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Preface

"But I don’t want to go among mad people," Alice remarked.

"Oh, you can’t help that," said the Cat: "we’re all mad here. I’m mad.

You’re mad."

"How do you know I’m mad?" said Alice.

"You must be," said the Cat, "or you wouldn’t have come here."

— Lewis Carroll, Alice’s Adventures in Wonderland (1865)

Some years ago, I oh-so-poetically concluded the preface of my master’s

thesis in Alice’s footsteps by diving through the rabbit hole into the Won-

derland of Fusion Research. During my time down there I went through

some memorable adventures and came across several unique characters

— and eventually crawled back to the surface into a world where money

talks louder than a scientist and ignorance wears earplugs. The Cat was

right: that naive little Alice should have known better. . .

I didn’t end up in the Wonderland by following the White Rabbit but a

character with somewhat shorter ears and much better sense of being on

time: Dr. Antti Hakola from VTT Technical Research Centre of Finland

lured me in with lasers and explosions back in the summer of 2011 and

has since — further proving the Cat’s point — remained the advisor of ev-

ery single thesis and assignment I’ve produced over my academic career,

specializing in slaying the Jabberwocks in my text and desperately at-

tempting to make my long and winding sentences begin in the beginning,

go on till they they come to the end and, with varying success, stop.

The thesis was supervised by Prof. Mathias Groth from Aalto Univer-

sity, who also played the part of the local advisor for the modelling projects

and tried to keep me on the right path during my stubborn odysseys

through the Wonderland. While he was in many ways to me what the

Cheshire Cat was to Alice, one fundamental difference remains between
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the two: one of them is a curious character with a creepy grin, who oc-

casionally helps the main protagonist, while having a bad habit of disap-

pearing into thin air for lengthy periods of time and a tendency towards

statements as above — whereas the other one is a fictional cat. It also

wasn’t documented that the Cat would ever force Alice to put her figure

references in brackets.

The LIBS experiments, which started it all, were from the beginning

to the end a joint adventure with the University of Tartu. Dr. Alexandr

Lissovski, who has since carried on to new adventures elsewhere, spent

hours and hours in the lab with me croqueting hedgehogs with flamingos,

while Dr. Peeter Paris helped with the experiments by coming up with all

sorts of Dodoesque Caucus races to address various issues. On top of it all,

Dr. Matti Laan was irreplaceable during the analysis and reporting of the

results by sharing his wisdom in a frustratingly effective Caterpillarish

fashion of mixing valuable hints with tediously difficult questions.

The flow experiments at ASDEX Upgrade and the related SOLPS mod-

elling would have been nothing but white roses painted red, if it wasn’t

for the Mad Tea Party at IPP Garching, hosted by Drs. Eleonora Viezzer,

Thomas Pütterich and David Coster. While they were certainly more po-

lite and sane than the Hatter, the March Hare and the Dormouse, they

must have committed the same crime of murdering the time as their Car-

rollian counterparts. Or at least I can’t figure out any other reason why

they always seemed to find time in their busy schedules to help me with

my endless problems.

I’m sure that Alexander Macmillan suffered through a headache or ten

when first publishing Alice’s Adventures in Wonderland in 1865. There-

fore, I tip my hat (in this style ten shillings and sixpence) to Dr. Daisuke

Nishijima from UCSD and Dr. Holger Reimerdes from EPFL for their

bravery in acting as the pre-examiners of this bizarre story, together with

Drs. Arne Kallenbach and Thomas Pütterich for reviewing the text on

behalf of IPP Garching. A special mention goes also to Dr. Guy Matthews

from CCFE for adopting the role of the Queen of Hearts — with less fond-

ness for decapitation, I hope — as my opponent.

As Alice pointed out, what would a book be without pictures and con-

versations? In addition to the ones named above, my journey through the

Wonderland introduced me to numerous wonderful characters who pro-

vided me with different sorts of diagnostics data, fruitful discussions on

their analysis and invaluable advice on the secrets of various modelling

2
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tools. Without turning this into a never-ending list of names, I collectively

thank all these contributors for every single piece of data that made the

pictures and all the conversations that turned them into results. You were

certainly more than just a pack of cards.

Some might say it’s madness to pursue a career in science in this age of

short-term profits and populistic praises of folly — just as what anyone

not familiar with the works of Lewis Carroll probably might think of this

preface and its references. But weren’t we all mad here? While I fully

agree with the Cat and often truly find it easier to believe in six impossible

things before breakfast than a permanent vacancy in the Wonderland,

there’s still a trail of unanswered questions this one curious dream wasn’t

enough to address. Who stole the Queen’s tarts? Why is a raven indeed

like a writing desk? And if — even after all the madness she had gone

through — Alice still had it in her to return for a new set of adventures

beyond the looking-glass, who am I to question her example? It’s only

getting curiouser and curiouser.

Oxford, Alice’s hometown, March 26, 2018,

Juuso Karhunen
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1. Introduction

November 2016 saw the commencement of the Paris Agreement which

commits the signing parties to limiting the increase in the global average

temperature to less than 2◦C above the pre-industrial levels [1]. Having

been ratified by a majority of the countries in the world, such an agree-

ment is an important step towards the renovation of the way how energy

is globally produced. Presently, fossil fuels still play a dominant role in

energy production, even though they have been connected with escalating

climate change and approximately 6.5 million premature deaths annu-

ally due to air pollutions [2]. In addition to the outdoor emissions from

burning oil, gas and coal, approximately half of these fatalities are caused

by household pollutions due to primitive heating, lighting and cooking

methods. Therefore, decreasing the environmental and humanitary ef-

fects of energy production requires both strictly regulated low-carbon en-

ergy sources in industrialized areas and wider availability of clean energy

in rural areas, especially in developing Asia and sub-Saharan Africa [2,3].

Even though almost 60% of energy is predicted to be produced by re-

newable sources by 2040, the pledges made in the Paris Agreement are

not expected to be sufficient to meet its goals with an estimated growth of

30% in the global energy demand over the same period of time [3]. This

is especially true after the USA, the second largest CO2 emitter in the

world, withdrew from the agreement and is, instead, increasing its sup-

port on the coal industry. Hence, the long-term consideration of the energy

problem requires new carbon-free methods with better productivity than

present-day wind and solar power, as well as lesser political objection than

fission power in order to be sufficiently viable and attractive for adopting

a major share of primary energy production.

Nuclear fusion — the energy source of the stars — potentially offers an

inherently safe solution without greenhouse emissions or long-living ra-
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dioactive waste and with abundant fuel resources. The fusion fuel consists

essentially of the heavy isotopes of hydrogen of which deuterium (D, 2H)

can easily be extracted from sea water, while tritium (T, 3H) is extremely

rare in nature but can be bred from commonly found lithium inside a fu-

sion reactor. Compared to other sources, fusion provides superior amounts

of energy: with respect to the 250 kg of fusion fuel required to operate a

1000-MW power plant for a year, approximately ten times more UO2 or

ten million times more coal would be required [4]. However, implemen-

tation of man-made terrestrial fusion is extremely challenging with the

requirement of handling plasma-state fuel at temperatures of hundreds

of millions of degrees in a closed volume, and, thus, fusion energy is still

several challenges away from general utilization. The next milestone in

fusion research will be the experimental tokamak reactor ITER — ex-

pected to be completed in Cadarache, France, in 2025 [5–7] — which is

planned to demonstrate the technical feasibility of fusion energy by pro-

ducing more power than is required for its operation. The use of fusion

in production of electricity is planned to be demonstrated by 2050 by the

DEMO project, which will be a prototype for future power plants [8–10].

1.1 Thermonuclear fusion

In nuclear fusion, two light nuclei combine to form a heavier nucleus re-

leasing energy in the process, corresponding to the mass defect of the

reaction. For fusion to occur, the fusing nuclei need to be in close prox-

imity, of the order of 10−15 m, to each other to bring them within the

range of the strong nuclear force [11]. This is severely complicated by

the Coulomb repulsion between the positively charged nuclei, scaling as

VC ∼ Z1Z2
r [11], where Zi is the charge number of nucleus i, and r is the dis-

tance between the two nuclei. This repulsion essentially restricts viable

options for laboratory- and reactor-scale fusion solutions to the isotopes of

hydrogen and helium with Z = 1–2.

In thermonuclear fusion, the required energy is provided by heating the

system to fusion-relevant temperatures. The Coulomb barrier between

hydrogen nuclei is in the MeV scale, corresponding to temperatures of the

order of 1010 K [11]. However, quantum mechanical tunnelling enables hy-

drogen fusion already at temperatures of ∼ 10 keV, or ∼ 108 K [11], mak-

ing the reaction more easily accessible experimentally. At such elevated

temperatures, the fusion fuel is in the plasma state, i.e., as a quasineutral
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composition of electrons and ions.

1.2 The tokamak

Since its beginning in 1950s, fusion energy research has mainly focused

on the tokamak reactor concept [12–14] (figure 1.1a). In a tokamak, the

fusion plasma is confined in a toroidal chamber by a strong magnetic field

— typically of the order of 1–10 T [14] — to avoid direct contact between

plasma at fusion-relevant temperatures and the plasma-facing wall sur-

faces of the reactor.

1

2

3

1. Toroidal coils 2. Central solenoid 3. Poloidal coils

Ip

Bθ

Bφ

B
tot

a)

b)

Figure 1.1. Schematic cross-section of the main components of a tokamak (a) giving rise
to the different components of the magnetic field (b). The helicity of the field
in (b) is exaggerated for illustrative purposes; normally the field lines form
several toroidal loops during one poloidal loop. The purple arrow depicts the
spiral orbit of the plasma ions around the field lines.

The confining magnetic fields consists of toroidal and poloidal compo-

nents (figure 1.1b). The toroidal field, �Btor, is generated by running an

electric current in the toroidal field coils, while the poloidal field, �Bpol, is

produced by the transformer principle by increasing the current running

in the central solenoid. This creates an increasing magnetic flux through
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the plasma, acting as a conducting loop, which induces a toroidally run-

ning current into the plasma itself. This plasma current, Ip, then gen-

erates the poloidal magnetic field. The combination of the toroidal and

poloidal field components results in a helical magnetic field, �B, which con-

fines the plasma by balancing its pressure-driven expansion with a mag-

netic force according to the magnetohydrodynamic force equilibrium [14]

�J × �B = ∇p, (1.1)

where �J is the current density of the plasma current, and ∇p is the inward-

pointing kinetic pressure gradient. The toroidal field component is ap-

proximately an order of magnitude stronger than the poloidal compo-

nent [14], indicating that the net helical field deviates from the toroidal

direction only by a few degrees. The magnetic field is, thereby, character-

ized by the 1
R dependence of the toroidal field component according to the

Ampère’s law, labelling the side of the plasma closer to the central column

the high-field side (HFS) and the opposite side the low-field side (LFS).

Since the current in the central solenoid cannot be increased infinitely,

the transformer principle makes tokamaks inherently pulse-operated. The

typical pulse durations in currently operating tokamak devices, such as

JET in Culham, UK, and ASDEX Upgrade in Garching, Germany, are

of the order of τpulse ∼ 1–10 s. However, the operation can be extended

by using superconducting coils, applying non-inductive external current-

drive methods [15–17] and by maximizing the contribution of the inter-

nally generated current components, such as the bootstrap current, driven

by pressure gradients in the plasma [18, 19]. This way, the pulse dura-

tion can be multiplied, and durations of 100 s have been obtained in the

EAST tokamak in Hefei, China [20]. The Tore Supra tokamak, formerly

in Cadarache, France, has achieved even longer durations of τpulse = 400 s

[21], while its successor, WEST, is aiming at τpulse ∼ 1000 s [22]. This is of

the same order as planned for the steady-state operation of ITER [5].

Initially, the plasma is heated Ohmically by its own resistivity, η, which

scales with the collisionality of the plasma as η ∼ T− 3
2 [14], limiting the

efficiency of the Ohmic heating to temperatures up to T ∼ 1 keV. Hence,

external heating methods, such as neutral beam injection (NBI) [23–25]

and electron/ion cyclotron resonance heating (E/ICRH) [26–29], are re-

quired to increase the plasma temperature to fusion-relevant values of

T ∼ 10 keV. In NBI heating, energetic neutral fuel particles with ener-

gies of E ∼ 100–1000 keV are injected into the plasma, where they are
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ionized and transfer energy to the thermal fuel particles through colli-

sions. In ECR and ICR heating, radio waves are emitted into the plasma

at resonance frequencies of the electrons or ions, respectively, heating the

plasma by transferring the energy of the waves to the plasma particles.

Both of these methods can also be used for non-inductive current drive. In

addition to the external methods, the plasma is also heated internally by

the energetic fusion products [30,31]. In ITER and future fusion reactors,

the aim is to strongly utilize the internal heating to reduce the need for

external heating power.

1.3 Plasma performance

The performance of a fusion plasma can be measured by three key param-

eters: plasma density, n
[

1
m3

]
, plasma temperature, T [keV], and energy

confinement time, τE [s]. The plasma density has a quadratic contribution

in the fusion power density as [14]

Pfusion =
1

4
n2 〈σv〉Ef , (1.2)

where the velocity-averaged probability of the reactions is described by

the temperature-dependent reactivity 〈σv〉
[
m3

s

]
, and Ef [keV] is the en-

ergy released in a fusion reaction. Here, a 50:50 mixture of the fuel species

with densities n1 and n2 is assumed, such that n1n2 = 1
4n

2. The energy

confinement time describes the time scale during which the thermal en-

ergy of the plasma, W = 3nT [14], is lost by radiation and imperfect con-

finement, such that the power losses per unit volume are given by

Ploss =
3nT

τE
. (1.3)

The losses are compensated by external (Pext) and internal (Pin) heating

which can be written with the help of the fusion power as

Pheat =
Pfusion

Q
+ αPfusion, (1.4)

where Q = Pfusion
Pext

is the fusion gain and 0 ≤ α ≤ 1 corresponds to the share

of the energy of the reaction products used for heating the plasma.

By substituting equations (1.2)–(1.4) into the energy balance
dW

dt
= Pheat − Ploss (1.5)

of the plasma and assuming a stationary plasma with dW
dt = 0, one can

derive the so-called fusion triple product

nτET =
12T 2(

1
Q + α

)
〈σv〉Ef

(1.6)
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In a viable fusion reactor, the power obtained from the fusion reactions is

anticipated to exceed the external heating power, such that Q ≥ 1, and

equation (1.6) can be written as a criterion

nτET ≥ 12T 2

(1 + α) 〈σv〉Ef
. (1.7)

If the energy of the reaction products alone is sufficient to cover the losses,

the plasma is in the so-called ignited state in which Pext = 0 and Q = ∞.

To reach ignition, the triple product has to exceed the threshold value of

(nτET )ignition =
12T 2

α 〈σv〉Ef
. (1.8)

While the ignited state is favorable in terms of thermal self-sufficiency, it

decreases the ability to control the plasma.

