printed parts according to this CAD model are

highlighted in red.] . . . . . . . 0 o o

A8

Measured spatial instrumental tunctions as function of pixel positions for a range ot difterent

wavelengths (indicated by different lines with different colours). a) Spatial instrumental function

of a central fibre (512 pixel index), b) spatial instrumental function of an edge fibre (970 pixel

T D

A9

llustration of the pick-up calculation. T'wo identical spatial instrumental tunctions are shown

for two neighbouring fibres including the total instrumental function (addition of the two). The

maximum possible ROI width and the chosen ROI width are highlighted together with the ROIs

centres. 'This illustration i1s only shown for the central fibre . . . . . . . . ... ... ... ..

265
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[A.10 a) Calculated ”efficiency” in % (e.g. fraction of signal corresponding to a single fibre caught by

the ROI) as function of ROI width in pixels. b) Calculated ”efficiency” in % as function of the

pick-up between neighbouring fibre channels.| . . . . . . . ... ... ... ...

|A.11 Control window for DSS operation during experiments.|. . . . . . . . . . . .. . .. .. .. ...

268

|A.12 Printscreen of the GUI used tor DS5 data viewing. Comments to identify the different elements

are shown dn red. . . . . . . L L

[B.1 Ionisation source, recombination rate and ion target current for # 57920 (density ramp at high

current - similar to #56567) when accounting for no uncertainty in the atomic coefficients or 20

% uncertainty (in the form of a uniform distribution). PDFs for various output parameters are

shown for those two cases at 0.7 and 1.18l . . . . . . . . . . . . . . . . . ...

[B.2  Tonisation source, recombination rate and ion target current for # 57920 (density ramp at high

current - similar to #56567) using a uniform and log-uniform PDF for n,/n.. PDFs for various

output parameters are shown using a uniform and log-uniform PDF for n,/n. at 0.7 and 1.1 s

[B.3  Calculated (Kendall) correlation strength of input parameters to output parameters for # 56567

as function of time for line of sight 3. Positive values are shown with solid lines and negative

values are shown with dotted lines. Statistical insignificant calculations have been removed from

the figure. As a reference Fr..(n =5)isshown. . . . . . . .. .. ... .. ... ... ... ..

275
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Preface

In this PhD thesis the physics behind detachment observations, particularly the ion target
current roll-over, has been investigated experimentally on TCV. The key results of this work
are shown in Chapter [8 where the ion current roll-over is associated with a reduction of
the ion source due to power limitation —quantitatively consistent with SOLPS simulation
results. Further implications of those findings are discussed in Chapter [9] where quantitative
agreement is found between the observed detachment onset and analytic predictions of the
detachment onset, after which charge exchange to ionisation ratios are observed to increase
leading to volumetric momentum losses. A reduction of the upstream pressure during
detachment is observed on TCV in agreement with analytic predictions of the target pressure
loss required and the volumetric momentum loss estimated from charge exchange to ionisation
ratios. Those two chapters form the most important and integral parts of this thesis.

To obtain these results, however, significant methodological work was required as is
described in a fairly large part of this thesis —which is of secondary importance in this work.
First a new diagnostic (divertor spectrometer) for the TCV tokamak has been developed,
commissioned and operated as part of this thesis in Chapter [} From the Balmer line spectra
measured using this diagnostic, first the electron density has been estimated using existing
Stark models, together with several technical advances and error quantification techniques
in Chapter |§| to cope with the relatively low TCV densities (1 x 10 m™3 to 1 x 102°m3)
leading to a relatively narrow Stark spectral broadening (full-width-half-maximum) compared
to the instrumental function and expected Doppler broadening. Using the Stark inferred
density and the Balmer line spectra, new ways for quantitatively analysing the Balmer line
spectra have been established in Chapter [7] enabling the quantitative inference of various
atomic reactions in the TCV divertor including ionisation, recombination and hydrogenic
radiation.

For comparing the measured results to analytic models, a deeper analysis on the equival-
ence between thinking about detachment in terms of power limitation and thinking about
detachment in terms of volumetric momentum loss was required. That required digging deeper
into those models as has been done before in literature and making several modifications
to the interpretation of such models. This has been done in Chapter [3] and is of secondary

importance to the main results.
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Executive summary

Quantitative inferences of the magnitude and location of various atomic processes in the
divertor, in particular the ionisation source, has been performed in this work. This has been
facilitated by the new spectroscopic measurements of the TCV outer divertor plasma by a
divertor spectrometer developed as part of this thesis. Those measurements are combined
with a careful approach to Stark broadened line fitting (accounting for the relatively low TCV
electron densities(1 x 10" m=3 to 1 x 102 m~3)) and a new way of analysing Balmer lines
developed in this work, enabling a full characterisation of the various power and particle
sources and sinks (impurity radiation, ionisation and recombination) in the TCV outer divertor
plasma. These new measurements provide an experimental verification that the ion source (I;)
matches the ion target flux (I;) both before and during detachment while the recombination
ion sink is relatively small or negligible and only develops to significant levels at the deepest
detached states after the I; roll-over. Volumetric recombination thus seems not to be a
requirement for detachment. Instead, the current roll-over is caused by a reduction of the

lonisation source.

We define the detachment threshold during density-ramp discharges as the point where
the divertor ion source starts to deviate from its expected attached (linear) trend. That linear
trend has been confirmed using measured upstream parameters in combination with analytic
models (under which a Two Point Model which includes Recycling —2PMR’ [3], 4, [5, [6]).
This is in contrast to the often-used degree of detachment scaling (I'; & n2) which requires
modifications to account for upstream changes. During a core density ramp, P,.. continually
drops due to increasing (intrinsic) divertor impurity radiation while the power required for
ionisation (P;,,) rises, both due to a rise in ionisation rate (in the attached phase) and a rise
in the energy cost of each ionisation (Fjuy,). The deviation of the ion target current with the
attached trend is corresponds experimentally to P,.. approaching Pion: (Prect ~ 2 X Pion);
while the roll-over occurs closer to Pree; ~ Pjon. This indicates that P, limits the ion source
and, through this, the target ion current. The start of detachment at Pree ~ 2 X Py, occurs
before any significant levels of recombination. All experimental results for the discharge
investigated are shown to be in fair qualitative and quantitative agreement with recent TCV
SOLPS simulations [7].

The behaviour of the target ion current (I;) before and during detachment was compared
to simple analytic models. Accounting for only power and particle balance using measurements
of Pyecr, the energy cost of each ionization (Fj.y,), and the target temperature (7;) lead to
an [I; prediction in quantitative agreement with the measured I;. It also shows that the ion
source can be modelled as a trade-off between the maximum possible ion source (Pyecr/Eion)

and fraction of that power spent on ionisation (fion), which can be modelled solely as function
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of T}/ E;on according to analytic theory —in quantitative agreement with direct measurements
of fion. The modelled dependence of the fraction of fi,, on T;/E;s, leads to a point, or
threshold, where the ion current starts to rise slower than thl/ ? for decreasing T;. Given
the sheath target relation p; FtTtl/ 2, this requires a target pressure drop. The thresholds
at which target pressure loss needs to start to occur corresponds to Ty = Fion /7, fion = 0.5
and reaching, given a value for E;,, and ¢..q a critical target pressure (or py/qreq [0 5]);
which is the maximum target pressure achievable for given those variables. Quantitative
agreement between all three criteria and the experimentally-determined detachment onset has
been found.

It is striking that the temperatures (T} < Ejon/7) at which target pressure loss must
occur, according to analytic divertor models, corresponds to the temperatures at which
volumetric momentum loss starts to occur, according to atomic/molecular reaction rates.
Indeed, when reaching the detachment thresholds, measured charge exchange to ionisation
ratios start to become elevated near the target, eventually reaching > 100. From those
ratios through spectroscopic inferences, the amount of volumetric momentum loss has been
estimated, which starts near the detachment threshold and reaches up to ~ 70% during
detachment —in agreement with direct experimental comparisons of the upstream/target
pressure during similar discharges [§]. After reaching the detachment thresholds, the D«
emission starts to increase beyond atomic predictions, which is attributed to molecular reactions
in quantitative agreement with SOLPS simulation results. That result is indicative of molecular
activated recombination and suggest a significant presence of Dy radicals (D;r ), which could
augment volumetric momentum loss through ion-molecule collisions, as is suggested by SOLPS
simulations. Afterwards, at the deepest detached phases where the target temperature is
reduced to ~ 1 eV, significant volumetric recombination (although secondary to the ion source
loss for TCV) can occur. "Power limitation’ of the divertor ion source thus seems to be
a starting point and a necessity for detachment, subsequently bringing on other processes
necessary or helpful for detachment (momentum loss and later volumetric recombination).
This also appears to be applicable to higher power density, higher density tokamaks; although
volumetric recombination will be stronger in such devices which may enable I; to drop faster
in the deepest detached states.