In experiments, the density and temperature of the plasma can be di-

rectly controlled by the fuelling rate and heating power. The energy con-

finement time depends on several plasma parameters and is typically de-

scribed by scaling laws, such as the IPB89(y,2) scaling [6]

τE = 0.0562 I0.93p B0.15P−0.69
heat n0.41M0.19R1.97ε0.58κ0.78, (1.9)

where M is the effective ion mass of the plasma, R is the major radius of

the tokamak, and the inverse aspect ratio ε = a
R and the elongation κ = b

a

describe the geometry of the plasma with the help of its minor radius,

a, and height, b. Most notably, equation (1.9) shows an almost quadratic

dependence on the major radius, which predicts a significant increase in

τE in ITER (R = 6.2 m, τE ∼ 1–10 s) in comparison to present tokamaks,

such as JET (R = 3.0 m, τE ∼ 0.1–1 s) and ASDEX Upgrade (R = 1.6 m,

τE ∼ 0.1 s) [5].

In fusion research, the main focus has been on reactions of deuterium

and tritium, as well as the the rare isotope of helium, 3He, described by

the reaction equations [14]

D+D → 3He + n (Ef = 3.3 MeV)

D + D → T+ p (Ef = 4.0 MeV)

D + T → 4He + n (Ef = 17.6 MeV)

D + 3He → 4He + p (Ef = 18.35 MeV).

Of these, the reaction of deuterium and tritium is aimed to be used for

energy production in future reactors due to its high reaction energy and
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superior reactivity: figure 1.2a shows two orders of magnitude higher re-

activities for the DT reaction compared to the other reactions at reactor-

relevant temperatures of ∼ 10 keV. The reactivities of the two different

DD reactions are approximately equal, resulting in a 50:50 division in

their occurrence.
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Figure 1.2. Reactivities (a) and the break-even triple products (b) for the different fusion
reaction types as functions of the ion temperature. The reactivities have been
calculated based on data from [32] and the triple products by equation (1.6)
using Q = 1.

Due to the high reactivity, figure 1.2b also shows 1–3 orders of mag-

nitude lower limit of the triple product for the break-even case of Q = 1

for DT fusion, highlighting its easier technological achievability compared

to the other reactions. Sufficiently high triple product has already been

achieved in two existing tokamaks: JET reached nτET = 8.3 × 1020 keV s
m3

during its DT campaign in 1997 [33], while the current record is held by

JT-60U, formerly in Naka, Japan, with nτET = 1.5 × 1021 keV s
m3 [34]. How-

ever, no existing device has reached Q = 1, the closest being JET where

the record fusion power of 16 MW, obtained in the aforementioned DT ex-

periments, yielded Q = 0.64 [33]. One of the main goals of ITER is to

surpass the break-even limit and operate at Q = 10 with DT plasmas.

In the fusion of thermal fuel particles, where the energy of the reactants
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(∼ 10 keV) can be considered insignificant to the energy of the reaction

products (∼ 1–10 MeV), the released energy is divided according to the

inverse mass ratio of the reaction products, as given by the conservation

of energy and momentum. Hence, approximately 20%, or 3.5 MeV, of the

energy released in the DT fusion is available for heating the plasma by

the produced α particles, while the chargeless neutrons carry the remain-

ing 14.1 MeV out of the plasma for production of electric power in the

future power plants. The energy spectra are broadened by a fraction of

reactions involving MeV-scale particles from plasma heating, which have

been predicted to produce up to 20-MeV neutrons [35, 36]. Harnessing as

much of the α particle energy as possible for plasma heating is vital to

reach ignition, while lesser utilization increases the triple-product limits

for break-even and ignition, as given by equations (1.7) and (1.8). In the

record power shots of the JET DT campaign, the α particle heating power

corresponded to 60–80% of the total α particle power source, accounting

for approximately 10% of the total heating power [33].

Despite its advantages, operating a tokamak with DT plasmas is also

characterized by challenges related to radiation safety. Tritium is β− ac-

tive with a half-life of 12.3 years [37, 38], which sets a limit for its max-

imum allowed in-vessel inventory. In ITER, this limit has been fixed to

700 g [39]. This is estimated to be exceeded with 1500–5000 standard

plasma discharges, after which maintenance procedures for de-tritiation

need to be started [39]. In addition, the energetic neutrons activate the

structure components of the reactor, which has to be considered in the

material choices [40, 41]. Hence, vast majority of fusion research in the

world is performed with pure deuterium plasmas for which the tritium-

and neutron-related issues are far less significant due to the lower reac-

tivities and reaction energies of DD fusion. In addition to JET, only the

TFTR tokamak, formerly in Princeton, USA, has conducted DT experi-

ments [42]. Prior to ITER, another DT campaign is planned to take place

in JET in 2019–2020 [43].

1.4 Scope of the thesis

One of the main challenges in fusion technology is retention of fuel par-

ticles in deposited layers of impurities carried by the plasma onto the

inner walls of the reactor. This is a special issue in ITER and future

reactors, where the in-vessel tritium content is restricted by nuclear li-
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censing. Therefore, special diagnostics methods are required for active

monitoring of the tritium repository on the wall surfaces. The formation

of these co-deposited layers and their spatial distribution depend on the

plasma influx on the walls and the migration of impurities between their

source and deposition sites (figure 1.3). Hence, also knowledge of impu-

rity transport and flows in the edge region of the plasma is essential in

understanding fuel retention.

Erosion Migration Deposition

External

source

Fuel

retention

Recycling

Figure 1.3. Co-deposition of fuel particles with impurities is characterized by a recur-
ring cycle of migration between the impurity sources and the wall surfaces.
Different impurity sources are discussed in chapter 2, while the flow of the
plasma is covered in chapter 3 and the deposition of the impurities and the
associated fuel retention in chapter 4. The concept of the figure is adapted
from [44].

Spectroscopic methods are widely used in diagnosing plasmas inside ex-

perimental fusion reactors due to their capability of measuring the plasma

and wall conditions non-intrusively during plasma operation. This the-

sis reports on spectroscopic experiments and interpretative modelling of

the edge plasma, aiming at monitoring and understanding plasma flows,

impurity deposition and fuel retention. Measurements of impurity flows

in the edge plasma have been performed in ASDEX Upgrade by Doppler

spectroscopy of injected nitrogen ions. Modelling of the experiment by

the SOLPS [45] and ERO [46] codes has been done in order to explain

the phenomena behind the observed flow patterns and to examine the

representativity of impurity injections in characterizing the main plasma

flow. In addition, the suitability of laser-induced breakdown spectroscopy

(LIBS) [47] as an in situ method of monitoring formation of co-deposited

layers in ITER and their fuel content has been examined by performing

measurements with different sets of ITER-relevant samples.
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Part I

Plasma-wall interactions and impurity
migration in the scrape-off layer





2. Scrape-off layer

The magnetic field forms nested flux surfaces on which the poloidal mag-

netic flux is constant. The geometry of the flux surfaces is controlled by

the poloidal field coils, which enables dividing the plasma set-up into lim-

iter and divertor configurations. In the simple limiter configuration, the

plasma is limited by a solid surface interfering with the magnetic field

lines, leaving the outmost flux surfaces open (figure 2.1a). In the divertor

configuration — which is more common among the large and medium-

sized tokamaks, such as JET and ASDEX Upgrade — the poloidal field

coils are used to create a so-called X-point at which the poloidal field is

zero. The plasma core is thus limited magnetically by the last closed flux

surface, called the separatrix, without a need for a physical limiter (figure

2.1b). The region outside the separatrix, where the open field lines result

in the edge plasma being in direct contact with the so-called divertor tar-

gets, is called the scrape-off layer (SOL), while the region that is isolated

from the core by the X-point is known as the private flux region.

2.1 Characteristics of the scrape-off layer and the plasma sheath

2.1.1 Particle and heat sources and sinks in the SOL

The fuelling and heating scheme of a tokamak aims at high plasma den-

sity and temperature in the core plasma, while the SOL is primarily fed

by radial transport of particles and heat outwards from the core. Hence,

the SOL is characterized by a significant drop in plasma density and tem-

perature from the core-relevant values of ∼ 1019–1020 1
m3 and ∼ 1–10 keV

to ∼ 1018–1019 1
m3 and ∼ 1–100 eV (figure 2.2).

Neoclassical theory, covering collisional transport in a curved magnetic

geometry, describes the radial transport of particles in the plasma as
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Figure 2.1. Poloidal cross-section of the plasma geometry in a generic limiter configura-
tion (a) and in the lower single-null divertor configuration of ASDEX Upgrade
(b). The magnetic flux surfaces are presented with red dashed lines, and the
thick solid red line marks the last closed flux surface (LCFS).
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Figure 2.2. Electron density (a) and temperature (b) profiles, measured at the LFS mid-
plane of ASDEX Upgrade, showing significant decrease between the core and
the SOL.

density-driven diffusion arising from collisions between ions orbiting at

their respective Larmor radii on adjacent flux surfaces [48, 49]. How-
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ever, experimentally measured radial ion fluxes have been observed to

exceed the neoclassical prediction by 1–2 orders of magnitude [50, 51].

The increased transport has commonly been attributed to microturbu-

lence phenomena which are yet to be fully explained by first principle

physics [50,52]. The radial transport is the strongest in the LFS midplane

region [53], where the centrifugal pseudo force due to the curvature of the

plasma points in the same direction as the force due to the radial pres-

sure gradient. This increases the susceptibility of plasma confinement

to magnetic fluctuations in this region of so-called bad curvature [54].

In contrast, at the HFS midplane, the curvature effect acts to stabilize

the outwards pointing pressure gradient force. Hence, the particle source

from core to SOL is postulated to peak around the LFS midplane, while

the contribution of drifts is expected to shift the peak downwards towards

the X-point (see sections 3.2.1 and 6.5.2). The effect of increased radial

transport on the LFS is commonly known as ballooning transport.

The solid surfaces — especially the divertor targets — inside the plasma

chamber act as the main sink for particles and heat in the SOL. The ions

arriving at the surfaces promptly recombine, and a major part of them

is released as neutrals back into the plasma, where they are re-ionized.

This cycle is called recycling. Depending on the plasma conditions, the

recycled neutrals may be re-ionized in the SOL or penetrate into the core

plasma before ionization. The first option reduces the net ion sink at the

divertor targets, while re-ionization in the core has been observed to be

responsible for a major share of the fuelling of the core plasma in present

tokamaks [55,56]. In ITER, however, penetration of the recycled neutrals

into the core through the hot and dense SOL plasma is predicted to be an

insufficient fuelling source for high-density operation, setting a need for

direct core fuelling by, e.g., pellet injections [57,58].

In addition to physical surfaces, ions can be lost through volumetric re-

combination. Heat is lost in the plasma by radiation in ion-neutral inter-

actions, such as charge exchange, if the neutral particle — or a partially

stripped impurity ion — ends up in an excited state in the process. The

significance of these processes is covered in more detail in sections 2.2–

2.3.

2.1.2 Characteristic time and length scales

After entering the SOL from the core, the ions travel along the open mag-

netic field lines to the limiting surfaces at parallel velocities of v‖ ∼ 103–
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104 m
s . The characteristic dwell time, τSOL, they spend in the SOL is given

by the average time spent on this movement as

τSOL =
L

v‖
. (2.1)

Here, the connection length L describes the average path length the ions

travel along the field lines and is defined as half of the parallel- �B distance

between the HFS and LFS divertor targets [59]. In addition to the dimen-

sions of the device, L thus depends also on the helicity of the magnetic

field according to

L = πRq

= πr
Btor

Bpol
, (2.2)

where R and r are the major and minor radii of the device, respectively.

Here, the safety factor [14]

q =
rBtor

RBpol
(2.3)

gives the number of toroidal loops passed during one poloidal loop along

the helical field line. In medium-sized and large tokamaks, L ≈ 10–50 m,

leading to an estimate of τSOL ∼ 1–10 ms.

The width of the SOL can be approximated as the distance the particles

with an average radial velocity of v⊥ travel in radial direction during τSOL

according to

λSOL = v⊥τSOL

=
v⊥
v‖

L. (2.4)

Since the radial transport is inferred slow compared to parallel transport

in the SOL, with typical velocities of v⊥ ∼ 1–10 m
s , equation (2.4) gives an

order of a few centimetres for λSOL. Hence, the width of the SOL is only a

small fraction of the minor radius, r ∼ 1 m, of the tokamak.

2.1.3 Plasma sheath

Due to their light mass, the electrons in the plasma reach the solid sur-

faces significantly faster than the ions. Thus, the plasma-wetted areas

become negatively charged, leading to the formation of an electric field

in front of the surface. This electric field repels electrons, while ions are

accelerated to velocities at or above their sound speed according to the

Bohm criterion [60]:

v‖ ≥ cs

=

√
Te + Ti

mi
, (2.5)
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where mi is the mass of the ions. Hence, the quasineutrality of the plasma

is broken in the vicinity of the surface. This region with ni > ne is called

the plasma sheath. The electric potential of the plasma drops by approx-

imately 3Te
e [59] in the sheath. Since, in a plasma with a Maxwellian

velocity distribution, the average energy transported by an ion moving in

one direction is 2Ti [59], this means that the sheath accelerates ions with

a charge state Z to impact energies of

E0 = 2Ti + 3ZTe, (2.6)

before they reach the solid surface.

The plasma sheath extends over a few Debye lengths [59]

λD =

√
ε0Te

nee2
, (2.7)

where ε0 is the vacuum permittivity and e the elementary charge. The

Debye length is the characteristic length scale of electromagnetic shield-

ing in the plasma, meaning that plasmas with dimensions larger than

λD can be considered quasineutral entities which react collectively to ex-

ternal electromagnetic fields. In a typical divertor plasma with Te ∼ 1–

10 eV and ne ∼ 1019–1020 m−3, λD ∼ 10−6–10−5 m. The thickness of the

plasma sheath is, thus, only a small fraction of the parallel connection

length, limiting the effect of the sheath to the immediate proximity of the

plasma-facing surface.

2.2 Impurities in the scrape-off layer

A tokamak plasma is never pure but always contains varying amounts of

impurities, i.e., species different from the fuel particles. Depending on the

type and spatial distribution of the impurities, they may pose a serious

threat to the plasma operation, or, on the other hand, even be crucial for

protecting the integrity of the device.

2.2.1 Impurity sources

Erosion

The most dominant impurity source in tokamaks is erosion of the plasma-

facing components — especially at the divertor targets and limiter sur-

faces which face direct plasma contact by design. The significance of this

source has to be considered in the choice of the plasma-facing materials.
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Traditionally, carbon has been the most common first-wall material, while

more recently, metallic walls have been favored in preparation for ITER

and DEMO: in 2007, the carbon wall of ASDEX Upgrade was changed to a

full-tungsten wall [61,62], and in 2011, JET introduced its ITER-like com-

position of a beryllium main chamber wall and tungsten divertor [63,64].

The main erosion mechanism in tokamaks is physical sputtering in which

the incoming ions give rise to a collision cascade in the lattice structure of

the plasma-facing surface. If the energy gained by an atom in the surface

layer exceeds its binding energy in the collisions, the atom is released

into the plasma. In addition to the binding energy, physical sputtering

is characterized by the number of collisions in the target and transfer of

energy between the projectile ion and the target atoms. Together, these

factors constitute a material-specific threshold for the impact energy of

the incident ions for sputtering to occur. The maximum share of energy

transferred in a collision between particles with masses m1 and m2 is de-

scribed by [59]

γ =
4m1m2

(m1 +m2)
2 . (2.8)

Due to the mass dependence of γ, the threshold energy is generally higher

for high-Z materials: values of 10 eV, 30 eV and 220 eV have been es-

timated for beryllium, carbon and tungsten under deuterium bombard-

ment, respectively [65,66]. Hence, the use of tungsten as a plasma-facing

material is supported by its superior erosion resistance in comparison to

the low-Z alternatives. Typically, the threshold energy is lower for the

deposited layers due to their loose binding to the plasma-facing surfaces,

making their re-erosion a stronger source of impurities than erosion of

bulk materials. In addition, impurities themselves can significantly in-

crease physical sputtering, as discussed in section 2.2.2.

Erosion can also be enhanced by chemical reactions. This is the case es-

pecially for carbon which forms hydrocarbon molecules with the fuel par-

ticles at low activation energies. The hydrocarbon molecules are weakly

bound to the surface and can be ejected even thermally. Subsequently,

chemical sputtering dominates erosion of carbon at impact energies be-

low 100 eV, keeping the total erosion yield comparable to high impact

energies even below the threshold energy of physical sputtering of car-

bon [66]. Retention of fuel particles in these hydrocarbon compounds in

carbon-based co-deposited layers is one of the main reasons for the shift

to full-metallic wall solutions. Also beryllium shows chemically induced

enhancement in erosion via the formation of BeDX molecules — especially
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at impact energies below 50 eV [67, 68]. However, the total erosion yield

of beryllium has still been observed to subside below the threshold en-

ergy of Eth ≈ 10 eV [66], making a fundamental difference between the

significance of the chemical erosion of carbon and the chemically assisted

erosion of beryllium.

Reaction products

An inherent source of impurities in fusion plasmas are the fusion reac-

tions themselves, as helium is produced in both DD and DT reactions. As

discussed in section 1.3, the aim is to utilize the energetic reaction prod-

ucts in heating of the plasma, while the cooled helium ions are eventually

transported into the SOL and guided by the magnetic field into the di-

vertor, where the so-called cold helium ash is pumped out of the plasma

chamber.

Residual impurities

A third group of impurities is formed by residues from earlier operations

or venting of the vacuum vessel. For example, even though carbon is no

longer used as a plasma-facing material in JET and ASDEX Upgrade,

their plasmas still contain a small fraction of ∼ 0.1–1% of carbon [69,70].

This is due to deposition of carbon on the structural components of the

vessel during the carbon era of the device, and partly also due to erosion of

the backsides of CFC- or graphite-based plasma-facing components which

are coated with beryllium or tungsten [69]. Another common residual im-

purity is oxygen, resulting from air exposure during openings of the ves-

sel with concentrations of ∼ 0.1% [70]. In ITER-like wall configurations,

the oxygen content of the plasma is strongly suppressed by the gettering

capabilities of beryllium which readily forms an oxidized surface layer.

For instance, the oxygen content in JET plasmas decreased by an order

of magnitude after the transition from the carbon era to the ITER-like

wall [71].

Extrinsic impurities

Impurities are also introduced externally for diagnostics, plasma control

and wall conditioning purposes. For example, lithium beam diagnostics

— a standard method for measuring electron density in, e.g., ASDEX Up-

grade — is based on the detection of the emission of injected lithium impu-

rities, while impurity injections can also be used to study impurity migra-

tion and plasma flows, as in [72, publication I]. For diagnostics purposes,
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the impurity injection is held at trace levels with no notable effect on the

plasma, while stronger seeding of, e.g., nitrogen can be used for obtain-

ing more favorable plasma conditions, as discussed below. The impurity

concentrations resulting from seeding are typically of the order of a few

percent [73–76]. Impurities can also be utilized for the maintenance of the

device: for example in ASDEX Upgrade, the oxygen content is controlled

by boronization of the tungsten wall [70]. While boron acts as an oxygen

getterer, similarly to beryllium in JET, it also provides another impurity

source through erosion with a concentration of ∼ 0.1–1% [70].

2.2.2 Effects of impurities

Erosion magnification

Impurities amplify erosion of the plasma-facing components, leading, thus,

to an enhanced impurity source. According to equation (2.8), energy is

transferred from the projectile ion to the surface atom in the sputtering

process more efficiently when the masses of the particles are close to each

other. In addition, impurity ions with charge state higher than one are

accelerated to higher impact energies than the main plasma ions by the

plasma sheath, as given by equation (2.6). Thereby, the erosion resis-

tance of high-Z materials, such as tungsten, is degraded by the presence

of impurities heavier than deuterium. For example, when deuterium is re-

placed by beryllium as the sputtering species, the sputtering threshold of

tungsten drops from 220 eV to approximately 60 eV, while its erosion yield

increases by 1–3 orders of magnitude at higher impact energies above the

deuterium threshold energy [66].

The effect of the increased energy transfer is the most intense, when

the plasma-facing surface is sputtered by ions of the same species, as

γ reaches unity when m1 = m2 in equation (2.8). Experiments at JET

have shown this so-called self sputtering to amplify the sputtering yield

of beryllium from ∼ 1–10% to ∼ 100–1000% of the incoming D+ flux [68],

leading to a potential runaway production of impurities into the plasma.

In the case of tungsten, the effect of self sputtering is not notable due

to the low tungsten concentration of the plasma, and significantly lower

erosion yields of ∼ 0.01–0.1% have been observed at JET [66].
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Plasma dilution

The performance of magnetically confined plasma can be measured with

the help of the ratio between the kinetic and magnetic pressures [14]

β =

∑
j
njTj

B
2μ0

, (2.9)

where μ0 is the vacuum permeability and the nominator sums the pres-

sures of all particle species j of the plasma. In principle, high β corre-

sponds to increased fusion reactivity with respect to the power required

for the magnetic confinement, providing a figure of merit for the cost ef-

ficiency of the reactor. However, the increase of β is limited by magne-

tohydrodynamic instabilities, and β cannot exceed the so-called Troyon

limit [77]

βmax = 0.028
Ip
rB

, (2.10)

where Ip is given in MA and βmax is defined as a dimensionless ratio as

in equation (2.9). Since ionizing impurities release relatively more elec-

trons into the plasma than the fuel particles, especially high-Z impurities

increase β more efficiently than the isotopes of hydrogen. Hence, less fu-

elling is allowed to avoid the Troyon limit, and the impurities are said to

dilute the plasma.

Radiative losses

For plasma performance, the effect with the strongest consequences is ra-

diation of the impurities by line radiation and bremsstrahlung. The ions

in the core of a pure hydrogenic plasma radiate only by bremsstrahlung,

while line radiation takes place mainly close to the targets, where the

plasma ions are recycled as neutrals. However, especially high-Z impuri-

ties are rarely fully stripped of electrons and can, thus, introduce a signif-

icant source of line radiation also in the core plasma, leading to efficient

loss of the plasma energy. Therefore, tungsten concentrations above 10−5

cannot be tolerated in the core plasma of ITER [78,79]. Low-Z impurities,

however, are typically fully ionized at core temperatures, reducing their

radiative losses to bremsstrahlung level, which also scales with Z2. This

is one of the main reasons for choosing beryllium (Z = 4) as the main

chamber wall material in ITER. Avoiding excessive core contamination

due to eroded impurities is also one of the main advantages of the diver-

tor configuration over limiter configuration, as the plasma-wall contact at

the divertor targets takes place far from the core plasma, while impurities

eroded from a limiter surface can directly enter the confined region.
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The radiation from low-Z impurities at low temperatures can also be

utilized to protect the plasma-facing components. In normal operation

of ITER and DEMO, the divertor targets are estimated to face steady-

state heat fluxes of up to ∼ 50 MW
m2 and ∼ 300 MW

m2 , respectively, while the

material limit for the tungsten components is 10–15 MW
m2 to avoid melt-

ing [80, 81]. This implies that approximately 60–75% of the power has to

be removed before the target plate in ITER, while in DEMO, this frac-

tion is above 95%. Deliberate seeding of impurities, such as nitrogen and

neon, into the divertor plasma has been found to enhance the radiative

power exhaust in the divertor volume, providing means for decreasing the

heat flux on the targets [73, 82–86]. However, excessive radiative losses

in the core plasma need to be avoided to preserve operation in the high-

confinement mode. This favors the use of nitrogen as a seeding impurity,

since nitrogen radiates predominantly close to the targets, while the ra-

diation of heavier impurities, such as neon and argon, peaks at higher

temperatures closer to the core [73].

2.3 Operational regimes

The plasma conditions in the divertor SOL are strongly affected by the

collisionality of the plasma, described by the collisionality parameter [59]

ν ≡ L

λmf

≈ 10−16nL

T 2
, (2.11)

which approximates the number of collisions with mean free path λmf

that the plasma particles experience over their average path length, L,

in the SOL. For a given input power, collisionality can thus be adjusted

by increasing the plasma density by fuelling or by decreasing the diver-

tor temperature by, e.g., impurity seeding, as described in the previous

section. Depending on the collisionality, the divertor plasma conditions

can be categorized into sheath-limited, conduction-limited and detached

regimes [87].

2.3.1 Sheath-limited regime

At the lowest collisionalities, corresponding to low densities and high tem-

peratures, the pressure and temperature of the plasma are conserved

along the magnetic field lines, as illustrated in figures 2.3a and d. In such
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conditions, the SOL is isothermal with the heat transport to the diver-

tor targets limited only by the heat transmission properties of the plasma

sheath, giving this operational regime the name sheath-limited regime.

In the sheath-limited regime, radial transport from the core acts as the

main particle source to the SOL, while the ionization source of recycled

neutrals in the SOL is small. Therefore, the sheath-limited regime is also

known as the low-recycling regime.
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Figure 2.3. Radial profiles of plasma pressure and electron temperature compared be-
tween the upstream SOL (pu, Tu) and the divertor target (pt, Tt) at different
upstream densities, measured at the separatrix at the LFS midplane. The
sheath limited regime (a,d) shows no parallel gradient in pressure and tem-
perature. In the conduction-limited regime (b,e), the pressure is conserved,
while a gradient is formed in the temperature. The detached regime (c,f) is
characterized by parallel losses in both pressure and temperature. The pre-
sented profiles are given by SOLPS simulations, while similar characteristics
have also been reported in experiments [88].

2.3.2 Conduction-limited regime

As the collisionality increases, the parallel heat conductivity of the plasma

decreases, leading to a formation of a parallel temperature gradient be-

tween the upstream and divertor SOL regions (figure 2.3e). Heat trans-

port to the target is thus limited by the finite thermal conductivity, nam-

ing this regime conduction-limited regime. Pressure is still conserved
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along the field lines, and the decrease in the divertor temperature is thus

met by an increase in the divertor density. The ion flux to the targets

scales strongly as a function of the upstream density as Γt ∼ n2
u [59],

and the majority of the recycled neutrals is ionized in the SOL in front of

the targets. Ionization of recycled particles is thus the dominant particle

source in the SOL, and the conduction-limited regime is often called the

high-recycling regime.

2.3.3 Detachment

The approximation of Γt ∼ n2
u is given by the simple analytical two-point

model [59] which does not consider volumetric momentum and power

losses due to ion-neutral interactions, radiation and recombination. Ions

transfer momentum to neutrals in charge-exchange reactions and elas-

tic collisions with atoms and molecules, which are also accompanied by

power loss due to line radiation, if the neutral or — in the case of par-

tially stripped impurities — the ion ends up in an excited state. The sig-

nificance of the ion-neutral interactions increases with decreasing plasma

temperature, as the ionization rate drops: figure 2.4 shows clear domi-

nance of charge exchange over ionization at temperatures below 5–10 eV.

Consequently, the growth rate of the target ion flux as a function of the

upstream density is reduced by ion-neutral interactions. This state, be-

ginning at the first deviation from the Γt ∼ n2
u prediction, is called the

onset of detachment [89].
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Figure 2.4. Reaction rates of ionization, charge exchange and recombination of deu-
terium at two different electron densities as functions of the plasma tem-
perature, given by ADAS [90].
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As the density is increased after the onset of detachment, experiments

at, e.g., ASDEX Upgrade, JET and the DIII-D tokamak in San Diego,

USA, have shown a region with the plasma density increasing to an order

of magnitude above the core density forming in the far SOL in front of

the HFS divertor target [89,91–93]. The underlying reason for the forma-

tion of this high-field side high-density front is not yet fully understood,

but the transport of plasma from the LFS divertor to the HFS divertor

via the private flux region by the �E × �B drift (see section 3.2.2) has been

speculated to have a significant role [89, 94]. The state during which the

HFS high-density front starts forming is characterized by high-frequency

radiative fluctuations close to the X-point, branding it the fluctuating de-

tachment state [89, 95]. Another characteristic to the fluctuating detach-

ment state is the occurrence of divertor plasma oscillations in a narrow

density range at sufficiently high heating powers [95, 96]. During the di-

vertor plasma oscillations, the divertor plasma momentarily returns from

the fluctuating detachment state to the onset state, which is observed as

peak-like increases in the target ion flux and temperature.

At the highest collisionalities, the increased ion-neutral interactions

drive the target ion flux to roll over and to begin to decrease. If the tem-

perature in front of the target decreases below 1–2 eV, the drop in the

ion flux is enhanced by volumetric recombination of the D+ ions to atoms

(figure 2.4). This state, with parallel gradients in both plasma pressure

and temperature, as shown in figures 2.3c and f, is called the complete

detachment state. At this point, the radiative fluctuations at the X-point

cease, and the HFS high-density front moves away from the target plate

and spreads further upwards in the divertor volume. As the target is thus

protected from the plasma influx by a buffer of neutrals, a detached di-

vertor is the desirable operational regime to withstand the extreme heat

fluxes in ITER and DEMO. As stated in section 2.2.2, inducing the mo-

mentum and power losses required to reach detached conditions can be

significantly eased by impurity seeding into the divertor plasma.

37



Scrape-off layer

38



3. Plasma flows in the scrape-off layer

Migration of impurity ions in the SOL from their initial locations to the

wall surfaces is largely determined by the flows in the edge plasma. De-

pending on the physical mechanisms giving rise to them, the flows in the

SOL can be divided to transport- and drift-driven flows directed parallel

and perpendicular to the magnetic field, respectively.