Our measurements show that both the target and upstream pressure roll-over concurrent
with the I; roll-over. Given a certain ¢,.q and FE;,,, the target pressure is limited to a
certain value (Pt mqz), which drops as greq drops and Ej,, increases during detachment. The
drop of this upper limit is the minimum amount of target pressure drop required during
detachment, which must be consistent with the volumetric momentum loss present and the
upstream pressure. Measurements of the upstream pressure and estimates of the maximum
target pressure and volumetric momentum loss indicate that the observed upstream pressure
drop/saturation and the amount of estimated volumetric momentum losses were both necessary
to obtain consistency with the analytic model: both partially facilitated the target pressure
drop. Reducing the target pressure can thus be more subtle than just having volumetric
momentum losses. Nevertheless, these results neither confirm nor reject the idea that the
drop in the target pressure could pull down the upstream pressure (as suggested in literature

[6]) since the origin of the roll-over of the upstream pressure is unknown.
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Chapter 1

Introduction

Nuclear fusion may provide a solution to the looming energy crisis, as it may provide a nearly
inexhaustible energy source with high energy density. One of the most successful nuclear fusion
concepts so far is fusion through magnetic confinement in the form of 'tokamak’ devices. In
order to make tokamak fusion as an energy source a reality, many challenges must be faced.
One key challenge in tokamak fusion is to tackle the extreme power ezhaust of a fusion reactor
which is predicted to reach levels higher than the surface of the sun for large scale facilities
such as ITER, DEMO and beyond. A detached divertor is essential for reducing the heat fluzx
to the target and is obtained at low target temperatures (~ 5 eV), which provokes a collection
of atomic and molecular processes, ultimately resulting in a simultaneous decrease in target
temperatures, target heat flures and target ion fluxes; all required for power exhaust handling.
This work aims at improving the understanding of detachment by investigating the role of
various atomic and molecular processes in the divertor by quantifying these processes through

spectroscopic analysis.

1.1 Energy sources and its future

Mankind’s technical progress in the last 200 years has been massive, which has lead to an
increased quality of life especially in the developed countries. Much of this technological
progress has been initiated by the industrial revolution, which lead to exponential economic
growth; tremendously changing living standards and improving social progress. Before the
industrial revolution, economic output of an entity was limited by severe constraints set by
the amount of land and other resources available. The industrial revolution and its economic
growth has been made possible by using fossil fuels to lift these constraints. In turn, this has
transformed the world’s economy from a land-based economy into an energy-based economy
[9] which has remained an energy-based economy until this date. As such, the gross domestic
product per capita is correlated with the amount of power used per capita [10, [1I]. Gross
domestic product is again correlated with the quality of life of a country, measured by several
metrics, including the social development index [12] II]. The implication is clear: energy
supply is vital for economic growth and the quality of life in the current day world. Since
energy is most easily available from fossil fuels, the world has become strongly dependent to
them.

Fossil fuels such as oil, coal and natural gas originate from fossilised plant materials.
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Therefore, releasing their energy essentially implies releasing energy which has been generated
from photosynthesis stockpiles over a geological time span. Mankind is burning through these
fuel stockpiles at an alarming rate; a large fraction of fossil fuel resources, generated from
stockpiles of millions of years, has already been used up in a relatively short time span of
~ 200 years. It is estimated that the oil and gas reserves will last for ~ 60 more years, whereas
the coal reserve will last for ~ 100 more years. These numbers are based estimates by the
world energy council [I3], where the current energy reserves have been divided by its yearly

production.

Additionally, the usage of fossil fuels has negative impacts on the environment [14]. These
range from the exhaust of particulates in the air to the exhaust of Greenhouse gasses such
as carbon dioxide and nitrogen oxides. A deterioration of air quality due to these pollutants
has already led to serious public health issues, related to a wide range of conditions including
respiratory and cardiovascular diseases [15] as well as impeding paediatric development [16];
especially in urban areas. The existence of Greenhouse gasses has been linked to global
warming, leading to global climate change [17] and a net rise in the earth’s temperature. A
net rise in the earth’s temperature of more than a few degrees centigrade is expected to lead
to irreversible effects to the environment and the melting of polar ice caps, which leads to
major changes in the climate, floods and droughts in densely populated regions [I7]. This, in
turn, gives rise to a whole range of health concerns, including thermal stress and infectious
diseases [I§]. In order to prevent reaching this critical temperature rise, immediate action
must be taken to keep the increase of the world’s net temperature limited [I7]. As a result,
even if we would exhaust the fossil fuel reserves, this is unwanted as it could potentially trigger

global catastrophes through global warming.

From this information, it is clear that the world needs to rehabilitate from its addiction to
fossil fuels. This implies either/both transitioning from fossil-fuel based to more renewable (or
nuclear) energy sources and/or a decrease of the amount of energy used. On a global scale, less
than 10 % of all energy sources are currently generated through renewable energy sources [13]
(less than 14 % when adding nuclear energy sources) and it is a major challenge to increase
this to more substantial levels. As highlighted earlier, the increase in social development
and quality of life is strongly correlated to the energy consumption. Decreasing the energy
consumption (strongly) without impeding social development and quality of life is therefore a

major challenge.

To complicate matters further, currently only a small fraction of the world’s population
lives in developed countries with a large energy availability; a large part of the world lives
in ’energy poverty’ [19, 20]. Developing countries are increasing their energy consumption
per capita in order to improve quality of life and social development. In addition, also the
population in developing and third world countries is increasing steadily while the population

in the developed countries is saturating [21].

Increasing the amount of renewable energy sources, such as solar wind and tidal, is a
possible solution to at least reducing the amount of fossil fuels used. Although energy sources
such as solar, wind and tidal are promising, are already used and provide potential other
benefits such as an energy independence to countries [22]; they do not come without drawbacks.
One drawback is that such energy sources have a relatively low power (density) production
[11].
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Figure 1.1: Power consumption per person versus population density, in 2005. Point size is
proportional to land area. Both axes are logarithmic. The straight lines with slope -1 are
contours of equal power consumption per unit area and as a reference, the energy densities

generated using renewable technologies are shown. Adopted from [111 23] 24].

As shown in figure [I.1] when considering renewables, solar panels have the highest power
generation density. 5 Wm™?2 is the expected energy supply for a solar panel power park in
Europe [11]. Although solar technology is still evolving, we assume this number as a reference
number for energy generation through solar panels (and renewables more generally as solar
panels tend to provide higher energy densities). This implies that although powering a country
with renewables may be feasible, it will require country-sized energy installations [11]. For
instance, as shown, most of the developed countries with high population densities, such as
the United Kingdom, Germany, South Korea, require a power generation between 1 W m™2
to 2.5 Wm™2, meaning that if all of that power would need to be generated through solar
photovoltaic (PV) parks with an average energy generation of 5Wm~2, one would need
to dedicate between 20-50 % of the country’s surface to power generation; assuming these
countries are fully energy dependent. A ’micro-country’, such as Singapore and Hong Kong,
instead requires a power generation density between 20 Wm™2 to 110 W m~2; which is 4 to
22 times larger than the 5 W m™2 of power generation for a solar PV park quoted previously.
Such countries thus cannot gain full energy independence through renewables and the amount
of energy they can generate through renewables is severely limited by their available land.

Apart from this, other complications arise from renewable technologies. Their energy
generation, for instance, can fluctuate depending on the conditions. Therefore, energy storage
facilities are needed and preferably an inter-connected energy network over an entire continent

is required where an excess of energy arising in one part due to an unexpected high number

Spectroscopic investigations of detachment on TCV 27



of sun hours can be offset by an unexpected low number of sun hours at another position.
Furthermore, renewables often require specific conditions and cannot be used anywhere, such

as tidal and solar power providing more energy in sunnier areas.

Another energy source which could provide an alternative to fossil fuels is nuclear (fission-
based) reactors. Although it requires uranium (ignoring thorium-based fission plants) which is
supply-limited, it does provide C'O free energy. The current total identified world’s uranium
resources are estimated to provide sufficient energy for over 100 years based on current
requirements [13]. With thorium reactors, that number would increase greatly; however do
note that thorium fission plants are still under development. Although the safety risks are
small for nuclear plants [25] (e.g. it is estimated to be one of the safest energy sources when
considering the ’deaths per unit of energy’ metric —even lower than several renewable energy
sources such as bio-fuels), when something goes wrong large-scale incidents can occur which
require country-sized actions. In addition, nuclear fission power plants provide long-lived
radioactive waste which must be stored for a long time (sometimes thousands of years) for it
to lose its radioactivity, although some solutions to nuclear waste storage are in development
[26, 27]. Due to these reasons, together with the difficulty of long-term storing long-lived
nuclear waste, many European countries are moving away from fission power plants. Other
disadvantages include that the capital cost/time it takes to construct nuclear power plants are
relatively high, require a large amount of regulation. Nuclear proliferation is also considered a

risk, especially when used in certain areas.

Nuclear fusion in theory could provide an energy source, which removes most of the
disadvantages of nuclear fission: it is safe (no risk of meltdown); the energy source is abundant
and easily obtained from sea water. Although fusion does produce radioactive waste, that
radioactive waste is less long-lived compared to that of a nuclear fission power plant ([28] 29]).
However, getting energy from nuclear fusion is technically challenging. Currently we have
not been able to generate more energy from fusion than the energy we put in to sustain the
reaction, where JET came the closest: 16 MW of fusion power, estimated from the measured
neutron fluence, versus 25 MW of input power absorbed by the plasma [29]. Note that
engineering efficiencies were not accounted for in this scientific result: the actual power input
to the device is larger than 25 MW and no actual power was generated in the experiment. It
should also be said that although fusion experiments have not resulted in a scientific energy
gain; the problem is not that fusion does not occur —but rather that energy losses occur
which are larger than the fusion energy gain such that additional heating must be injected.
Going from this to a fusion power plant requires larger reactors and/or higher magnetic fields.
Currently an international collaboration of Europe, the US, China, Japan, India, South-Korea
and Russia is working together to build the largest fusion experiment ever conducted in France
—ITER; which is planned to lead to a higher (scientific) fusion power than the injected power
absorbed by the plasma. Although nuclear fusion power plants sound promising, it certainly
needs more development before it will become a reality and it is not yet certain (in the sense
that it is unproven) that fusion reactors which provide net energy can be built with current
technology. In the case it seems infeasible to build fusion power plants, they could still be

employed as a neutron source, which can for instance be used to treat nuclear waste [26] 27].

Summary — Evidently, the availability of energy sources is strongly linked with man-

kind’s improvements in quality of life and social development. This is only available for a
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relatively small fraction of the world’s population and mostly through fossil fuels —which are
both running out and which are polluting the environment, triggering global warming. At the
same time, the energy demand by society increases as the world’s population increases and as
developing countries continue to develop.

Although there are alternative energy sources available, such as nuclear energy and
renewables, each comes with a set of advantages and disadvantages. More specifically,
although renewables are promising, they come with the drawbacks of having a low energy
density, meaning that a solution, fully based on renewables, must be country-sized.

Fusion alleviates some drawbacks associated with fission and is sometimes in the press
considered to be the ’holy grail’ of energy generation. The problem, however, is that still a
very significant amount of development and research is needed in order to realise fusion power
plants. As quoted by Pierre-Gilles de Gennes, Nobel laureate in physics: "We say that we will
put the sun into a box. The idea is pretty. The problem is, we don’t know how to make the

box’.

1.2 Nuclear Fusion: a possible solution for the energy problem

When taking the mass of two protons and two neutrons separately; this is larger than the
mass of an alpha particle which is made up of two protons and two neutrons. Using Einstein’s
E = mc? relation, that means that an alpha particle has less rest mass-energy than the
mass-energy of the nucleons separately. In other words; it releases energy to bind —also called
binding energy, which changes as function of the nuclear structure. Nuclear energy, in general,
is obtained by a transmutation reaction of one material to a different material with a higher
binding energy. The difference between the two binding energies is thus released. When one
plots the binding energy per nucleon, this is maximised at iron. That means that energy gain
through nuclear reactions can occur two different ways: when the element is heavier than iron,
one can go from a heavier element to a lighter element in a nuclear fission process. When the
element is lighter than iron, one can merge two lighter elements to form a heavier element in
a nuclear fusion process. Although both of these processes provide energy, as the slope for the
lighter elements is steeper; a fusion process will provide more energy than a fission process.
Additionally, the fusing lighter elements will not lead to radioactive products (but radioactive
by-products exist due to neutron radiation), as opposed to splitting heavier elements.

The difficulty of fusion is how to make two particles fuse together in such a way that
the fusion reaction provides more energy than the act of bringing the particles close enough
together for fusion to occur. For fusion, two ions need to be fused together which have a
strong electromagnetic force repelling them. If the particles are close enough, however, the
strong nuclear force can take over, forcing the two particles to fuse together and provide
net energy. The ions which can fuse together all have a fusion cross-section as function of
energy. That cross-section can be transformed into a reaction rate coefficient, assuming a
Maxwellian energy distribution associated with a temperature. Most of the fusion, however,
occurs in the high energy tail of the Maxwellian distribution. The fuel mix which is the
‘easiest’ to fuse (high reaction rate at relatively low temperatures) is deuterium and tritium.
This fusion reaction provides a fast neutron with 14.1 MeV of energy, whose energy can be

partially collected in the form of fusion energy, and a high energy helium ion (alpha particle)
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which carries 3.5 MeV of energy. Although this fuel mix is the ’easiest’ to fuse, it requires
high plasma temperatures of 10keV to 100keV which correspond to between 0.1 to 1 billion

Kelvin.

However, although heating a plasma to such temperatures is sufficient for fusion to occur;
it is insufficient for obtaining net energy from fusion as collisions between charged particles
also lead to energy losses. As a deflection collision between two charged particles is more
likely than a fusion collision, the fusion energy gain is generally insufficient for sustaining the

plasma’s energy losses unless the fusion fuel is 'held together’ (or confined) somehow [29, 2§].

When taking a very simplistic approach, a criterion for the minimum ’confinement’ of the
plasma for net energy generation (e.g. the 'Lawson criteria’) can be established [30} 31]. To
obtain a relation for the Lawson criterion, first we must provide an equation for the fusion
power generated by a slab of plasma. This equals the volume of the plasma slab times the fusion
reaction rate, times the density of deuterium, times the density of tritium and times the energy
generated by a single fusion reaction Eytygion: Prusion = Vnpnr < ov > Efygion. When we
investigate the reaction rate of DT for fusion, through a Taylor expansion in the region where
fusion is dominant, < ¢ >~ T2, resulting in the relation Prusion ~Vn pnrT?. Furthermore,
assuming that there is a mix of 50 % deuterium and 50 % tritium, then np = np = 1/2n,
where n is the electron density (assuming a pure plasma). Accounting for this, the fusion
power relation changes into Prygion ~ Vn?T?. Apart from a relation for the fusion power,
a relation for the power losses is needed —which depends on the rate at which the system
loses energy to its environment —also referred to as ’confinement’. We define this energy
‘confinement’ through an energy confinement time 7, which is defined as the ratio between the
plasma energy W and the total heating power P;,, which is the power ’lost’ when considering
a fusion power plant [30]. In other words P;,, = T—Me/ The plasma internal energy, assuming that
the electron temperature equals the ion temperature (e.g. T, = T; = T'), equals W = 3V nTky,
where kj, is the Boltzmann constant. The inequality Prysion = P, thus results in nT'7, > C,
where C is a constant and n1'7. is the triple product. Thus, for net fusion power generation

the triple product nT'7. must exceed a certain critical value.

There are various nuclear fusion schemes which try to achieve this. Generally, these
can be divided in two different roots: inertial confinement fusion and magnetic confinement
fusion. Inertial confinement aims at increasing the pressure n1 as much as possible while
only using the target’s inertia for confinement, resulting in relatively small 7.. This is for
instance accomplished by using very powerful lasers, such as at the National Ignition Facility
—NIF where laser pulses with a power of 500 TW and energy of 1.8 MJ are used to compress
a small (sub-mm) pellet of fusion fuel consisting of a deuterium-tritium mix [29]. Alternative
techniques utilise a magnetic field in order to confine the ionised plasma fuel in a 'magnetic
cage’, which leads to much larger energy confinement times and thus a more modest plasma
pressure n1" is required to achieve fusion conditions. Although neither of these two techniques
have achieved conditions where the fusion power generated is larger than the power used, so
far magnetic confinement fusion has proved to be one of the more promising routes. In this

work we will only discuss magnetic confinement fusion.
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1.3 Confining the plasma: tokamaks

In order for magnetic confinement fusion to work, a magnetic structure has to be implemented
in which the fusion ions and energy is confined for a relatively long time. There are several
ideas on how this can be achieved. Earlier works often focused on magnetic mirror devices:
linear devices with coils at each end, which partially confines the ions. However, at the ends
of magnetic mirror, one still loses particles and energy. To get rid of these end losses, both
ends of the magnetic mirror have to be connected to each other, leading to a toroidal shape.
Ions can be confined in such a toroidal shape using a helical magnetic field line structure.
There are roughly two ways of achieving such a helical field line structure. Stellarators aim
at using unconventional coil shapes in order to generate such a helical magnetic field structure,
while tokamaks use more conventional, simpler, coils to generate a toroidal magnetic field,
while inducing a current in the plasma which leads to the generation of a poloidal magnetic
field. Both fields added together provide the helical magnetic field structure. See figure
for a schematic overview between the two concepts. Inducing a current in the plasma has the
advantage that simpler coil designs can be used while the current in the plasma also leads
to plasma heating. However, its disadvantages are that such currents can lead to plasma
instabilities (which can lead to performance loss or lead to an untimely end of the plasma
discharge —disruptions) and that the nature of such discharges are pulsed as a transformer
loop is used to generate this current. Most of the magnetic confinement research is aimed
at tokamaks, which are generally easier to construct (due to their simpler coil shape) and
have generally higher performance than stellarators. Recently however, a new stellerator
experiment Wendelstein 7X started, which aims to provide more optimised performance levels

for stellarators.

(b)

Blanket Plasma Magnetic
field line

Figure 1.2: Schematic overview of a tokamak a) and a stellerator b) adopted from [32].