3.1 Transport-driven flows parallel to B

Transport-driven flows arise from spatial asymmetries of different plasma

parameters in the SOL, which exert forces on the fuel and impurity ions

and accelerate them along the magnetic field lines. Since the driving

forces are not directly related to the magnetic field, the directions of the

transport-driven flows do not change with the reversal of the field. Con-

sequently, they can be distinguished from the drift-driven flow compo-

nents experimentally by adjusting the magnetic configuration [97]. How-

ever, the development of the underlying asymmetries can be different in

a reversed- �B scenario, leading potentially to an indirect effect on the di-

rection and magnitude of the flows.

The net effect of the forces acting on the plasma ions of species j is

described by the momentum balance equation

mj

[
∂�vj
∂t

+ (�vj · ∇)�vj

]
= �FLor,j+ �F∇p,j+ �Ffric,j+ �F∇Te,j+ �F∇Ti,j+

�Fvisc,j+ �Smom,j,

(3.1)

where the forces �F�,j on the right-hand side correspond to the Lorentz

force, pressure gradient force, electron and ion temperature gradient forces,

friction force and viscous force, respectively. The last term, �Smom,j, covers

the momentum sources and sinks.
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3.1.1 Momentum sources and sinks

The momentum sources and sinks in the SOL are mostly determined

by radial transport and ionization. As discussed in section 2.1.1, radial

transport from core to the SOL is postulated to peak in the LFS mid-

plane region for the fuel ions due to the curvature of the magnetic field,

while a notable contribution is also given by the ∇B × �B drift close to the

X-point and at the top of the plasma, as discussed in sections 3.2.1 and

6.5.2. Globally, this provides the dominant source term for the SOL flows

by creating a poloidal asymmetry in the SOL pressure (see section 3.1.3).

On a local scale, radial transport acts as both momentum source and sink

by transferring ions with radially varying velocities into and out of the

studied volume at a given radial location.

For a particle species j with an ionization state Z, ionization from jZ−1

or recombination from jZ+1 acts as a momentum and particle source,

which affects the flow of jZ by introducing new jZ particles with initial ve-

locities of jZ−1 and jZ+1, as well as by altering the pressure distribution of

jZ. Ionization of recycled neutrals may have a significant contribution to

the flow pattern in high-recycling conditions. Correspondingly, ionization

and recombination of jZ to jZ+1 and jZ−1, respectively, act as momentum

sinks for jZ by removing particles.

Another source/sink term is comprised by particle interactions via, e.g.,

charge exchange and elastic scattering in which momentum is transferred

from one particle species to another. As stated in section 2.3.3, this has

a strong role in the detachment process, as the ion flux to the divertor

targets is reduced due to momentum transfer from energetic ions to cold

neutrals.

3.1.2 Lorentz force

A charged particle in an electromagnetic field is affected by the Lorentz

force
�FLor,j = qj

(
�E + �vj × �B

)
, (3.2)

where qj is the charge of the particle. The magnetic part of the force makes

the ions gyrate around the magnetic field lines and, thereby, makes the

plasma flow effectively parallel to the field. However, it has no contribu-

tion in accelerating the ions in the parallel direction due to the cross prod-

uct with �B. Hence, the impact of the Lorentz force on the parallel flows

results from parallel electric fields only. Since the electric potential of the
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Figure 3.1. Typical poloidal distributions of the plasma temperature (a) and the parallel
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Figure 3.2. Parallel electric field drives flows mainly in the divertor region.
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plasma can be approximated to behave as V ∼ Te [59], and �E = −∇V ,

notable parallel electric fields exist only in regions with parallel temper-

ature gradients (figures 3.1a and b). Thereby, the parallel Lorentz force

has an effect mainly in the divertor volume, where it accelerates the flow

towards the divertor targets (figure 3.2).

3.1.3 Pressure gradient force

For the main ions, the primary driving force of the SOL flows is the pres-

sure gradient force [59]
�F∇p,j = −∇pj

nj
. (3.3)

As shown in figures 3.1c and d, the strong ballooning source at the LFS

midplane and the drift-driven particle source in the X-point region build

up a peak in the poloidal distribution of the SOL plasma pressure be-

low the LFS midplane, giving rise to pressure gradients between the di-

vertor targets and the source region. The pressure gradients are bal-

anced by flows down towards the LFS target and across the top of the

plasma towards the HFS target with the postulated stagnation point at

the pressure peak position below the LFS midplane (figure 3.3a). The sig-

nificances of the different pressure sources are investigated against this

hypothesis in more detail in section 6.5.2.
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Figure 3.3. Parallel flows driven from the postulated pressure peak (dark green region)
towards both divertor targets (a). Reversed near-SOL flow (v‖,∇p,rev) due to
strongly localized ionization (Sion) in high-recycling conditions (b).
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Due to their different source distributions this description does not con-

cern impurities except for helium, which is born in the core and trans-

ported radially into the SOL similarly to the main ions. The impurity

pressure gradient force becomes significant, for example, in the case of

point-like injections or in the vicinity of a strong local sputtering source.

However, the pressure-driven flow of the main ions plays an important

role also in impurity migration via frictional coupling.

Ionization-driven flow reversal in high-recycling conditions

The general pressure-driven flow pattern of the main ions described above

does not always hold, if strong and localized particle sources exist also

elsewhere than in the LFS SOL. This is the case in high-recycling con-

ditions, when the neutrals recycling from the divertor targets are read-

ily ionized in the divertor volume. In suitable conditions with the SOL

density and temperature peaking strongly in the near SOL, this ioniza-

tion takes place within a narrow region close to the separatrix also for

neutrals originating from the far-SOL regions of the target plate. As in-

dicated in figures 3.1e and 3.3b, the strongly localized ionization source

is postulated to create new peaks in the poloidal pressure distribution

which may exceed the original peak at the LFS midplane and, thus, re-

verse the direction of the plasma flow in the near SOL towards the top

of the plasma [59, 98]. The reversed plasma flux is eventually drained by

radial transport, and the particles flow back towards the target on outer

flux surfaces.

3.1.4 Friction force

The entrainment of flows between different ion species is expected to be

strongly driven by the collisional friction force [99]

�Ffric,j = mj

∑
k �=j

�vk − �vj
τS

≈ mj
�vi − �vj
τS

, (3.4)

where the sum, covering the forces exerted by all particle species k, is

approximated by the contribution of only the main ions due to their abun-

dance compared to the impurity species. The frequency of the entraining

collisions is given by the Spitzer collision time of Coulomb collisions [100]

τS = 1.47× 1013
mjTi

√
Ti
mi(

1 + mi
mj

)
niZ2

j ln Λ
, (3.5)
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where ln Λ ≈ 15 [59] is the Coulomb logarithm. Inserting this into equa-

tion (3.4) gives the key proportionalities

�Ffric,j ∼
niZ

2
j

T
3
2
i

(�vi − �vj) , (3.6)

indicating that the entrainment is the strongest in cold and dense plas-

mas for multiply ionized impurity ions.

3.1.5 Temperature gradient forces

Due to the T− 3
2 dependence of collisionality, given by the Spitzer collision

time above, regions with parallel temperature gradients are also char-

acterized by changes in collisionality along the magnetic field line. Ions

experience more collisions from the colder side than from the hotter side,

which can be interpreted as a net force [99]

�F∇Te/i,j
= αe/i,j∇Te/i, (3.7)

with [101]

αe,j = 0.71Z2
j (3.8)

and [102]

αi,j =
3
(
μ+ 5

√
2Z2

j

(
1.1μ

5
2 − 0.35μ

3
2

)
− 1

)
2.6− 2μ+ 5.4μ2

, (3.9)

where μ =
mj

mj+mi
. For impurities with mj ≥ 2mi, equation (3.9) gives

αi,j ≥ 0.93Z2
j > αe,j, indicating a stronger contribution of the ∇Ti force

than that of the ∇Te force. Moreover, since the parallel heat conductivity

of the plasma behaves as κ ∼ m− 1
2 [59], the heat conductivity of ions is

approximately 60 times lower than that of electrons, leading to ∇Ti >

∇Te, which further increases the dominance of �F∇Ti,j over �F∇Te,j . Steep

parallel temperature gradients typically exist only below the midplane,

especially between the X-point and the target, restricting the effect of the

temperature gradient force in the divertor region (figure 3.4).

3.1.6 Viscous force

Since the flow velocity of the SOL plasma typically varies radially, the

ions flowing at a given radial location experience friction from the ions

with different flow velocities on adjacent flux surfaces. This corresponds

to a viscous force [59]

�Fvisc,j =
∇ ·←→Π j

nj
, (3.10)

44



Plasma flows in the scrape-off layer
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Figure 3.4. Parallel temperature gradients below the HFS and LFS midplane regions
drive flows towards the higher temperatures.

where
←→
Π j is the viscous stress tensor. Typically, the viscous effects in the

SOL plasma are considered insignificant in comparison to the other forces

described above and, thus, ignored [59].

3.2 Drift-driven flows perpendicular to B

In addition to the parallel forces described in the previous section, the

ions experience forces also perpendicular to the magnetic field. In cer-

tain directions, these forces can cancel the magnetic qj�vj × �B part of the

Lorentz force that ties the ions to given field lines. This cancellation of

the centripetal force gives rise to cross-field particle drifts at a velocity of

�v�,j =
�F� × �B

qjB2
, (3.11)

where �F� is an arbitrary force whose direction deviates from �B. Due to

the �B
B2 dependence, the direction of the drift velocity changes with the

reversal of the magnetic field.

3.2.1 Drifts due to gradient and curvature of the magnetic field

The Lorentz force makes the ions gyrate around the magnetic field lines

at their specific Larmor radii

ρL,j =
mjv⊥,j

|qj|B , (3.12)
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where v⊥,j is the orbital speed of the ion perpendicular to �B. Due to the 1
R

dependence of the magnetic field, the Larmor radius decreases as the gyro

motion brings the ion closer to the central column. The variation of the

magnetic field that the ion experiences during the Larmor gyration can

be quantified by making the substitution �B → �B0 + ρL,j cos (ωL,jt) |∇B| b̂,
where �B0 is the magnetic field at the guiding center of the particle orbit,

ωL,j is the frequency of the gyro motion and b̂ is a unit vector parallel to �B.

Inserting this into the magnetic part of equation (3.2) and averaging over

one Larmor loop results in a net force

�F∇B,j =
1

2
qjv⊥,jρL,j |∇B| R̂ (3.13)

= −1

2
qjv⊥,jρL,j∇B

pointing outwards along the major radius of the device.

The inertia of the ions travelling at a parallel velocity v‖ along the

curved magnetic field lines at a major radius R can be thought of as a

centrifugal pseudo force

�Fcurv =
mjv

2
‖

R
R̂ (3.14)

= −
mjv

2
‖

B
∇B,

where the 1
R dependence of �B has been used to give R̂

R = −∇B
B .

Inserting equations (3.13) and (3.14) into (3.11) gives a combined drift

velocity of

�v∇B×B̃,j = − mj

qjB3

(
v2‖ +

1

2
v2⊥

)
∇B × �B (3.15)

induced by the magnetic field geometry. The ∇B× �B drift drives particles

in the vertical direction, and the 1
qj

dependence makes ions and electrons

drift in opposite directions. In the so-called normal field configuration,

presented in figure 3.5, the magnetic field is directed such that the ∇B× �B

drift drives ions downwards and electrons upwards. In the normal field

configuration, the transition from the low- to the high-confinement mode

has been observed to occur at approximately 50% lower input power than

when the opposite field direction is applied [103]. Therefore, it is the most

commonly used magnetic configuration in tokamak experiments.

Driving ions and electrons vertically in opposite directions leads to the

formation of an up-down charge separation which is, eventually, balanced

by parallel currents in the SOL. The parallel ion flows corresponding to

these currents are called Pfirsch-Schlüter flows and run from both diver-

tor targets towards the top of the vessel in the normal-field configuration.
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Figure 3.5. The ∇B × �B drives ions downwards and electrons upwards in the normal
field configuration, giving rise to parallel Pfirsch-Schlüter flows.

Experiments have suggested that the Pfirsh-Schlüter flows can have a

strong contribution to the total parallel flow [104–107]. Reversing the

direction of the magnetic field reverses the polarity of the charge separa-

tion, and, consequently, also the direction of the Pfirsch-Schlüter flows is

opposite to the normal-field configuration.

3.2.2 Drifts due to electric fields

In addition to the parallel components of the electric fields in the plasma

driving parallel flows, the perpendicular electric fields give rise to cross-

field drifts. Inserting the electric part of the Lorentz force into equation

(3.11) yields a drift velocity of

�vẼ×B̃ =
�E × �B

B2
(3.16)

which — unlike the ∇B × �B drift — is independent of the charge and the

mass of the drifting particles, driving electrons, main ions and impurity

ions in the same direction at the same velocity.

The �E × �B drift most dominantly present in the SOL is caused by the

radial electric field (figure 3.6a). As stated in section 3.1.2, �E ∼ −∇Te

in the SOL, meaning that �Er is directed radially outwards and — in the

normal-field configuration with the ion ∇B × �B drift directed downwards

— the �Er× �B drift drives particles from the HFS over the top of the plasma

to the LFS in a direction that deviates from poloidal only by the pitch
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angle of the magnetic field. In the private-flux region, the �Er × �B drift is

directed from the LFS to the HFS.

B

E
r

v
⊥,Er×B

E
θ

B

v
⊥,Eθ×B

(a) (b)

Figure 3.6. The poloidal �Er × �B (a) and the radial �Eθ × �B (b) drifts in the SOL and
private-flux region in the normal-field configuration.

In the divertor region, �E × �B drifts are also caused by the poloidal elec-

tric fields, whose effect in the parallel direction was described in section

3.1.2. Since �Eθ points towards the divertor targets, the �Eθ× �B drift drives

particles from the LFS divertor volume to the private-flux region and from

the private-flux region to the HFS divertor volume (figure 3.6b). Simula-

tions of JET L-mode plasmas have indicated that the radial �Eθ× �B-driven

ion fluxes from the LFS to the HFS divertor — accompanied by the �Er× �B

drift through the private-flux region — are up to an order of magnitude

stronger than the poloidal �Er × �B-driven fluxes into and out of the LFS

and HFS divertors, respectively [108]. Therefore, the �E× �B drifts act as a

net ion sink in the LFS divertor and a net ion soure in the HFS divertor,

advancing the formation of the HFS high-density front. The �Eθ × �B drift

also affects the local migration of recycling impurities at the LFS divertor

target (see sections 2.3.3 and 4.1).

If the particle source to the HFS divertor due to the �Eθ × �B drift is suf-

ficiently large, the arising in-out divertor pressure asymmetry can be bal-

anced by a pressure-driven parallel flow from the HFS divertor over the

top of the plasma to the LFS divertor. This requires similar redistribution

of the SOL pressure in the HFS divertor as was described in section 3.1.3

in the case of flow reversal in high-recycling conditions.
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3.2.3 Diamagnetic drifts

Similarly to the electric field, the perpendicular components of the pres-

sure gradient force — whose parallel contribution was described in section

3.1.3 — give rise to cross-field drifts. Combining equations (3.3) and (3.11)

provides

�v∇p×B̃,j = −∇pj × �B

qjnjB2
(3.17)

for the velocity of these so-called diamagnetic drifts.