The rest of this work will be focussing on tokamaks. The various components of a large
scale tokamak, like ITER, are highlighted in figure [[.3] Important here to note is that a
tokamak contains various subsystems apart from its magnetic field. The basic tokamak
components listed in figure such as a vacuum vessel, the inner solenoid to generate a
plasma current through the tokamak through a transformer action, poloidal field coils to shape
the toroidal magnetic field; first wall; divertor; external heating as Ohmic heating alone is
insufficient to reach reactor-relevant conditions (through neutral beams - NBI and RF heating
such as ECRH, ICRH and hybrid heating) and diagnostic access. A large collection of various

diagnostics is required for fusion experiments which measure various different aspects of the
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fusion plasma, including basic parameters such as electron density, electron temperature and
wall heat fluxes. In addition, some ITER (or fusion power plant) specific components are also
shown in figure such as the cryostat (only required for fusion devices with superconducting
magnets) and tritium breeding blankets (test modules used in ITER to try and use the fusion

neutrons in order to generate tritium, required for the fusion reaction, from lithium).

‘ ‘ g — i Inner solonoid

(transformer action)

Magnets

Vacuum vessel

Cryostat

Fusion plasma

Figure 1.3: Overview of ITER and its various components. Courtesy of the ITER organisa-
tion, file obtained from https://www.iter.org/album/Media/7%20-%20Technical. With
manually added labels.

1.4 The power exhaust challenge: divertors

Although the idea of a magnetic cage is to confine the plasma, this confinement is not perfect
and the net power in the core of the plasma will eventually 'leak’ out of the core into the
edge (or Scrape-Off-Layer —SOL). Assuming a toroidal plasma, this heat will be spread over
everywhere where the edge of the circular plasma gets close to the vessel walls. This will
heat up the vessel wall material while the plasma temperature and particle flux to the wall
gives rise to sputtering leading to impurities being injected into the core of the plasma. These
impurities will radiate, leading to a loss of power in the core, lowering the core performance,
and in the worst case resulting in an untimely end of the plasma (’disruption’) due to a
radiative collapse of the plasma. Disruptions could cause serious damage to the machine in
future tokamaks such as ITER and beyond. Furthermore, although it may seem that this
spreads the heat evenly over the vessel surfaces, when one considers that vessel components
have an engineering tolerance on their alignment, tiles can be misaligned in such a way that
they will receive much larger heat fluxes than expected for a perfectly aligned tile, causing
melting.

To improve core performance through reduced impurity levels and better manage plasma-
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wall interaction, the concept of the divertor was developed [33,3]. A divertor uses the magnetic
field to ’divert’ the heat and plasma leaking out of the core to a separate region: ’the divertor’.
Making such a divertor only requires one to create a magnetic null region in the plasma, which
is referred to as the 'x-point’. Essentially, having a ’divertor’ only refers to having a magnetic
null in the plasma. However, different tokamaks have different style divertors and there are
tokamak with so called ’closed-divertors’ where neutrals are confined in the divertor region.
One way of achieving this is by installing baffles which physically separate the divertor region
from the tokamak’s core [34]. The higher confinement of neutrals in the divertor region gives
rise to a large neutral compression. The increased neutral content in the divertor is believed to
be beneficial for divertor performance [35]. Furthermore, having a closed divertor is supposed
to help keep the impurities in the divertor region. In that way, the impurity radiation will
occur in the divertor, where one wants radiative power dissipation, rather than in the core
where it leads to a deterioration of divertor performance. Divertors where such a structure is
not present are ’open divertors’, which have the advantage of improved diagnostic access and
improved flexibility in terms of plasma shaping [34]. An overview of the limiter and divertor

configurations and the various components have been shown in figure as a reference.

TCV limiter TCV open divertor TCV baffled divertor

#56567
t=12s

#56567 #56567
t=0.1s t=10s

.

Scrape-off layer (SOL)

Central axis

— X-point ||

(D

Strike points/
targets

.

Figure 1.4: Overview of the limiter and divertor configuration on TCV, together with the

planned baffle upgrade [34]. The equilibria have been taken from an experiment performed on
TCV.

To consider the power exhaust challenge for future devices such as ITER and beyond, first
we will evaluate the expected unmitigated heat flux for ITER. Assuming high performance
operation with a burning plasma in ITER, the net power crossing the magnetic separatrix and
entering the SOL is expected to be around 100 MW after accounting for radiative losses in the

core [36]. Since the ratio between radial and perpendicular transport in the scrape-off-layer
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(SOL) is very low, the outer layer of the plasma has a very small width compared to the
tokamak major radius. The predictions of the scrape-off-layer width for ITER are ~ 2mm
and at most 5 mm at the outside mid-plane [37, [38], 39, 40] while the major radius of ITER is
over 6 m. This means that the power crossing the separatrix would have to be exhausted in a
surface of at most 0.4m? at the target (when combining both strike point regions), resulting
in expected unmitigated heat fluxes of 0.5 GW m~2 —much higher than the engineering limits
of 10MW m~2 for the tungsten tiles of the ITER divertor [36] 41] [3, 42 43]. Therefore, a
strong reduction of the heat flux is necessary to handle power exhaust in future fusion devices.
On top of that heat flux reduction, target temperatures below 10 eV and a reduction of the
ions reaching the target is required for handling the ITER power exhaust to limit sputtering
of target components. The upstream temperatures on ITER are however expected to reach

values of the order 160 eV according to modelling [44].

To tame this divertor power exhaust, several strategies are possible. First, by tweaking the
angle of the strike point on the plasma surface, the effective wetted area can be increased. Due
to engineering tolerances however, there is a maximum angle which can be used as otherwise
a misalignment of a certain tile would lead to melting. Accounting for this (e.g. an angle
of 2-3 degrees), the effective wetted area can be increased from the quoted 0.4m? to 3.5 m?

[45] [36], [42], resulting in almost a factor 10 reduction in target heat flux.

At low divertor densities and unmitigated power deposition (e.g. low impurity radiation
fractions) the temperature profile along the field line in the divertor can be roughly constant
and the only thing limiting the possible target temperatures (and thus upstream temperatures)
in this situation is the plasma sheath —which always builds up when plasma is in contact
with matter —e.g. ’sheath-limited conditions’. When increasing the density, depending on
the magnitude of the heat flux going towards the divertor, the conductivity of the heat flux is
lowered, which can give rise to a temperature reduction accompanied by a density increase
near the target and a decoupling between the target and upstream temperature. In such
conditions, the plasma operation is limited by conduction: ’conduction-limited’ conditions.
The ITER upstream temperature of the order 160 eV ([44]) is based on conduction-limited
conditions and would be larger at sheath-limited conditions. However, the temperature at the
target cannot be decreased indefinitely through this action as that would require an indefinite
increase in the upstream density. The upstream density is however correlated to the core
density [3] and as there is an operational, plasma physics limit to how high the core density
can be driven —e.g. the 'Greenwald limit’ [46]; there is a limit to how high the upstream
density can be driven and thus a limit on how much conduction alone can drive down the
target temperature. That said, for a sufficiently high power crossing the separatrix, it may
not be possible to reach a conduction-limited regime without volumetric power removal. In
addition, it should be noted that conduction —by itself and assuming that ionisation does

not require any energy cost - does not reduce the heat flux going to the target.

Further reductions of the heat flux must be performed by dissipating the power through
volumetric radiation and charge power losses. For ITER, 60 to 70 % of the power arriving in
the divertor must be dissipated this way to make steady-state power handling possible [36].
Intrinsic impurities in the divertor can also lead to strong power dissipation, which can be
sufficient for tokamaks with carbon walls and lower power entering the divertor (for TCV

conditions —for instance) but is insufficient for tokamaks such as ITER and beyond. For such
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tokamaks, radiative losses need to be likely provoked by seeding impurities. The volumetric
radiation spreads the divertor heat flux over a larger surface, reduces the plasma’s heat flux
and facilitates a further reduction of target temperatures. Considering parameters for ITER
and beyond, such a power removal mechanism is also likely necessary for reducing the target

temperatures significantly with respect to the upstream temperature.

1.5 Taming the power exhaust: detachment

Power removal and density increases are however, by themselves, generally do not reduce the
ion target flux. Instead, reducing target heat flux, target temperature and target ion flux
simultaneously can be achieved by operating the divertor in a detached state: detachment.
Detachment (or partial detachment) will be paramount for operation of ITER and beyond
[3, B85, 86, 47]. Detachment generally implies a simultaneous reduction of target temperatures,
target heat fluxes and target ion fluxes.

The state of detachment is generally entered when the target temperature drops below a
threshold value of ~ 5 eV. When the target temperature reaches such low values, a relatively
large amount of power entering the ionisation region is spent on the ionisation process. On
top of that, various atomic processes start to become more dominant in such temperature
regimes. Temperatures below 2 eV, for instance, give rise to volumetric recombination which
removes ions from the plasma before they can reach the wall. At low temperatures (< 5eV')
charge exchange also starts to dominate over ionisation, leading to a power loss mechanism as
neutrals carry heat to the walls and leading to momentum losses. Such momentum losses result
in a pressure drop along the field lines, which has often been associated with detachment.

One of the difficulties of detachment is that it generally lacks a precise definition. Instead,
there are several features associated with detachment which are generally monitored using
an array of different diagnostics. However, all detachment observations are linked to the low
temperatures (< 5 eV) required during detachment near the target.

Due to the various aspects of detachment, a large array of various diagnostics is used to
measure parts of the detachment process. This includes Langmuir probes for measuring target
ion current; heat flux measurements through infra-red cameras for measuring target power
deposition; bolometry for measuring radiated power and spectroscopic measurements of the
divertor for measuring emissions associated with various atomic processes in the divertor;
for instance recombinative emission associated with recombination. Instead of measuring
emissions associated with atomic processes in the divertor, spectroscopic measurements can

also be used for estimating the electron densities and temperatures.

1.6 Detachment: an in-depth overview, its gaps in knowledge

and the relevance of this work

Parts of this section have been adopted from: An improved understanding of the roles of
atomic processes and power balance in target ion current loss during detachment, by K.
Verhaegh, B. Lipschultz, B.P. Duwal, et al., to be submitted. DOI:
https://doi.org/10.13140/RG.2.2.24292.48005/1
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As discussed, divertor detachment is predicted to be of paramount importance in handling
the power exhaust of future fusion devices such as ITER and limits the target power by
reducing the target temperature 7; and ion target flux I'; simultaneously. However, before
detachment is entered, as explained, it is preceded by the heat flux along the field lines being
conduction limited, which allows a temperature (density) gradient to form along the field lines
while the total pressure remains roughly constant. Therefore, as the target temperature drops
for such attached conditions (p; constant), there is a strong rise in I'; (equation [L.1)). This
means that, even if target heat fluxes and target temperatures are reduced, a target pressure
drop is required for reducing I';. Detachment is thus inextricably linked to a reduction of
target pressure py, according to sheath target conditions (equation |1.1)): p; must drop faster
than Ttl/ ? for I'; to drop. In addition to p, in most realistic conditions, also power removal is

a necessary ingredient for a simultaneous drop of I'; and T;.

T o py )T} (1.1)

Important to note is that a drop p;, does not per se necessitate momentum losses along
the field lines. In the absence of momentum losses the upstream pressure, p,, would need
to drop during the ion current roll-over. One could imagine, for instance, a case where the
pressure is constant along a flux tube, but due to changes in the core plasma the pressure all
along the flux tube is reduced. Such a degradation of the upstream pressure is likely to be
avoided for a reactor-relevant divertor solution, which requires p, > p; and thus volumetric
momentum loss.

Target-current roll-over is often taken to be the definition of detachment, although
sometimes it is defined differently, such as T; being less than some specified value (5-10 eV,
e.g. [4, 148]). Therefore, in addition to playing a central role in the control of target heat
flux, I is experimentally important as a marker for the occurrence of detachment; it is the
most accurately and easily measured detachment indicator in most tokamaks (using Langmuir
probes) compared to others like p; and T;. Because of the above points, experimentally
studying the role of the various processes of momentum, power and particle loss leading
to the drop in I'y during detachment is thus an important area of research. More detailed
information from experiments will provide a better basis for (de)validation of our current
models of divertor plasma characteristics.

The loss of I'; during detachment is often described from a viewpoint that emphasises
pressure drop along the field lines [33] [l [4]. Pressure drop is usually attributed to the
dominance of ion-neutral reactions (e.g. charge exchange and ion-molecule [4], 49} [50]) over
ionisation reactions at low temperatures (I < 5 — 10 eV [3]). Such studies note that the
reduction of I'; requires both parallel power loss and pressure loss.

Some researchers have also described the loss of I’y from a viewpoint that emphasises
power and particle balance [51, 5l [6l 52], 53]. In such models the divertor region is assumed to
be ’self-contained’ in the sense that the target ion flux is dominated by the sum of ion sources
in the divertor (ionisation) minus the sum of ion sinks (recombination) [51) 5l 52]. We define
this as high recycling conditions [5] [6] in this work. This simplification ignores the ion flux into
the divertor from upstream along a flux tube and any cross-field transport of particles (and
momentum). Both the decrease in divertor ion source and increase in ion sink can play an

important role. Those studies maintain that momentum loss, for instance through ion-neutral
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collisions, does not directly lead to a loss of I'; [0, [62) 47] but may facilitate conditions where
this occurs. This momentum loss is a consequence of a reduction in power flow to the target
lowering T; and thus creating the conditions for momentum loss.

While viewing target ion current roll-over during detachment alternatively through the
viewpoints of pressure loss or as a competition between ion sources (ionisation) and sinks
(recombination) may appear to describe detachment differently, they are, in fact, not mutually
exclusive and all cited processes can/will occur [4, 3, 5]. In this thesis we show that both
power loss (in fact power-limitation of the ion source) and target pressure loss is required for
detachment —consistent with equation [1.1], while volumetric momentum loss is required to
find a consistent solution between the analytical model (based on equation combined with
power /particle balance) and experimental observations of the upstream pressure.

Apart from power/particle balance playing a key role in the ionisation and thus ion target
flux, often the role of volumetric recombination is predicted to play a key role in target ion
flux reduction [54), 55, 56, 57, 68| H9]. The existence of recombination has been confirmed
experimentally [51] 60, 61} 62] 63, 64, 65] and is often found, through quantitative analysis to
be significant in the reduction of the ion target flux [511 [60] [61], 62 63, [64] 65] [66]. However,
in current work at TCV [I], the volumetric recombination rate is shown, as part of this thesis,
to be only a small fraction of the reduction of ion flux, which is in agreement with recent
TCV simulations [7], but in contrast with earlier TCV simulations [58]. Earlier studies of
detachment in C-Mod [51}, [60} 63 [66] and ASDEX-Upgrade [64] (both higher density than
TCV) show a range of contributions of recombination to target ion current loss from important
to small/negligible (e.g. Na-seeded discharges in C-Mod [51]).

The ion target flux I';, which in steady-state (and negligible recombination) equals the
ionization rate I';, must be compatible with the amount of power flowing into the ionisation
(or recycling) region, here termed ¢.q; and the amount of power reaching the target in the
form of kinetic energy I';vT;. Important here is that ionisation ’costs’ a certain amount of
energy; namely FE;,, per ionisation. This amount of energy consists out of two parts: one
part depicting the amount of radiative energy losses occurring during the excitation collisions
preceding detachment (which is strongly temperature dependent) and one part depicting the
amount of potential energy required to transform a neutral hydrogen atom into a hydrogen
ion, which is 13.6 eV not accounting for molecular effects. Under these assumptions, equation
[51L 5 6 52] arises from power balance (e.g. Grect = I'iEion + I'tyT}) and particle balance
(e.g. I't = T'; —where the closed box approximation was used and recombination is assumed

to be negligible).

Qrecl
I'i=——"——""— 1.2
! Eion + 7Tt ( )

Imagining a case where 71} << Ejq, (putting in realistic numbers of v = 7 and E;,, =
35eV, this leads to T; << 5eV), that means that T'y ~ %;i; in other words, the amount of

ionisation is limited for such a case through the amount of power flowing into the recycling

region and the energy cost per ionisation; which all in turn limit the ion target flux. Naturally,

equations [1.2] and need to be satisfied simultaneously; meaning that such a case of 'power

limitation’ of the ionisation source must be paired with a reduction of target pressure.
Therefore, as an alternative to reducing I; through volumetric recombination, both simpli-

fied models as equation (or variations thereupon), which were employed on experimental
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data [51], and SOLPS simulations [52], [67, 68, [7] show the ion source in the divertor itself
can be reduced through a lack of sufficient power flowing into the ionisation region: a form
of ‘power limitation’. As such a reduction of I; also requires target pressure loss, if one were
to assume that p, is constant and unaffected by the divertor, this would require volumetric
momentum loss [3, 4]. Other references, however, argue that p, can be influenced by the
divertor and it is indeed in this work observed that during a density ramp p,, rolls-over when
the divertor enters detachment [5, B 52, 53]. These references also argue that momentum
losses may play a role in maintaining a high p,, during detachment.

Power limitation of the ionisation source is facilitated by both a reduction in ¢.ey and an
increase in Ej,y,. Although Ej,, is a strong function of electron temperature [3, [69], generally
it is assumed to be constant [51, (5] 6 [3, [4]. A reduction in the g could be realised through
either increasing impurity radiation inside the divertor (shown in this thesis) or by reducing
the power flowing into the SOL [45] —which was achieved through neon seeding on TCV.
Power starving the ion source can be as important as recombination in target ion current
loss, if not the primary process [51]. Although experimental indications for such a process are
available (either from ’inferred ion sources’ [51]), or from qualitative spectroscopic ‘indicators’
based on Da [70]), one weakness of previous results is that this hypothesized reduction of
the ion source during detachment has not been measured quantitatively. However, the work
in this thesis and other recent studies are providing more information on ionisation during
divertor detachment [T, (7T, [72].