Since the diamagnetic drift velocity depends on the pressure distribu-

tion of each specific particle species, general description of the drift direc-

tions is not as straightforward as in the case of �E× �B drifts. For the main

ions, the radial pressure gradient typically points towards the core, lead-

ing to a drift directed from the HFS over the top of the plasma to the LFS

in the SOL and from the LFS to the HFS in the private-flux region, simi-

larly as for the �Er× �B drift (figure 3.7). However, this does not necessarily

apply for impurity ions — especially in the case of singly ionized species

which are readily ionized further closer to the core, making their radial

pressure distribution peak in the far SOL. In this case, the direction of

the radial pressure gradient and the resulting poloidal diamagnetic drift

is opposite to the main ions.

B

∇
r
p

v
⊥,dia

Figure 3.7. The poloidal diamagnetic drifts of the main ions in the SOL and private-flux
region. The effect on impurity ions depends on the pressure distribution of
each impurity species.
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Conceptually, the plasma pressure drops towards the divertor targets,

leading to poloidal pressure gradients directed away from the targets and,

thereby, radial diamagnetic drifts driving ions inwards in the LFS diver-

tor and outwards in the HFS divertor similarly to the �Eθ × �B drift. How-

ever, the poloidal pressure distribution is heavily affected by the source

and sink terms due to recycling and radial transport, as discussed in sec-

tions 3.1.1 and 3.1.3, which changes the direction of the poloidal pressure

gradient in different regions. Therefore, determining the direction of the

radial diamagnetic drift velocity requires local investigation of the plasma

conditions.

As indicated by the 1
qj

dependence in equation (3.17), the direction of

the diamagnetic drift is opposite for ions and electrons, giving rise to a

net current running in the ion drift direction. The magnetic field gen-

erated by the poloidal current is directed against the confining external

field, giving the names for the diamagnetic drifts and currents. However,

the magnitude of this field is less than 1% of the main toroidal field, mak-

ing its contribution insignificant [109]. In the radial direction, the total

diamagnetic current is insignificant [59].
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The solid surfaces act as particle sinks in the SOL (see section 2.1.1). The

fuel ions, as well as migrating impurities, eventually arrive at either the

divertor targets by parallel transport or the main chamber wall by radial

transport. Consequently, mixed deposited layers are formed on the wall

surfaces together with part of the fuel particles being retained in and on

the plasma-facing components.

4.1 Deposition vs. recycling

While initial deposition on the wall surfaces increases linearly with the

plasma influx, the deposited particles are typically weakly bound to the

surface in comparison to the atoms in the bulk material [110]. Therefore,

they are readily re-eroded and recycled back into the plasma, where they

are ionized either in the core or in the divertor SOL depending on the

plasma conditions (see section 2.3). Recycling thus dominates and effec-

tively reduces net deposition in plasma-exposed areas.

In addition to the plasma flows, the cycle of re-erosion and re-deposition

that the recycling impurities experience plays a strong role in impurity

migration — especially in the case of impurities originating from the ero-

sion of the divertor targets. While the global scheme of plasma flows,

described in the previous chapter, is important in attached divertor con-

ditions, when recycled neutrals can proceed even into the core before ion-

ization, local effects are emphasized in high-recycling conditions, as the

ionization occurs close to the target.

The latter is the case especially for heavy impurities, such as tungsten,

whose Larmor radius is significantly larger than that of the main ions

due to the linear mass dependence in equation (3.12). If the Larmor ra-

dius exceeds the ionization mean free path of the recycled neutrals, the
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newborn ions are returned to the surface by the gyro motion within mil-

limeters from the original erosion site [111]. Due to the direction of the

ion gyration, this so-called prompt re-deposition can lead to poloidal mi-

gration of impurities along the divertor targets towards the private-flux

region on the high-field side and towards the far SOL on the low-field

side. Additionally, the shallow angle of the magnetic field with respect

to the target plates leads to a phenomenon known as walking [112]. As

the recycled neutrals are ionized and flushed back to the target by the

plasma flow, the inclined field makes them land some distance away from

their (re-)erosion site. The direction of the walking depends on the ge-

ometry between the magnetic field lines and the divertor targets: with

vertical target plates, the net movement is towards the strike point and

the private-flux region, while for horizontal target plates, the direction is

away from the strike point. In the normal-field configuration, the effect

of walking is emphasized by the radial transport of the newborn ions due

to the �Eθ × �B drift at the LFS or HFS target for vertical and horizontal

divertor configurations, respectively.

The impurities keep on recycling, until they are deposited in a location

that is either sufficiently cold or shadowed from the plasma influx to pre-

vent further re-erosion. Such deposition sites are provided by, e.g., gaps

between the divertor tiles and remote corners of the divertor structure. In

such regions, the mixed deposited layers may reach thicknesses of hun-

dreds of micrometers or even millimeters [113].

4.2 Fuel retention mechanisms

Together with the formation of mixed deposited layers, the contact be-

tween the plasma and the plasma-facing components leads to loss of fuel

particles to the walls. This retention happens primarily by two differ-

ent mechanisms: implantation into the bulk of the wall components or

co-deposition with impurity particles on the wall surfaces.

4.2.1 Implantation and trapping

Having been accelerated by the sheath potential, the fuel particles ar-

riving at wall surfaces have sufficient energy to penetrate the surface of

the plasma-facing material. In addition to inducing erosion of the surface

layer, as described in section 2.2.1, the particles can also diffuse deeper
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into the bulk of the material, leading to implantation of fuel into the

plasma-facing components.

Fuel retention by implantation is the most relevant for high-Z materials

in which the isotopes of hydrogen are highly mobile, allowing them to

diffuse to depths of down to 10 μm [114, 115]. However, while the fuel

inventory increases with the incident ion flux by approximately CH ∼ √
ΓH

through diffusion [116], the concentration quickly saturates to 1–5% [14]

in an undamaged lattice due to the lack of vacancies for the particles to

reside in. After this, the fuel particles begin diffusing back towards the

surface and are eventually released into the plasma.

Different kinds of lattice defects can significantly enhance the effective-

ness of implantation by providing trapping sites for the implanted fuel

particles (figure 4.1). In addition to pre-existing structural imperfections,

new vacancies are created by displacement of lattice atoms in particle

bombardment. Initially, the fuel particles are trapped in a layer within

∼ 10 nm from the surface in vacancies resulting from the collision cas-

cades caused by the ion influx itself [39]. Once the surface layer is sat-

urated, the fuel particles begin diffusing deeper into the bulk of the ma-

terial and are retained, for example, in neutron-induced traps. The ener-

getic MeV-scale neutrons born in the fusion reactions propagate through

the plasma-facing components, damaging the lattice structure over a wide

depth range [117,118]. Moreover, the neutrons can induce nuclear trans-

mutations in the wall materials and lead to the formation of, e.g., helium

bubbles which serve as additional trapping sited in the lattice [119].

(a) (b) (c)

W

n

D

Figure 4.1. Lattice defects, created by, e.g., neutron bombardment (a), serve as trapping
sites for the fuel particles diffusing into the bulk of the plasma-facing mate-
rial (b), while the undamaged lattice quickly saturates, and the fuel particles
diffuse back to the surface and are released into the plasma (c).

Trapping in lattice defects has been approximated to increase the fuel

inventory growth rate to CH ∼ Γ0.7
H [39] and is considered the driving
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mechanism of fuel retention in high-Z materials due to the high mobility

and quick saturation of hydrogen in undamaged lattices. Due to the na-

ture of implantation, it is restricted to wall areas exposed to direct plasma

influx.

4.2.2 Co-deposition

The impurity ions arriving at the plasma-facing surfaces are usually ac-

companied by fuel ions, which leads to the resulting layers becoming rich

in fuel. Such retention of fuel being trapped in deposited layers on the

wall surfaces is called co-deposition. The mechanism is illustrated in fig-

ure 4.2.

(a) (b) (c)

D
Be

Figure 4.2. Impurity particles arriving at plasma-facing surfaces simultaneously with
the fuel particles (a) form thick co-deposited layers in which the fuel is re-
tained (b). Having grown to a thickness of ∼ 10–100 μm, the amorphous
layers start flaking, releasing dust into the plasma (c).

Since the erosion yield of low-Z materials is typically higher than that

of high-Z materials, also the deposition fluxes of low-Z impurities are

often larger. Adding to the decreased implantation due to low mobility of

hydrogen, this makes co-deposition the primary fuel retention mechanism

with low-Z wall materials. However, the contribution of high-Z impurities

is not categorically ruled out but is only limited by their availability in the

formation of the deposited layers.

The co-deposited layers, as well as the amount of fuel retained in them,

grow linearly with the plasma influx, and co-deposits as thick as 1 mm

have been observed [113]. However, due to their soft and amorphous

structure, the layers typically begin to flake off around thicknesses of the

order of 10–100 μm [59, 110], leading to the release of potentially radioac-

tive dust into the plasma [120, 121]. Unlike for implantation, the fuel

concentration in the co-deposited layers does not saturate but can be up

to 50% [59]. The amount of fuel bound in the layers can be increased, if

the co-deposition occurs with chemically active materials, such as carbon,
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which form chemical compounds with the hydrogen isotopes. Moreover,

the porous and unorganized structure of the co-deposits provides trapping

sites for further incoming fuel particles.

As described in section 4.1, fuel retention by co-deposition is limited by

re-erosion of the co-deposited layers in plasma-exposed areas. Hence, co-

deposition predominantly takes place in cold and shadowed regions. This

is a concern in ITER, where the castellated wall tiles and the gaps be-

tween them provide more than 2 × 106 narrow gaps shadowed from the

plasma influx in the divertor alone [122]. Studies made on the beryllium

limiter tiles of the ITER-like wall of JET have shown 5–50% of the to-

tal fuel retention taking place in the castellations [123]. However, as the

surface area inside the castellations is almost four times larger than the

plasma-facing area of the limiters in JET [123], castellations are still not

the predominant deposition area in comparison to the plasma-facing sur-

faces.

4.3 Fuel retention in ITER-relevant first wall materials

During a standard discharge in the DT phase of ITER, approximately 50 g

of tritium will be injected into the vessel [110, 124], while only approxi-

mately 1 g will be spent on fusion reactions [125]. Hence, almost all of

the injected tritium needs to be collected out of the machine at the end of

the discharge to avoid premature shutdowns due to its 700-g safety limit

being exceeded. This is the main reason for discarding the original plan

of using carbon as a plasma-facing material in the divertor strike-point

regions in addition to beryllium and tungsten, as the enhanced fuel re-

tention due to the chemical erosion of carbon was estimated to lead to a

need for de-tritiation after only 250–750 discharges [39]. With the carbon-

free wall design of only beryllium and tungsten, this estimate increases to

1500–5000 discharges [39], which is supported by the order-of-magnitude

decrease in fuel retention after the shift from the carbon wall to the ITER-

like wall in JET [126]. Since this material composition involves both a

low-Z and a high-Z material, all the aspects described in the previous

section need to be taken into account when considering fuel retention in

ITER.
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4.3.1 Beryllium

As a low-Z material with a significantly lower erosion threshold energy

than that of tungsten, co-deposition with beryllium eroded from the main

chamber wall is expected to govern fuel retention in ITER. While beryl-

lium does not experience similar chemical erosion as carbon, its chemical

activity with hydrogen increases fuel retention both by the chemically en-

hanced erosion yield, described in section 2.2.1, and by binding the fuel

particles in different BeHX molecules in the co-deposited layers.

Compared to high-Z materials, diffusion of hydrogen isotopes into bulk

beryllium is slow, restricting implantation into beryllium plasma-facing

components to a shallow region of ∼ 10–100 nm from the surface [127,128].

Under ITER-relevant ion influxes, the implanted fuel inventory is ex-

pected to saturate within less than one second [129], reducing further

the significance of implantation in long-term retention in comparison to

co-deposition. Fuel particles can still be trapped inside the beryllium com-

ponents in vacancies created by ion and neutron bombardment, as well as

in helium bubbles formed in nuclear reaction chains triggered by neu-

trons [130]. Trapping can also be increased by the oxidization of beryl-

lium, as described in section 2.2.1. The amorphous beryllium oxide layer

provides trapping sites on the beryllium surfaces and, furthermore, may

act as a barrier preventing outwards diffusing implanted fuel particles

from being released from the bulk beryllium back into the plasma [127].

4.3.2 Tungsten

Due to the low physical erosion yield and lack of chemical erosion, notable

fuel retention by co-deposition with tungsten is not observed. Hydrogen is

highly mobile in tungsten, allowing retention mainly in traps created by

neutron damage and possible blistering of the relatively low-temperature

surface layer under high ion fluxes [39].

Generally, fuel retention in pure tungsten is not considered an issue

in fusion devices: the long-term retention in the full-W wall of ASDEX

Upgrade is less than one percent of the gas input [70] — an order of mag-

nitude lower than for the earlier full-C wall [131] — and more than 25000

discharges has been estimated to be required to reach the tritium safety

limit, if the entire first wall of ITER was made of tungsten [39]. However,

the impact of ITER-scale neutron fluxes on tungsten is still unknown, and

the neutron-induced trapping is expected to increase accumulation of fuel
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in tungsten in ITER [39].

4.3.3 Beryllium-tungsten compounds

Experiments at the PISCES-B linear plasma device have shown the for-

mation of BeXW compounds at elevated surface temperatures of tung-

sten plasma-facing components under beryllium-rich plasma influx. For-

mation of Be2W was observed at surface temperatures of approximately

900 K, while increasing the temperature to above 1050 K leads to the oc-

currence of Be12W and Be22W [132, 133]. The requirement of such high

surface temperatures restricts the formation of beryllium-tungsten com-

pounds in ITER mainly to the divertor strike-point regions.

Results from PISCES-B and IPP Garching indicate that the fuel reten-

tion properties of the beryllium-tungsten compounds are closer to beryl-

lium than tungsten, while retention is generally considerably lower than

due to co-deposition with beryllium only [134,135]. Hence, the beryllium-

tungsten compounds have a noticeable contribution to retention only in

deposition-dominated regions, such as the HFS divertor of ITER, where

the forming mixed layers are expected to be thick.

4.3.4 Controlling the fuel inventory

Once the tritium safety limit is exceeded, the walls in ITER have to be

cleaned from the retained fuel. The primary de-tritiation method planned

for ITER is baking, i.e., heating the beryllium plasma-facing components

in the main chamber to approximately 510 K and the tungsten compo-

nents in the divertor to 620 K [136]. While baking at approximately 800 K

would be required to fully release the retained fuel [129], such tempera-

tures are not allowed to avoid damaging the cooling systems of the wall

components, and complete removal of the fuel is not aimed for [137].