1.7 Goals and objectives of this thesis

The main objective of my thesis is to investigate the atomic and molecular physics processes,
which are crucial during detachment and are the basis to detachment, experimentally and
quantitatively in order to explain the observation of the various detachment quantifiers, such
as a target power reduction, temperature reduction and most importantly the integrated ion
current (I;) roll-over. For that purpose, a new divertor spectrometer for TCV (section 4) has
been developed, commissioned and operated as part of this thesis (chapter . Using existing
Stark line shape models, electron densities have been inferred from the Stark broadened
Balmer lines in TCV (chapter @ Despite Stark broadening analysis being routinely used on
higher density devices (C-Mod [51] [66]; ASDEX-Upgrade [73]; JET [74], NSTX [75], MAST
[76] and W7-AS [77]), this is particularly challenging for TCV conditions due to the modest
electron densities on TCV (1 x 10" m™3 to 1 x 102m~%). New techniques (chapter [6) have
been developed to cope with this, such as an accurate accounting of the instrumental function
and its uncertainty; application of weighting functions in the fit to emphasise the Stark wings
and combining Stark analysis with Monte Carlo fit techniques for including uncertainties.
Novel analysis techniques for the Balmer line series have been developed, which are applied
after obtaining a density estimation, based on first quantitatively separating the excitation
and recombination contributions to the Balmer line’s emission, after which these contributions
are used to quantitatively extract ionisation rates, recombination rates, hydrogenic radiation,
charge exchange to ionisation ratios and electron temperatures (chapter |7)) using a Monte
Carlo approach for an accurate accounting of the uncertainties.

Using this methodology (chapters @, , quantitative analysis of the various atomic
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physics processes in the divertor has been made possible. Those inferences are used in order
to investigate the main objective of this work; namely experimentally and quantitatively
investigating the role of the various atomic/molecular physics processes play during detachment
and how they are related to the various detachment observations, most importantly the ion
current (I;) roll-over. Those main results of this work are presented in chapter |§] including an
in-depth comparison between spectroscopic inferences, other diagnostic and SOLPS modelling

results. Main achievements and conclusions related to this objective are:

e The ion target flux measured on TCV matches the measured ionisation source in both
attached and detached conditions, providing proof that the open TCV divertor is in
high recycling conditions and the closed-box approximation (e.g. the ion target current

equals the total ionisation source minus the total ionisation sink) can be applied.

e The roll-over of the ion target flux is due to a reduction of the ionisation source, rather
than volumetric recombination which has generally (especially during seeding and low
density operation) a much smaller influence. In addition to the magnitudes, the timing
in this is crucial: a flattening and roll-over of the ion current occurs first related to a
limitation/reduction of the ionisation source; volumetric recombination can only start to
become more dominant at the strongest detached phases when the target temperature
is further decreased. The divertor electron density plays a key role in the magnitude
of volumetric recombination during detachment, which is largely determined by the
upstream density. The maximum obtainable upstream density is determined by the

plasma current through the Greenwald limit.

e The roll-over of the divertor ion source is concurrent with a movement of the peak in
ionisation along the divertor leg from near the divertor target towards the x-point. The
charge exchange to ionisation ratio increases in the region where the divertor ion source
has decreased, likely resulting in momentum losses. In a smaller region (up to 15 cm)
volumetric recombination appears while its peak remains at/near the target (within 5
cm). A roll-over of the electron density near the target in a yet smaller region (within 5

cm) is observed.

e The amount of ionisation is consistent with the amount of power entering the recycling
region. This quantitative information provides (qualitative) proof that the ionisation
during detachment is limited by the amount of power entering this region and by the

ionisation energy cost. Both of these processes seems to lead to the ion current reduction.

e Measured Do brightnesses are consistently higher than predictions of Do using atomic
reactions, especially during detachment where the measured Da becomes up to 7 times
as bright as the atomic predicted Dca. This is consistent with/indicative of the presence
of molecular reactions, particularly Molecular Activated Recombination (MAR). As
MAR involves molecular charge exchange; this also suggests the presence of molecular
charge exchange reactions in the divertor, which may give rise to momentum losses
[49, @, 50].

A secondary goal of this thesis is to compare this understanding with advanced divertor

modelling such as SOLPS, for validation of divertor models. Using the improved Balmer
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line analysis techniques developed in this work, 1D profiles in the divertor of various atomic
reactions are obtained, which have not been previously obtained in literature. This excess
of information provides more information along the divertor leg which can be compared
with modelling results. To perform the closest comparison possible between the SOLPS
modelling and the experimental observations, a suite of various synthetic diagnostics have
been developed (sections . The main result here is that a fair quantitative and
qualitative comparison between SOLPS and the experiment has been shown (section .
In addition, a fair agreement between the SOLPS predicted total Da emission and the
measured Da emission has been shown; together with the agreement between the SOLPS
predicted atomic Da emission and the experimentally inferred atomic part of the Do emission;
thus suggesting that the molecular emission of Da has been correctly predicted by SOLPS
providing confidence that the SOLPS predicted molecular reactions indeed correspond to the
experimental reactions (section [8.4]). Furthermore, using synthetic diagnostic approaches, the
newly developed spectroscopic analysis techniques have been validated and a good agreement
between the data inferred from a synthetic diagnostic and the actual rates in the divertor in
the SOLPS model have been obtained (section [7.7)).

Another primary goal of this work is to use these new measurements in combination
with analytic models in order to both investigate how such models agree (or disagree) with
the experiment and to gain a better understanding of the key points leading to detachment
(chapter E[) Such analytic models (chapter [3]) are based on power/particle balance as well
as power /particle/momentum balance, which accounts for the influence of ionisation on the
particle and power balance accurately, while the often-used standard two point model does
not account for this. Furthermore, the analytic models are analysed in this work in greater
detail than in literature (chapter [3|), providing more information about the implication of such
models and forming a bridge between thinking about detachment in terms of power limitation

[5, 6] or in terms of momentum losses [3, 4].

e One striking observation from the analytical model is that, based on divertor physics, one
would expect target pressure loss to start when T} ~ Ej,, /v, which occurs around 4-6
eV. This is exactly the temperature range in which the molecular and atomic processes
are such that one would expect the development of volumetric momentum loss (either
from charge exchange dominating over ionisation or from molecular processes) to start
to occur. In this work it is shown that these two points indeed occur simultaneously for

the experiments analysed.

e Analytical model predictions of I; (e.g. integrated ion target flux) based on power-
/particle balance and power/particle/momentum balance are in agreement with the
measured I; quantitatively and qualitatively, respectively. That investigation also cor-
rectly models the TCV observation that I; o 7¢, which is in contrast to the [; o T2

scaling expected/observed on other tokamaks. A careful analysis shows that changes in

upstream conditions apart from the density (e.g. upstream temperature, likely related
to a combination of a fixed Py, with a widening of the SOL width), as well as changes
in divertor radiation, can influence this scaling during a density ramp. This combined
with ionisation source measurements also shows that the TCV I; & T, observation does

not imply that TCV is in low recycling conditions.
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e An analytical model of power/particle balance predict I; in agreement with the meas-
urement, based on only the power entering the recycling region, the target temperature
and the energy needed per ionisation event. This shows again, but more quantitatively,
that the ion source is consistent with the amount of power available for ionisation.
Furthermore, operationally, this shows that knowing the target temperature (or knowing
that the target temperature is small) enables one to predict the divertor ion target flux
using only power/particle balance (as given by equation . To include the behaviour
of the target temperature, one needs to include momentum balance in the analytical

model, however.

e During ’deep’ detachment, where most of the power entering the recycling region being
spent on ionisation, both a reduction of the power entering the recycling region and an
increase in the measured energy cost per ionisation (Fj.,), which in literature is often
assumed to be constant [51], 5, [6l [78, 4] but is observed to increase 50 % during TCV

experiments, are important in the reduction of the ion source.

e Combining power/particle/momentum balance highlights three different plasma con-
ditions, after which a reduction of the target pressure and onset of detachment is
expected to occur. All of these three 'detachment thresholds’ (pup/reci = (Pup/@rect)crits
T; < Eion/v, fion > 0.5) are measured to correspond well to the point where the ion
target flux no longer follows the expected attached (linear) scaling, which highlights the
onset of detachment. The onset of detachment is thus obtained when, given a certain

Grect and Ejq, a critical, maximum, target pressure is achieved.

e Using charge exchange to ionisation ratio measurements, momentum losses are estimated
through the Self-Ewald model. These start to develop after the detachment thresholds
are reached and reach up to 70%, in agreement with previous measurements of the

momentum loss [§].

e The maximum target pressure which can be obtained at any time during the discharge
(given a measured ¢e and Fj,,) must be consistent with the upstream pressure obtained
and any volumetric momentum loss present. The above estimates of momentum loss
together with estimates of g eci, Fion and upstream pressure measurements indicate that
this requires a drop/saturation of the upstream pressure for the TCV case analysed.

That is in quantitative agreement with the measured drop in upstream pressure.

1.8 Merit of this work

The merits of this work can be roughly divided in two areas: diagnostic interpretation/analysis

including uncertainty analysis and the interpretation of detachment.

1.8.1 Diagnostic interpretation, analysis and development

In the scope of this work advances in spectroscopic analysis have been made for fusion plasmas
which emphasises the importance of separating out emission components and of treating
the emission quantitatively as opposed to qualitatively. This forms a paradigm shift with

respect to previous diagnostic spectroscopic techniques which often work by assuming that the
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emission is due to one particular process [63] [70] and which focus on line ratios [73, [79} [76, [80]
and qualitative statements [80]. For instance, when investigating detachment observations in
literature reference works, it is often suggested that sudden rises in Balmer line ratio imply
that 'volume recombination is an essential and necessary element in divertor detachment’ [3]
and also [73]. This work, however, shows that such line ratio changes only imply that the
emission of a particular Balmer line is becoming dominated by volumetric recombination.
Given only the line ratio, one cannot determine whether recombination reactions are dominant
over ionisation reactions —which requires a quantitative analysis. As a matter of fact, such
changes in the Balmer line ratio may occur already when the volumetric recombination rate
only reaches a few percent of the ionisation rate, depending on which Balmer line is chosen
and depending on the electron density. Additionally, the work here specifically shows that the
measured Da is inconsistent with predictions based on atomic processes, consistent with the
presence of molecular reactions. Its associated ratios, which are often used in literature [3}, [70],
thus cannot be used for investigating excitation/recombination emission based on a purely
atomic collisional radiative model. However, they can be compared with modelling which
includes molecular reactions in the Do emission such as [76, [79]. This also shows the origin
of the anti-correlation between the ion target current and Da often highlighted in literature
and sometimes called a detachment indicator [3]. This anti-correlation only occurs due to
molecular reactions leading to additional D« emission in the detached phase and does not say
something about detachment (the anti-correlation does not occur during No seeding). All of
this shows the importance of separating emission components, which is one of the basis’s of
this work. That development thus forms an important addition and clarification to previous
spectroscopic diagnostic methods in the divertor.

Further diagnostic development in this work features a thorough development on prob-
abilistic (Monte Carlo) approaches and a full and accurate accounting for all diagnostic
uncertainties; including a full diagnostic verification check against synthetic diagnostic ap-
plied to SOLPS simulations. Such frameworks, developed for TCV, can be extended to
other machines and enables fairer comparisons between different diagnostics and between the

experimental data and the simulation. This enables better model validation.

1.8.2 Detachment interpretation

Although it is known that power removal (radiation) is important for detachment, it also
occurs before detachment and the key elements to detachment are often understood to be
volumetric momentum loss and volumetric recombination —as those processes are though to be
unique to detachment [3]. As such, one of the detachment ion current roll-over interpretations
during detachment is, citing [3]: ”’Where did the particles go?’. The best answer to that
is probably: 'They didn’t go anywhere. They just stayed longer. The particle confinement
time simply went up because the drain got plugged’. The partial plugging is likely due to i-n
(ion-neutral) friction which, since it is not a feature of the regimes preceding detachment, is
therefore the 'new player’ and thus might be called the ’explanation of detachment’.”.

This work shows a different explanation of detachment: the ion target flux drops as fewer
ions are being generated in the divertor as the ionisation source decreases through power
limitation. Nevertheless, this description still has to obey equation and thus the target

pressure has to drop (not specifically a pressure gradient along the field lines) for the ion
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current roll-over. However, reaching power limitation conditions (and thus driving down the
target temperature) initiates a sequence of processes, which lead to volumetric momentum loss
(e.g. movement of the ionisation peak off-target, giving rise to heightened charge exchange to
ionisation ratios near the target).

The precise role of momentum loss, however, is unknown. The results in this work
highlight that for the TCV conditions investigated, both the roll-over of the upstream pressure
and volumetric momentum losses need to occur for the target pressure to remain below its
maximum obtainable level, given the decreases in g,., and increases in Fj,, observed during
density ramp detached discharges on TCV. This is consistent with the notion that one of
the roles of volumetric momentum loss is to increase the maximum pressure [5], [6]. However,
the nature of the upstream pressure roll-over is not understood and it is not understood
whether this roll-over is coincidental due to core processes or whether it is caused by the
divertor. Such an understanding is necessary for ascertaining the role of momentum losses in
detachment. For instance, if the upstream pressure cannot be influenced by the divertor, then
all the reduction required for p; needs to come from momentum losses. What builds up the
upstream pressure is currently unknown and may require combining core models with edge
models as it is not known in what ways/magnitudes the core and plasma edge contribute
to setting up the upstream pressure. This work opens up new questions in that area and

illustrates the need to pursue such investigations.
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Chapter 2

Literature and theory of

detachment

This section provides an overview of the theoretical basis from literature of divertor physics,
atomic/molecular processes and detachment. Reduced analytical models from literature are

highlighted for understanding and modelling divertor operation.

One of the biggest challenges for ITER and beyond is to handle the power exhaust. Atomic
physics processes can be used to reduce the heat load at the target by operating the divertor
in a ’detached state’. This achieved the goal of having simultaneously low ion target fluxes
(which are necessary to limit chemical sputtering giving rise to erosion [68], 81]); low electron
temperatures (e.g below 5 eV) —which are necessary to limit physical sputtering giving rise to
erosion [68] [81] and low target heat fluxes. However, this 'detached state’ can grow unstable
and result in radiative collapses [82, [83], such as MARFEs [83], or reduced core performance
[84]. Robust divertor detachment with minimal impact on core performance is a requirement
for ITER and beyond. In previous experiments, divertor detachment requires relatively high
densities and impurity fractions; which can decrease core performance and core stability.
Additionally, detachment depends critically on the plasma parameters in the SOL —which
narrows the operational space in which detachment occurs and which makes the position of
the detachment front sensitive to perturbations [82]. Alternative divertor concepts alter the
magnetic geometry with the aim of enhancing divertor performance, certain advanced divertor
concepts aim to achieve this by adding additional x-point(s) to a (conventional) single null
divertor.

The physics of the divertor and the governing processes is reviewed. Crucial to the
understanding of divertor physics and detachment is the underlying atomic and molecular
processes and reactions, which are reviewed together with an overview of collisional radiative
modelling. Detachment is, in essence, induced by a collection of atomic/molecular reactions
which have a complex interplay with each other. Due to this, there are various different facets
of detachment and due to that detachment tends to lack a precise definition. Instead of a
definition, general detachment observations are discussed. Crucial to understanding divertor
physics and detachment are diagnostic interpretation of the detachment-related observations,
which are briefly discussed and more in detail in chapter [4] and for spectroscopy chapters [5] [6]
and [7] A global idea of expectations between the different divertor parameters are shown by

introducing and deriving the "T'wo Point Model’, which is often used for investigating divertor
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physics [3]. Such analytic models, however, are a simplification and there is a push for going to
more complete models which can take neutral transport and the underlying atomic/molecular
physics accurately into account on a 2D mesh. One of these models, SOLPS-ITER, is briefly

discussed.

2.1 Divertor physics fundamentals and its processes

Transport and losses of heat flux in the divertor are a crucial area of study for divertor
power exhaust. Not only does the heat flux flowing through the divertor determine the heat
flux reaching the target, it also plays a strong role in determining the temperatures of the
scrape-off-layer and the divertor; including the target. The target temperature is important
as it plays an important role in physical sputtering [68, 81] and thus plays a role in impurity
production and wall erosion [29]. In addition, the temperature in the divertor plays a strong
role in the atomic and molecular processes occurring in the divertor as discussed in section
24

The transport of heat in the divertor plays an important role in the ion target flux reaching
the targets. as the ion target flux in tokamak divertors is generally believed to be due to
particle recycling, [5] 6, B]. A divertor, especially one with neutral baffles, can have a cloud of
neutral particles in the divertor which is (partially) ionised by the heat flux flowing through
this cloud. This ionisation, in turn, makes up most of the ions reaching the target; which we
refer to as high recycling conditions in this work [0 [6l [5I]. More specifically, this means that
there is a balance between the divertor ion source, the ion target sink and any volumetric
ion sink (such as recombination) —the divertor is a ’self-contained’ region. Through the
continuity equation the formation of an ion source also plays an important role in determining
the plasma flow profile in the divertor, giving rise to a complex 2D velocity profile [52] —which
is strongly dependent on the location and shape of the ionisation region [5, [3] 52]. Reducing
the ion flux is important as a high ion flux gives rise to strong erosion as chemical sputtering
scales with the ion flux [68].

The importance of particle recycling is believed to be one of the key differences between
tokamak divertors and linear machines, often thought of as ’divertor simulators’, where the
working chamber is not generally ’self-contained’ as usually not all of the plasma is generated
in the working chamber [52] [6, 5]. SOLEDGE2D-EIRENE simulations for a particularly high
density linear machine, Pilot-PSI, however indicate that ionisation just after the external ion
source can be non-negligible compared to the external ion source (up to 50 %) [85], although
ionisation is insignificant for the most part of the working chamber [86], [85]. Another difference
is that sputtered ions can be locally re-deposited in a tokamak, which is generally not true for
linear devices.