However, experiments made on divertor tiles of the ITER-like wall of

JET have suggested that baking at the aforementioned temperatures may

not be sufficiently efficient for ITER [138]. Release of 60–70% of the re-

tained fuel was observed only for thin co-deposits of approximately 3 μm

after several hours of annealing at 620 K, while only 15–30% of the fuel

was removed from thicker co-deposits of the order of 10 μm even after 15

hours of baking [138]. Furthermore, modelling of the fuel release indi-

cated that approximately 30–100 days of continuous baking would be re-

quired to decrease the retained fuel inventory in ITER to sufficiently low
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values for continued operation [139]. Hence, additional methods, such

as arc-discharge cleaning [140] or laser ablation [141], are considered for

de-tritiation in ITER.
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5. Spectroscopic measurements of HFS
SOL flows in different degrees of
HFS divertor detachment

Since the flows of the main ion species in the HFS SOL are considered re-

sponsible for transporting eroded material from the inner main chamber

wall to the HFS divertor, knowledge of their direction and magnitude in

different plasma conditions is essential in understanding impurity migra-

tion. Direct measurements of the HFS SOL flows of the deuterium ions

have been performed by Langmuir probes in the HFS midplane region

of the Alcator C-Mod tokamak at the Massachusetts Institute of Tech-

nology, USA [97, 105], as well as in the HFS divertor region of ASDEX

Upgrade [142, 143] and JT-60U [144, 145]. More recently, indirect spec-

troscopic and camera imaging measurements based on impurity injec-

tions have been introduced in the HFS midplane region of ASDEX Up-

grade [72,146, publication I] and Alcator C-Mod [147] as less intrusive al-

ternatives for the physical contact between the plasma and a solid probe.

This thesis presents experiments made at ASDEX Upgrade in 2015 and

2016. The former experiment has been documented in publication I, while

the results of the latter are unpublished at the time of writing.

5.1 Doppler spectroscopy in SOL flow measurements

The spectroscopic measurements reported in this thesis were performed

in the HFS mipdlane region of ASDEX Upgrade, where emission spec-

tra of N+ and N2+ ions, originating from N2 injection, were recorded in

toroidal and poloidal directions. The flow velocities and temperatures of

the respective ion species were determined by fitting the observed spec-

tral lines and by studying their Doppler shift and broadening. The choice

of nitrogen as the injected impurity species was supported by its common

employment as a seeding gas in ASDEX Upgrade and other tokamaks, as

well as the avoidance of similar co-deposited layers as with carbon which
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had been used in earlier similar measurements in ASDEX Upgrade [72].

The injection was kept at trace level to avoid perturbation of the plasma

conditions.

5.1.1 Diagnostics set-up in ASDEX Upgrade

Nitrogen was injected into the HFS SOL plasma as molecular N2 through

a single valve in the inner heat shield 13 cm above the HFS midplane. The

N2 molecules are promptly dissociated and ionized in the SOL, forming

an emitting cloud of low ionization states of nitrogen close to the injec-

tion site. This emission was recorded using the spectroscopic set-up of the

HFS edge charge-exchange recombination spectroscopy (CXRS) diagnos-

tics [148,149].

The HFS edge CXRS system consists of seven toroidal and poloidal lines-

of-sight observing the injection approximately tangentially to the mag-

netic flux surfaces, as illustrated in figure 5.1. In the plane of the injec-

tion, the toroidal lines-of-sight are separated radially by approximately

1.1 cm from each other, and the separation between the poloidal lines-of-

sight is approximately 1.4 cm. The radial coverage of the system is thus

comparable to the HFS SOL width in ASDEX Upgrade, while the num-

ber of lines-of-sight in the SOL depends on the geometry of the studied

plasma in the experiment due to their fixed radial positions. In these ex-

periments, the radial resolution of the measurements was improved by

sweeping the plasma radially during the injection.

The toroidal lines-of-sight run through the plasma at the height of the

injection, but also record the emission of recycled nitrogen in the LFS

SOL. Correspondingly, the poloidal lines-of-sight integrate through the

HFS SOL between the divertor entrance and the top of the plasma and

observe the nitrogen recycled from the inner wall. To eliminate the con-

tribution of recycled nitrogen and to improve the localization of the mea-

surements to the HFS midplane region, both toroidal and poloidal chan-

nels are paired with background lines-of-sight at corresponding radial

locations. Toroidally, the background lines-of-sight lie 10 cm above the

injection, while the poloidal background lines-of-sight are in a different

toroidal sector. Thereby, the background lines-of-sight observe the pas-

sive emission due to recycling which can be subtracted from the main

signal. In the poloidal direction, the background emission accounted for

approximately 10–20% of the recorded emission in these experiments. In

the toroidal direction, the contribution increased to up to 30–50%, since
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Figure 5.1. Poloidal (a,b) and toroidal (c,d) cross-sections of the plasma, showing the di-
agnostics set-up used in the experiment in the flow measurements.
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the toroidal background lines-of-sight observe also part of the injection

due to the poloidal spreading of the emission cloud.

Each line-of-sight is connected to a dedicated channel of an f/4 lens-

based Czerny-Turner-type spectrometer with focal lengths of 280 mm and

180 mm for the collimating and focusing lenses, respectively. The spec-

trometer is equipped with a grating of 2400 grooves
mm giving a wavelength

resolution of 0.027 nm and an approximately 14-nm wide measurement

region. A thorough description of the spectrometer set-up can be found

in [150]. The acquisition time of the camera was set to 2.5 ms, providing

a sufficient time resolution for capturing the dynamic behaviour of the

observed emission, e.g., during plasma sweeps.

In addition to the spectrometer, the emission cloud of nitrogen was also

monitored by the 01Eod camera [151], which normally observes the diver-

tor vertically from above. For this experiment, the camera was re-aligned

such that its field-of-view extended further up the inner wall to capture

the injection site. The camera was equipped with a shortpass filter with

the cut-off wavelength at 485 nm, eliminating, e.g., the contribution of

the Dα radiation in the images. However, the wide transmission range of

the filter does not allow separation of the emission of different ionization

states of nitrogen.

5.1.2 Effect of magnetic field on observed spectra

Spectroscopic analysis in tokamaks is affected by the Zeeman splitting of

the spectral lines due to the magnetic field [152]. The interaction between

the external magnetic field and the magnetic moment of the emitting par-

ticle splits the atomic energy levels — characterized by a combination of

the quantum numbers j, l and s — into 2j+1 evenly spaced sublevels with

a new quantum number mj = −j,−j + 1, · · · , j − 1, j whose energy sepa-

ration is linearly proportional to the external magnetic field [153]. Since

the electronic transitions take place between the split states according

to given selection rules, the number of closely spaced spectral line com-

ponents can be large for some transitions. By spectrometers with finite

wavelength resolution, this is observed as both broadening and splitting

of the recorded lines.

The spectra emitted in the same spectroscopic transition appear differ-

ent when recorded parallel and perpendicular to the magnetic field due

to different polarizations of the line components resulting from the Zee-

man splitting. The components can be divided into so-called π lines with
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Δmj = 0 and σ lines with Δmj = ±1. The polarization directions of the

π and σ waves with respect to the magnetic field are orthogonal to each

other such that their electric fields oscillate parallel to the field and in

a plane perpendicular to the field, respectively [154]. When observed in

a parallel direction, the σ components appear circularly polarized, while

the π components are completely absent. In a perpendicular view, both

types of lines are visible and linearly polarized. Since the wavelength

shift from the non-split case at B = 0 is typically larger for the σ com-

ponents, Zeeman splitting is thus observed more clearly in the parallel

direction, while with the addition of the π components in the perpendic-

ular direction, the observed lines tend to appear broadened rather than

split. This is shown in figure 5.2, where the Zeeman components close

to the initial wavelength are missing in the parallel view and strongly

pronounced in the perpendicular view.
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Figure 5.2. Zeeman splitting of an N(II) line at 463.05 nm, observed parallel (α = 0◦)
and perpendicular (α = 90◦) to a magnetic field of 4.0 T (a). Each marker
denotes the wavelength and relative intensity of a Zeeman component. The
zoom-in in (b) shows the fine structure of the closely lying line components
within a 0.01-nm wavelength interval. The high field of 4.0 T was chosen for
illustrative purposes to emphasize the effect.

5.1.3 Initialization of the spectral fit

Wavelength calibration of the recorded spectra

Since the determination of the flow velocities is based on wavelength

shifts of the spectral lines, it is essential to eliminate any systematic er-

rors in the wavelength axes of the measured spectra. This was done by
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recording the emission of a well-characterized neon calibration lamp over

the same wavelength interval as the nitrogen lines in the experiment.

The observed neon lines were fitted, and the deviations between their cen-

tral wavelengths and the known theoretical wavelengths of the respective

lines were calculated. The average deviations of two or more of the neon

lines then provided the line-of-sight-specific calibration shifts which were

applied on the wavelength axes of the measured nitrogen spectra prior to

fitting their spectral lines.

Subtraction of background emission

While the majority of the recorded emission is expected to originate from

a small volume toroidally and poloidally close to the injection valve due

to quick ionization of N+ and N2+ to higher ionization states, part of the

light is emitted by recycled nitrogen close to the ends of the spectroscopic

lines-of-sight. This background emission can distort the shapes of the ob-

served spectral lines due to different plasma flows and temperatures, as

well as different plasma conditions in its regions of origin — especially

in the case of the toroidal lines-of-sight which observe emission also from

the LFS SOL. The contribution of the background emission is, therefore,

eliminated before fitting the lines by subtracting the spectra recorded by

the background lines-of-sight from those recorded by the respective signal

lines-of-sight. As discussed in section 5.1.1, the background emission can

account for 10–50% of the recorded intensity, depending on the observa-

tion angle and the radial position of the line-of-sight.

Initial wavelengths of the Zeeman components

In the analysis, Zeeman splitting was taken into account by producing the

initial state of the spectral fit using the Xpaschen program, implemented

in ADAS as the ADAS603 module [90]. Xpaschen uses the atomic data

from ADAS to calculate the theoretical central wavelengths and relative

intensities of the split line components, originating from a given transi-

tion, with the strength of the magnetic field and its angle with respect

to the viewing direction specified as inputs. The magnetic field strength

is calculated from the magnetic equilibrium data, given by the CLISTE

code [155], at the (R, z, φ) position at which the studied spectral line-of-

sight crosses the plane of the N2 injection. Correspondingly, the angle

between the line-of-sight and the magnetic field is calculated at the same

position according to the geometry of the diagnostics set-up and the mag-

netic equilibrium data.
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Since the Zeeman components are produced by considering magnetic

conditions only at a single point on the plane of the injection, the effect

of the toroidal and poloidal spreading of the emission cloud on the shape

of the line-integrated spectra is not taken into account. However, due

to the spatial range of this spreading compared to the dimensions of the

magnetic geometry, as well as the finite wavelength resolution of the spec-

trometer, this is not expected to lead to a noticeable error: if the toroidal

extent of the emission cloud is estimated to be approximately 10–20 cm

from the injection plane, the variation of the magnetic field strength along

a linear line-of-sight passing through the cloud in the HFS midplane SOL

with R ≈ 1.1 m is only 1–2%.

Instrument broadening

The properties of the spectral instruments — determined mainly by the

width of the entrance slit through which the light is guided into the spec-

trometer — give the recorded spectral lines a Gaussian profile with a fi-

nite width even in the absence of any other line broadening mechanisms.

In the set-up used in the analysis, this instrument broadening is approx-

imately 0.03 nm, varying slightly between the lines-of-sight.

Since the instrument broadening corresponds to the minimum of the

observed line width, it was used as the initial value for the fitted line

width. Consequently, the initial states of the fitted spectra for each line-

of-sight were constructed as combinations of Gaussian functions with cen-

tral wavelengths and relative intensities given by Xpaschen and line widths

by the instrument broadening.

5.1.4 Determination of particle velocity and temperature

Having determined the initial values for the line fitting parameters, the

spectra are fitted with combinations of Gaussian functions according to

I (λ) =
∑
k

I0,ke
−(λ−λ0,k)

2

2w2
k , (5.1)

where the peak intensities, I0,k, central wavelengths, λ0,k, and widths,

wk, of the Zeeman line components k are used as fitting parameters. To

ensure the correct weighting of the different line components, the inten-

sity parameters, I0,k, are bound such that the relative intensities of the

components with respect to each other remain the same as predicted by

Xpaschen. The principle of determining the velocities and temperatures

of the ions from the fitted spectra is presented in figure 5.3.
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Figure 5.3. Basic principle of Doppler spectroscopy demonstrated on a single N(II) line
at 464.3 nm; the blue curve represents the measured spectral line in the case
of v = 5 km

s
and T = 20 eV, which is fitted by the green curve. The initial

state of the spectrum, corresponding to v = 0 and T = 0, is constructed as
a sum of the Zeeman components whose Gaussian widths are given by the
instrument broadening (a). The wavelength shift (b) and broadening (c) of
the eventual fit are then converted to velocity and temperature, respectively,
by equations (5.3) and (5.6).

Flow velocity

When the source of light emission moves with respect to the observer,

the observed peak wavelength appears shifted from the initially emitted

wavelength, λi, due to the Doppler effect. In the direction of the move-

ment, the successive wave fronts are packed denser and in the opposite

end scarcer than in the stagnant case, leading to apparent shifts towards

shorter and longer wavelengths according to [156]

Δλ = λi
v

c
, (5.2)

when the emitting particles move towards or away from the recording

system, respectively. Consequently, the velocities of the nitrogen ions can

be determined from the Doppler shifts of the fitted spectral lines as

v =
λ0,k − λi,k

λi,k
c, (5.3)

where the unshifted wavelengths, λi,k, correspond to the initial values of

the fit, given by Xpaschen. Since the line components are emitted simul-

taneously at the same transition of a moving ion, the central wavelength

parameters, λ0,k, are bound such that equation (5.3) gives the same veloc-

ity for each component.
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Ion temperature

In addition to the flow of the ions, Doppler shift is also caused by their

isotropic thermal motion. Due to the Maxwellian velocity distribution of

the thermal motion, the collective effect of the different Doppler shifts is

seen as broadening of the spectral lines according to [157]

wD = λ0

√
Ti

mic2
. (5.4)

Since the density-driven Stark broadening can be assumed smaller in the

plasma conditions in the HFS SOL at the midplane region, the width of

the spectral lines is thus given by the instrument broadening and Doppler

broadening as

w2 = w2
inst + w2

D. (5.5)

Thereby, the temperature of the ions can be calculated from the width of

the fitted lines, wk, by

Ti = mic
2w

2
k − w2

inst

λ2
0,k

. (5.6)

In a similar fashion as for the velocity, the line width parameters are

bound such that the same ion temperature is obtained for all line compo-

nents by equation (5.6).

5.2 Measured N+ and N2+ flows

The aim of the experiments presented in this thesis was to study the fea-

sibility of the described measurement technique in determining the effect

of the degree of HFS divertor detachment on the plasma flow in the HFS

midplane region. This was done by scanning the plasma density over sev-

eral discharges of different divertor regimes.