A crucial and critical insight into the workings of the divertor is that each ionisation event
requires a certain amount of energy [3| [5, 51]. Ionisation is thus a power sink, occurring in
the form of radiative losses and potential energy loss by converting neutrals into ions. That
means that the amount of power entering the ionisation region can limit the amount of ion
source possible. That insight is crucial for the work in this thesis and will be discussed in
greater detail in chapter

Conduction-limited divertor — Transport of heat in the divertor is generally per-
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formed through convection, conduction or drifts [3]. Based on this, the divertor operational
mode can generally be distinguished between two types: sheath-limited heat transport and
conduction-limited heat transport. A sheath-limited SOL is generally characterised by a
SOL along which the electron temperature is constant, e.g quasi-static. These conditions are
generally reached at relatively low electron densities where the SOL collisionality is small,
meaning that the electron collisional mean free path (for epithermals) is larger than the
connection length (e.g distance a particle travels along a field line in the SOL [87]) [3]. In such
a case, the electron temperature along the SOL is fully determined by the sheath developing
at the target and the conservation of pressure —assuming there are no momentum and power
(radiation) losses in the SOL [3]. Since the temperature at the target is the highest in this
sheath-limited regime, sputtering of plasma-facing components will be the highest [81], leading
to high erosion rates and strong impurity production [29]. Convective heat transport, as
opposed to conductive, weakens the temperature gradient and can thus facilitate isothermal
field lines [3] (see section [2.2.2).

When the electron density in the divertor is increased, the mean free path of the electrons
and ions is decreased, resulting in more collisions of the plasma particles in the SOL (e.g. the
epithermal collisional mean free path being smaller than the connection length), resulting
in temperature gradients along the SOL [41], [8§] through heat conduction. In this case heat
transport along the SOL is primarily carried by electron heat conduction [3], 29} [76]. This
occurs at high divertor collisionalities and hence relatively high upstream densities; low SOL
heat flux and a large connection length. The temperature gradient in the conduction limited
regime is accompanied by a density gradient which keeps the pressure constant along the
SOL. The increase in density near the target in the conduction-limited regime implies that
possibly the temperature drops while the Mach number is constant such that the velocity
drops and the density can rise and/or a particle source is present near the target. This particle
source is realised by neutral hydrogen recycling from the divertor target; the ionisation of
which gives rise to most of the ion target flux as explained previously. This occurs as the
influx of recycled neutral particles is ionised near the target leading to an additional particle
influx [89, [41], 81, B]; which is also why the conduction-limited regime and an observation of
a temperature gradient/high collisionality in the divertor is expected to correspond to high
recycling conditions. Although this is expected, it has not yet been experimentally confirmed

in literature with direct measurements of the ionisation source.

One of the more striking observations of the conduction-limited regime is a rapid rise
of the ion target current as the divertor cools (see section [2.2)). A lack of this observation
and/or the observation of isothermal field lines is often associated with a SOL in low recycling
conditions [45]. Although there is a correlation between low collisionality and a low recycling
divertor, where the ionisation mean free path —as opposed to the collisional mean free path
—is large compared to the divertor size, a lack of trends expected from the conduction-limited
trend does not necessarily imply that the ion target current is not delivered by ionisation as
will be discussed in chapter

Reducing peak heat loads —Reduction of peak heat loads on plasma facing components
is essential for the success of the next generation of high fusion power tokamaks (ITER and
beyond) [54, [47, [36]. There are several mechanisms for reducing peak heat loads and one of

the key mechanisms is a volumetric power sink, for instance through radiative losses. One
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important radiative loss mechanism is through impurity radiation, which is a key mechanism
for reducing the heat flux reaching the target [54] [3]. Hydrogenic radiation, on the other hand,
is a relatively smaller power sink —although it can play a crucial role during detachment as it

contributes to the ionisation energy cost, as will be explained in chapter

Depending on the first wall material, intrinsic impurities in the plasma can radiate a large
fraction of power entering the SOL [54]. This intrinsic radiation is especially important in low-
7 devices, such as carbon machines. Low-Z atoms tend to be particularly effective radiators at
fairly low plasma temperatures (~ 10 eV) [54]. In this work, it is indeed shown that for TCV
conditions the intrinsic carbon radiation dominates over the hydrogenic radiation and strongly
increases while the divertor plasma is cooled (section . Contrastingly, assuming a metallic
first wall —such as tungsten —the radiative losses are less pronounced at low temperatures,
but instead are more pronounced at high temperatures —possibly resulting in core radiative
losses. In high power devices, intrinsic impurity radiation and hydrogenic radiation are often
insufficient to achieve an acceptable level of power removal. In such conditions, extrinsic
impurity seeding is likely required [67, 90, 91, 92], 45, 93 94, 00, 95]. As lower electron
temperatures (5-40 eV —this depends on the impurity [96]) lead to stronger radiative cooling,
a temperature gradient in the SOL would lead to enhanced radiative cooling in the divertor
[82]. When there is significant radiative cooling in the divertor leg, the temperature in the
divertor leg as a result decreases, which leads to more radiative cooling. This synergistic effect

—a radiation condensation instability —can lead to a significant removal of power from the
plasma in the flux tube [83] [65] and plays a crucial role in divertor physics. The disadvantage
of this method is that some fraction of the impurities gets back into the core, which leads to
fuel dilution and which can lead to a decrease in energy confinement due to radiation cooling
in the core [84], @7]. It should also be noted that increasing radiative losses lowers the target
temperature and increases the target density, which gives more easily rise to a temperature
gradient (e.g conduction-limited operation). Impurity radiation is a crucial field of study
for power exhaust physics and the radiative losses can strongly depend on plasma transport;
where transport of charged ions and transport of metastables can greatly influence radiative
losses [91), 95]. Hydrogenic and impurity (carbon) radiation will be further discussed in section

where also an illustration of the influence of transport on carbon radiation will be shown.

Apart from a radiative volumetric power sink, power can also be displaced from the plasma
to the main walls by charge exchange [0 [6]. If charge exchange between a hot and colder ion
occurs, a hot neutral is created. Assuming this hot neutral is not ionised, it can reach the
wall —thus leading to a power transfer from the divertor plasma to the main wall (as opposed
to the strike points specifically). This is potentially considered an important power loss [54],
but depends on the precise details of neutral dynamics on the divertor, including how likely it
is that the hot neutral are re-ionised (which depends on the ionisation rate and thus strongly
on temperature). Investigations into such effects can be performed by full fledged divertor
models, such as SOLPS, which can include neutral transport through a Monte Carlo code
such as EIRENE. Further discussion on such models will be shown in section |3, which includes
an analytical model for charge exchange related energy loss. SOLPS-ITER results for TCV
indicate that volumetric power losses due to charge exchange occur, but their magnitude is

smaller than power losses due to impurity and hydrogenic radiation [98].

To understand the formation of peak heat loads, understanding the shape of the heat flux
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profile at the target, which is influenced by certain plasma parameters such as the upstream
density [99], is important [100, 40]. Additionally, instead of altering the heat flux profile at
the target also the target geometry or divertor geometry can be modified to create an effective
change in the heat flux profile, for instance by increasing the major radius of the strike point
(so called R; divertor), which increases the wetted area and thus reduces peak heat loads
[101].

Ultimately through conduction and power removal the divertor temperatures can be
decreased to 5 eV, at which the divertor will enter a state of ’detachment’. During detachment
the target temperature, target heat flux and target ion flux are simultaneously reduced through

a collection of atomic and molecular physics reactions.

2.2 Understanding different divertor operational regimes through

simplified modelling: Two Point Model

The divertor and complex 3D structure of the SOL can be more easily visualised by straight-
ening [3] out this structure to a 1D linear slab of plasma, depicted in figure (implemented
from [81] and the JET image database). At the upstream location (denoted by 'u’), the
heat from the plasma core enters the scrape-off layer. This location could be taken at any
position along the separatrix up until the x-point, but is generally taken at the mid-plane
location of the separatrix. Heat entering upstream is eventually transported towards the
target denoted by ’t’ in figure The two point model is a simplified analytical model often
used in divertor research, which relates the upstream temperature, density and heat flux
with the target densities and temperatures [3] and consists of three equations which combine
pressure balance; parallel heat conduction and the target sheath conditions.
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Figure 2.1: A schematic picture of straightening out the poloidal SOL geometry in a 1D

model, implemented from [81] and the JET image database.
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For deriving the 2 point model, we make the assumptions listed below [81] [3]. In revised
versions of the two point model correction terms for some of these assumptions are introduced
[3, 73], 81], which will be discussed later.

e The SOL is 1D (the complex 3D magnetic structure is straightened out).

e There are no power losses along the SOL. Radiation losses are neglected and the energy

it costs for ionisation is neglected.
e The influence of ionisation on the flow profile is ignored.

e Heat is only transported by parallel heat conduction. Convective heat transport is not

taken into account.

e The pressure is assumed constant across a field line. Momentum losses are not taken

into account.

2.2.1 Derivation of the ’basic’ two point model

The pressure along a field line is constant inside the plasma core of a tokamak, according to
MHD theory [28]. By assuming there are no pressure losses in the SOL, a pressure balance
equation —essentially a conservation of momentum equation —can be set up. Important to
note is that the pressure consists out of two parts: the static pressure p = n.T. + n;T;, which
is dictated by the electron/ion temperature/density and the dynamic pressure —which arises
from the net movement of electrons/ions [81], 3]. For simplicity, we will assume that the ion
temperature equals the electron temperature (T' = T, = T;). Furthermore, we assume a pure
hydrogenic plasma, and this through quasi-neutrality implies that n = n. = n;. The static
pressure can thus be written as p =nT.

When plasma in general gets close to a wall, the wall acts as a sink for the fast, mobile
electrons. The ele