5.2.1 The experiments at ASDEX Upgrade

The measurements were performed in two sets of experiments in 2015

(AUG discharges #32125, #32130–33, #32136) and 2016 (AUG discharges

#33463–67) with the former concentrating only on N+ ions, while the lat-

ter provided data for both N+ and N2+ ions. The flows were studied dur-

ing low-power L-mode discharges with the plasma current, ECRH power

and Ohmic heating power of Ip = 0.8 MA, PECRH = 0.3 MW and POhm =

0.3–0.6 MW, respectively. The Ohmic heating power increased with the

plasma density throughout the experiment. In addition to ECRH, also

NBI was applied as short 10-ms blips at 0.5-s intervals to measure the

69



Spectroscopic measurements of HFS SOL flows in different degrees of HFS divertor detachment

t (s)

n
e,

ed
ge

 (
10

19
 m

-3
)

0.5

1

1.5

2

2.5

3

3.5

t (s)
0 1 2 3 4 5 6 7

0

0.5

1

1.5

2

2.5

3

3.5

#32125

#32130
#32130

#32132

#32131
#32133

#32136

#33464
#33464

#33463

#33466

#33465

(a)

(b)

Figure 5.4. Edge densities of the different discharges in the 2015 (a) and 2016 (b) exper-
iments as functions of time. The grey curves in (b) mark the densities of the
corresponding discharges from 2015.

core ion temperature by CXRS, but its contribution on the total heating

of the plasma was insignificant. The plasmas had a lower-single-null ge-

ometry with the ion �B × ∇B drift towards the lower divertor and a low

averaged triangularity of δ = 0.22 (figure 5.1). To obtain flow data over a

wide range across the SOL, a gap of approximately 10 cm was set between

the inner wall and the separatrix.

Discharge #32125 of the 2015 experiment was a density ramp, provid-

ing an overview on the evolution of the plasma conditions with increas-

ing density. Based on this, representative edge densities, shown in fig-

ure 5.4, were selected for the remaining five discharges. The presented

line-averaged edge densities are given by the H-5 chord of the deuterium

cyanide (DCN) interferometry diagnostics [158] and roughly correspond

to the separatrix density at the LFS midplane. Due to the lack of rep-

resentative data for the vertical interferometer chords in the HFS and

LFS SOL [159], the H-5 signal provides the most suitable reference den-

sity for the comparison between the experiments and simulations. The

lowest-density discharge, #32130, was performed in two steps, such that

flow data was eventually obtained at six different densities. With the ex-
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ception of the density ramp, the discharges of the 2016 experiment were

repetitions of these density cases. As indicated by figure 5.4, the corre-

spondence was good between the discharges #33463–66 and #32130–33

— albeit with less stable edge density — while the highest-density dis-

charge, #32136, could not be repeated due to a high-density disruption.

Selected parameters of both experiments are compiled in table 5.1. In the

figures further in the thesis, the different discharges are typically referred

to by using the edge densities listed in this table and the color coding of

figure 5.4.

Table 5.1. Core and edge densities, Greenwald ratios and Ohmic heating powers in the
different discharges of the 2015 and 2016 experiments. The discharges of the
2016 experiment have been organized to match to the columns of the corre-
sponding discharges of the 2015 experiment. For the discharges #32130 and
#33464, values for both density steps are presented.

2015 #32125 #32130 #32131 #32132 #32133 #32136

ne,core

(
1019 1

m3

)
2.0-6.0 1.8

2.3
3.7 3.3 4.4 5.3

ne,edge

(
1019 1

m3

)
1.0-3.3 0.95

1.15
2.0 1.6 2.6 3.1

n/nGW 0.2-0.6 0.18

0.23
0.37 0.33 0.44 0.53

POhm (MW) 0.3-0.8 0.35

0.4
0.45 0.45 0.55 0.6

2016 #33464 #33466 #33463 #33465

ne,core

(
1019 1

m3

) 1.8

2.3
3.7 3.3 4.5

ne,edge

(
1019 1

m3

) 0.95

1.12
1.95 1.6 2.6

n/nGW
0.18

0.23
0.37 0.33 0.45

POhm (MW)
0.35

0.4
0.45 0.45 0.55

N2 was injected into the plasma 13 cm above the HFS midplane four

times during each discharge by opening the valve for 50 ms at a time.

However, due to the length of the gas line between the control valve and

the plasma chamber, the gas did not enter the plasma as short blips but

rather as a continuous stream with pronounced peaks approximately 50–

100 ms after each opening. While the strength of the injections could be

controlled by adjusting the pressure in the nitrogen reservoir and the du-

ration of the valve openings, the injection rate of N2 into the plasma could

not be determined due to a broken baratron in the injection set-up. The

injections were accompanied by radial plasma sweeps of approximately
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1 cm to improve the radial resolution of the flow measurements.

Divertor target conditions
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Figure 5.5. Langmuir probe and divertor spectroscopy configurations used to monitor the
target conditions and the electron density in the HFS divertor, respectively.
The coordinate ΔS measures the distance from the HFS strike point along
the target plate, while the ΔX corresponds to the horizontal distance from
the X-point towards the HFS target.

The ion flux and electron temperature at the divertor targets were mon-

itored by a set of Langmuir probes [160], whose positions are presented in

figure 5.5. The radial coverage of the probe data was increased by sweep-

ing the plasma vertically by approximately 1.0 cm during the discharges,

which, however, was not sufficient to complete the profiles over the ver-

tical distance of 1.5–3.0 cm between the probes. Figure 5.6 shows the ion

currents, obtained by integrating the ion flux over the target plate, and

the strike-point electron temperatures as functions of the edge electron

density. On both targets, the ion current first increases before rolling over

at ne ≈ 2.1 × 1019 1
m3 and starting to decrease. The electron temperature

is always below 5–10 eV on the HFS target, whereas it decreases from

30 eV to 1–2 eV on the LFS target. This indicates that both the HFS and

the LFS divertors were in the high-recycling regime at the first four den-

sity steps (#32130-32) with the LFS target closer to attachment than the

HFS one. At the two highest densities (#32133, #32136), at least partial

detachment was achieved, as indicated by the roll-over of the target ion
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currents. At high densities, the scattering in the ion flux data is due to

the NBI blips, while the large scattering during the discharge #32131 is

caused by divertor plasma oscillations, as discussed below.

HFS SOL density

The density of the HFS plasma was measured in the divertor volume by

studying the Stark broadening of the Balmer Dδ and Dε emission [161]

and in the midplane region by reflectometry [162]. The Stark broadening

measurements are line integrated along the spectroscopic lines-of-sight

presented in figure 5.5 and provide, thus, non-localized information on

the evolution of the divertor volume density in horizontal and vertical

directions. Reflectometry, instead, is capable of measuring radial profiles

of the HFS midplane density.

With increasing edge density, the Stark broadening data shows the for-

mation and spreading of a high-density front in the HFS divertor vol-

ume vertically upwards away from the strike-point region and horizon-

tally away from the X-point (figures 5.7a and b). Consequently, the peak

divertor density reaches values of ne,HFS,div = 2–5 × ne,core, which is con-

sistent with earlier observations in ASDEX Upgrade and JET [91]. The

coordinate ΔS measures the distance from the HFS strike point along the
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away from the X-point (b) with increasing edge density. Significantly higher
SOL densities are measured at the HFS midplane than at the LFS midplane
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divertor target, as illustrated with the values corresponding to the ends

of the spectroscopic lines-of-sight, whereas ΔX is the horizontal distance

from the X-point (figure 5.5).

When comparing the HFS reflectometry data with profiles measured

at the LFS midplane at the same edge densities, figure 5.7c shows 4–8

times larger values at the HFS than at the LFS beyond the roll-over edge

density. This suggests that the high-density front extends all the way

to the HFS midplane region at high edge densities. Such behaviour also

agrees with earlier observations in ASDEX Upgrade [163,164].

Divertor plasma oscillations

Divertor plasma oscillations were observed throughout discharge #32131

within a narrow density interval at approximately ne,edge = 2.0× 1019 1
m3 .

As shown in figures 5.8a and b, the divertor plasma oscillations are char-

acterized by periodic brief increases of the target ion current and temper-

ature, enabling division of the oscillation cycle in two distinct states with

high and low flux to the target. The oscillations cease momentarily after

the NBI blips, which is possibly due to the increase in the power entering

the SOL after each beam blip.

As indicated by figures 5.8c and f, the HFS divertor volume density
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Figure 5.8. Divertor plasma oscillations are observed as periodic increases in the HFS
target ion flux (a,d) and temperature (b,e), as well as significant decreases in
the electron density in the HFS divertor volume (c) and midplane region (f).

drops by an order of magnitude during the high-flux states, while the

HFS midplane density decreases by a factor of 3–6. Similar correlation

between the oscillations and the HFS midplane density has also been re-

ported in [164]. Since the magnetic equilibrium data shows variation of

less than 2 mm in the HFS separatrix position during the oscillations,

which has been taken into account in the calculation of the R−Rsep coor-

dinate, the difference in the HFS density profiles between the high- and

low-flux states is not dominated by the movement of the plasma. Instead,

the simultaneous decrease in the HFS midplane and divertor density indi-

cates disappearance of the high-density front, as HFS divertor momentar-

ily returns from the fluctuating detachment state to more attached condi-

tions. This is observed as an increase in both the ion flux and the electron

temperature at the HFS target during the high-flux states (figures 5.8d

and e). While the described behaviour of the divertor conditions has been

discussed earlier in, e.g., [89,95,96,164], the occurrence of the oscillations

during the experiment provides additional insight also into their effect on
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the HFS SOL flows.

Impact of the flow measurements on divertor conditions
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Figure 5.9. Effect of the N2 injection on the difference in the target ion current (a)
and HFS divertor density (b) between corresponding discharges #32131 and
#33466 of the 2015 and 2016 experiments, respectively. The timing of the
injections in the 2016 experiment is seen as increases in the N(II) intensity
(c), marked with black dashed lines.

Even though the discharge #33466 was a repetition of #32131 in terms

of core and edge density and heating power, the plasma conditions in the

HFS divertor were significantly different between the two discharges (fig-

ure 5.9). While the target ion current was characterized by the peaks

caused by the divertor plasma oscillations throughout the discharge #32131,

only a few oscillations are seen for the discharge #33466 at approximately

t = 3.0 s, after which the ion current decreases rapidly and remains be-

low that of #32131 for the rest of the discharge. At the same time, the

high-density front disappears completely.

All the aforemetioned observations — the decrease in the target ion flux

and the disappearance of the divertor plasma oscillations and the HFS
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high-density front — have been connected to increased impurity seeding

in earlier studies [73, 91, 95]. Supporting this, figure 5.9 shows that the

target ion flux decreases after each N2 injection and the divertor plasma

oscillations and the HFS high-density front disappear after the first injec-

tion. The N2 injection was increased for the discharge #33466 to improve

the signal of N(III) emission, which appears to have affected the plasma

conditions. This suggests that the non-intrusiveness of the described mea-

surements becomes disputable, if the gas injection is too strong. However,

careful consideration of the injection rate, as well as determining an up-

per limit for it in terms of non-intrusiveness, was not possible due to the

incapability to measure its absolute value.

5.2.2 N+ flows at different degrees of HFS divertor detachment

N(II) emission at HFS midplane
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Figure 5.10. Spectral lines of N+ and N2+ ions used in the analysis recorded in toroidal
(a) and poloidal (b) directions. The spectral region recorded in the 2015 cov-
ered only the lines within 460–465 nm, while all of the lines were measured
in the 2016 experiment. Note the break of the λ axis at the vertical dashed
line.

The flow of N+ ions was studied in the 2015 experiment by recording the

emission originating from their 2s22p3p 3P → 2s22p3s 3P transition. The
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observed six N(II) lines within 460–465 nm are presented in figure 5.10.

The studied spectral range contains also two N(III) lines at 464.3 nm and

464.1 nm, but their low intensity and close proximity to significantly more

intense N(II) lines made successful analysis of N2+ lines impossible.
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Figure 5.11. Radial intensity profiles of the N(II) emission measured in toroidal (a) and
poloidal (b) directions during a radial sweep at different edge densities. The
grey region represents the uncertainty of the separatrix position.

Due to their parametric dependencies, the ionization and excitation of

N+ take place further away from the separatrix at increased densities.

This is seen in figure 5.11 as shifting of the peaks of the radial N(II) emis-

sion profiles towards the far SOL. These profiles have been obtained at

different edge densities of the discharges #32130–33 and #32136 by inte-

grating the recorded spectra over the most intense line at 463.1 nm during

a radial plasma sweep. To compensate for the uncertainty of the posi-

tion of the separatrix, the profiles have been shifted radially (see section

5.2.4). Due to the peaking of the emission in the far SOL, the fit of the

background-corrected spectra becomes unreliable at high densities in the

vicinity of the separatrix, where the signal-to-noise ratio is low. In the

subsequent analysis, data has therefore been omitted in regions where

the intensity recorded by the signal lines-of-sight is less than 50% higher

than the intensity recorded by the background lines-of-sight.

N+ flow profiles

At all densities, co-current toroidal flows of 2–10 km
s are observed in the far

SOL at distances larger than 2 cm from the separatrix (figure 5.12a). The
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Figure 5.12. Radial profiles of toroidal (a) and poloidal (b) N+ flow at different edge den-
sities. In the toroidal direction, the positive direction is defined as the co-
current direction, while poloidally the positive direction is away from the
HFS target, as given by the geometry of the spectroscopic lines-of-sight in
figure 5.1. The grey region represents the uncertainty of the separatrix po-
sition.

co-current direction is given by the positive values of the toroidal mea-

surements, as defined by the measurement geometry, and corresponds to

a parallel flow towards the HFS target. In all cases, the N+ flow velocity

increases towards the inner wall and with the edge density, showing an

approximately 2–3-fold increase at the same radial locations between the

lowest and the highest densities. The profiles have been shifted radially

in similar fashion as the intensity profiles in figure 5.11.

In the near SOL, the results show more significant differences between

the different density cases, suggesting reversal of the N+ flow, when the

HFS divertor is in the high-recycling regime. The reversal is the strongest

at the lowest densities (#32130) with velocities up to 7 km
s in the counter-

current direction and the reversed region extending by approximately

2 cm from the separatrix into the SOL. At medium densities (#32131-

2), the width of the reversed region is approximately half of that, and

the counter-current velocities are lower than at the lowest densities by

a factor of 2–5. At the highest densities, with a detached HFS divertor

(#32133, #32136), no reversal is observed, but the N+ flow is in co-current

direction across the entire studied region of the SOL.

The observations of reversed toroidal near-SOL flows are supported by
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N2 injection close to the centre of the bottom edge. The co-current direction
is from right to left.

the camera images in figure 5.13. In high-recycling conditions (figures

5.13a–d), the emission cloud has a distinct tail in both co- and counter-

current directions, whereas the cloud spreads only in the co-current di-

rection in detached conditions (figures 5.13e and f). This agrees with the

spectroscopically observed disappearance of the flow reversal at the high-

est densities. For each image in figure 5.13, a frame preceding the N2

injection has been subtracted to remove the background radiation. This

explains the dark regions in the divertor.

In terms of impurity migration from the main chamber to the HFS di-

vertor, the suggested flow pattern would indicate concentration of impu-

rity deposition above the X point, from the divertor entrance upwards, in

high-recycling conditions. In the near SOL, the plasma flow carries the

impurities towards the top of the plasma, reducing their deposition closer

to the HFS strike point. In detached conditions, deposition of impurities

could, instead, take place across the HFS target.

The measured poloidal N+ flows in figure 5.12b show no changes in

their direction or magnitude in the course of the HFS divertor detach-
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ment. Here, the positive direction is away from the HFS target. For

R − Rsep > 2 cm, the measurements show poloidal velocities below 1 km
s .

When compared to the magnitude of the toroidal flows in the same radial

region, such poloidal velocities are consistent with the poloidal component

of the parallel flow directed towards the HFS divertor. In the near SOL,

the poloidal flows are directed away from the HFS divertor at up to 2 km
s .

For the highest-density cases, this is in contradiction with the direction of

the toroidal flow, suggesting that the near-SOL poloidal flow is dominated

by the cross-field �Er × �B drift rather than the poloidal component of the

parallel flow. The measured velocities would correspond to a radial elec-

tric field of up to 7 kV
m which is of the same order as the radial electric fields

measured in the SOL of ASDEX Upgrade in the LFS midplane region in

earlier studies [165]. However, drawing conclusions on the magnitude

and direction of the poloidal flows and inferring the radial electric field

based on them is challenging due to the significant relative error of the

poloidal velocities and would require dedicated reference measurements

of the electric field.

Effect of the divertor plasma oscillations
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Figure 5.14. Divertor plasma oscillations cancel the reversal of the N+ flow (a) in the
near-SOL region, where the increase in the target ion flux is the most sig-
nificant (b), and shift the peak of the radial N(II) emission profile towards
the separatrix. The radial axis in (b) is mapped to 13 cm above the HFS
midplane. The grey region represents the uncertainty of the separatrix po-
sition.

The N+ flows measured during the discharge #32131 were observed to
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be affected by the divertor plasma oscillations. Figure 5.14a shows a divi-

sion of the toroidal flow profile in two branches between the high- and low-

flux states. In the far SOL, the toroidal flow increases by approximately

2 km
s in the co-current direction during the high-flux states. In the near

SOL within R−Rsep < 1 cm, coinciding with the significant increase in the

divertor target flux in figure 5.14b, the reversal of the flow cancels during

the high-flux states, and the flow is in co-current direction throughout the

SOL. Supported by the decrease in the HFS SOL density and the increase

in the target ion current in figure 5.8, these results suggest that the di-

vertor plasma oscillations are connected with increased parallel transport

during the high-flux states which pushes the HFS high-density front from

the upstream SOL to the HFS target. The peak of the N(II) emission pro-

file shifts radially by approximately 0.5 cm towards the separatrix during

the high-flux states (figure 5.14c), which is consistent with the decreasing

midplane density (figure 5.8) and the density behaviour of the intensity

profiles (figure 5.11).
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Figure 5.15. Radial N+ ion temperature profiles at different edge densities as combina-
tions of toroidal and poloidal measurements. The grey region represents the
uncertainty of the separatrix position.

An increase from approximately 20 eV to 60 eV towards the separatrix is

observed in the measured N+ ion temperatures at all densities, as shown

in figure 5.15, which combines data from both toroidal and poloidal mea-

surements. The profiles are shifted similarly as the intensity and flow pro-

files in figures 5.11 and 5.12. Noting the large scattering and error bars
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of the data, the temperatures do not show clear differences between the

different density cases. However, as was the case for the poloidal veloci-

ties, comparison of the temperatures suffers from the significant scatter-

ing and large error bars of the data. It is also noted that the comparison is

directly affected by the assumptions made in section 5.2.4 to compensate

for the uncertainty of the separatrix position.
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Figure 5.16. Radial N+ ion temperature profiles at the HFS midplane at ne,edge =

1.15× 1019 1
m3 (a) and ne,edge = 3.1× 1019 1

m3 (b) together with the electron
and ion temperature profiles at the LFS midplane from the corresponding
discharges. The LFS electron temperature data is a combination of the ECE
radiometry and core and edge Thomson scattering diagnostics, whereas the
LFS ion temperature data is given by edge CXRS. For clarity, only the fitted
data points from figure 5.15 are plotted for the N+ ion temperature. The
LFS data has been mapped to 13 cm above the HFS midplane. The grey
region represents the uncertainty of the separatrix position.

While the increased Ohmic heating at high densities could have lead

to an increase in the SOL power, the SOL temperature is typically ob-

served to decrease with increasing density [166]. Hence, the results sug-

gest higher degree of thermal equilibration between the N+ ions and the

deuterium plasma at high densities. This is supported by the comparison

to the electron and ion temperature data measured at the LFS midplane

(figure 5.16): at low edge density (figure 5.16a), the measured N+ ion tem-

peratures are lower than the LFS electron temperature by a factor of 2–3

in the near SOL, whereas they are equal within the scatter of the data at
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the highest edge density (figure 5.16b). However, with no measurements

of the D+ ion temperature in the SOL, the thermal equilibration of the N+

ions cannot be fully evaluated.

5.2.3 Effect of the observed ionization state

N(II) and N(III) emission at HFS midplane

In the 2016 experiment, the measured spectral region was adjusted such

that it covered the same six N(II) lines as in 2015, as well as six N(III)

lines within 451–454 nm, originating from the 2s2p3p 4D → 2s2p3s 4P tran-

sition (figure 5.10). Figure 5.17 shows the radial N(II) and N(III) emis-

sion profiles, obtained similarly as in figure 5.11 by integrating over the

strongest N(II) and N(III) lines at 463.1 nm and 451.5 nm, respectively, dur-

ing a radial plasma sweep. The profiles have been shifted radially by the

same logic as in figure 5.11 (see section 5.2.4). The significant increase in

the intensity level at the two highest density cases, #33465 and #33466,

is due to the increase in the N2 injection before these discharges.
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Ionization from N+ to N2+ takes place at higher temperatures than ion-

ization from N to N+. Correspondingly, the peaks of the N(III) intensity

profiles in figures 5.17c–d are 1–2 cm closer to the separatrix than those

of the N(II) profiles. Thereby, the N2+ ions are more likely to provide re-

liable data in the proximity of the separatrix than the N+ ions. On the

other hand, the N(III) signal decays faster towards the inner wall than

the N(II) signal, reducing the radial coverage of the measurements in the

far SOL.

Unlike in figure 5.11, the peak positions of the intensity profiles in fig-

ure 5.17 are not consistently shifted away from the separatrix with in-

creasing density, but both N(II) and N(III) emissions at ne,edge = 1.6 ×
1019 1

m3 (#33463) peak approximately 0.5 cm closer to the separatrix than

at ne,edge = 0.95×1019 1
m3 (#33464). Moreover, the plateau-like shape of the

intensity profile of discharge #33463 is slightly biased towards the sepa-

ratrix, as opposed to that of discharge #32132 in figure 5.11. Since the

reflectometry measurements show similar HFS mipdlane densities be-

tween discharges #33463 and #33464 and their counterparts #32132 and

#32130 from the 2015 experiment, the behaviour of the intensity profiles

suggests lower electron temperature in the far SOL in discharge #33463.

This would result in peaking of the ionization of N and the emission of N+

closer to the separatrix than in the discharge #32132.

The most extreme difference to the 2015 experiment is seen in the case

of the discharge #33466, during which the N(II) intensity peaks approxi-

mately 3 cm closer to the separatrix than at similar edge densities during

the discharge #32131. This suggests that the increased N2 injection rate

affected the plasma significantly also in the HFS midplane region in addi-

tion to the effects in the divertor (figure 5.9). No reflectometry data exists

for the discharge #33466, but the disappearance of the HFS high-density

front in figure 5.9 can potentially be connected to a similarly significant

decrease in the HFS midplane density as seen in figure 5.8f. In addition,

the increased N2 injection may have led to increased local cooling of the

plasma close to the injection site, reducing the plasma temperature in the

far SOL and, thereby, further shifting the ionization and emission peaks

towards the separatrix.

N+ and N2+ flow profiles

Similar behaviour of the nitrogen flows, with reversed near-SOL flows

in high-recycling conditions, was observed in the 2016 experiment as in
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2015. Figure 5.18 shows the radial profiles of the N+ and N2+ flows mea-

sured in the 2016 experiment together with the N+ flows of the corre-

sponding density cases of the 2015 experiment. The profiles have been

shifted as in figure 5.17. The N+ flows generally agree within the uncer-

tainties with those measured at similar edge densities during the 2015

experiment with the exception of the discharge #33466, whose deviation

from its 2015 counterpart #32131 has been discussed above. Moreover,

the reversed N+ flow close to the separatrix at the two lowest densities is

stronger than in the 2015 experiment, roughly by a factor of 2.
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background provide comparison to the N+ flows measured in the 2015 ex-
periment at corresponding edge densities, and the lighter grey region rep-
resents the uncertainty of the separatrix position.

The N2+ ions show similarly shaped toroidal flow profiles as the N+ ions
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but with 2–3 times higher flow speeds. This suggests stronger coupling of

the N2+ flow with the background D+ flow, as could be expected due to the

Z2 dependence of the friction force in equation (3.6). The quantitativity of

the measurements is, thus, improved by studying the emission of higher

ionization states. On the other hand, results are mostly obtained only

from the near SOL due to the rapid decrease in the N(III) signal in the

far SOL — the exception being the highest-density case #33465 for which

sufficiently strong signal was observed throughout the SOL.

In the high-recycling cases, where reversal of the near-SOL flow is ob-

served, the results show N2+ flows changing their direction approximately

0.5 cm closer to the separatrix than the N+ flows. Since the velocities of

both ionization states are measured simultaneously and obtained from

the same spectra, this is not attributed to a systematic error in the wave-

length calibration. Instead, the apparent shift could be an effect of line

integration, arising from the different radial and toroidal distributions of

the N(II) and N(III) emissions in the curved plasma.

The poloidal flows of N+ and N2+ ions in figure 5.18 show no difference

between the ionization states within the uncertainties of the data and

agree with the N+ measurements of the 2015 experiment. This supports

the earlier hypothesis of the poloidal flow being dominated by the �Er × �B

drift in the near SOL, as the drift velocity in equation (3.2.2) has no charge

dependency. However, drawing such conclusions is complicated by the

significant relative uncertainties of the poloidal flow data.

N+ and N2+ temperature profiles

Temperatures of 10–40 eV were measured for both ionization states, as

shown in figure 5.19. The data is a combination of toroidal and poloidal

measurements and is shifted radially in a similar fashion as the intensity

and velocity profiles. The exponential fits made to the data for clarity in-

dicate slightly lower temperatures for the N2+ ions in the near SOL than

for N+, while the values are still within the scatter of the data. As an ex-

ception, the temperature profiles of both ionization states coincide for the

highest-density case #33465. The lower values for the N2+ temperatures

are counterintuitive, as thermal equilibration with the main ions is ex-

pected to improve with ionization state. Since SOLPS 5.0 assumes equal

temperatures between all ion species and ERO does not provide the tem-

perature of the tracked impurity ions as an output, thermal equilibration

of the nitrogen ions could not be further investigated by the modelling
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tools used in chapter 6. However, it is noted that the uncertainties of

the temperature data are significant — especially close to the separatrix,

where the signal-to-noise ratio of the N(II) lines was degraded — and the

systematic difference between the N+and N2+ temperatures lies within

these uncertainties.
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Figure 5.19. Radial N+ and N2+ ion temperature profiles at different edge densities as
combinations of toroidal and poloidal measurements. Due to the small dif-
ferences in the data, the lowest-density discharge #33464 is represented by
the latter density step only. The grey region represents the uncertainty of
the separatrix position.

With the exception of the highest-density case #33465, the N2+ tempera-

ture profiles become steeper approximately 0.5 cm closer to the separatrix

than the N+ temperature profiles. Since the 0.5-cm shift in the shapes

of the N+ and N2+ temperature profiles is the same as in the case of the

flow reversal, it could be due to a similar line-integration effect as specu-

lated for the mismatch in the zero-crossing of the N+ and N2+ velocities.

This would indicate that the toroidal spread of the emission clouds has a

non-negligible effect on the radial localization of the line-integrated mea-

surements. The effect of line integration is investigated in section 6.6.2.
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5.2.4 Uncertainties of the measurements

Velocity and temperature

The statistical and systematic uncertainties of the measured flow veloc-

ities consist mainly of the uncertainty of the spectral fit and the small

variation in the wavelength calibration arising from the selection of the

different neon lines used for the calibration. Together, these factors have

been estimated to produce uncertainties of 3 km
s .

In the case of the nitrogen ion temperature, the uncertainty of the fit is

5–10 eV, increasing towards the separatrix. This is added to the 10-% er-

ror estimate of the instrument function, corresponding to approximately

10 eV, which yields a total uncertainty of 15–20 eV.

Separatrix position

The separatrix position on the HFS is not actively controlled in ASDEX

Upgrade, and the magnetic equilibrium data is known to show an uncer-

tainty of up to 1.5 cm for it [167]. Since 1.5 cm is a notable distance radially

in the HFS SOL, this strongly complicates interpretation of the measured

flow profiles.
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Figure 5.20. Shifts applied on the temperature profiles to compensate the uncertainty of
the separatrix position.

The significant uncertainty of Rsep has been compensated by aligning

the data according to the measured ion temperatures such that the gradi-

ent of the temperature profiles around the separatrix starts to increase at

roughly the same radial position at all densities. Such qualitative coinci-
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dence of the shapes of the ion temperature profiles at different densities

was widely observed in the SOLPS 5.0 simulations presented in chapter 6.

Upon this assumption, the data has been shifted by up to 1 cm away from

the core in the low-density cases and by up to 1 cm towards the separatrix

in the high-density cases (figure 5.20), resulting in the outcome presented

earlier in figure 5.15. While this procedure may improve the alignment

of the data from different discharges with respect to each other, the abso-

lute position of the separatrix is still uncertain. This has been taken into

account in the illustrations of the figures by the grey regions around the

separatrix representing the remaining uncertainty.

However, since the D+ ion temperature is not directly measured in the

HFS SOL, the validity of the aforedescribed assumption cannot be fully

justified. The steepening of the N+ temperature profiles further away

from the separatrix at high densities could also be due to improved ther-

mal equilibration between the N+ and D+ ions at high densities. Remov-

ing the applied shifts would narrow the differences between the toroidal

flow profiles in figure 5.12 and decrease the width of the region with the

reversed flow at the lowest densities. The poloidal flow profiles, on the

other hand, would be shifted away from each other, and the poloidal com-

ponent would change its direction deeper in the SOL at high density than

at low density. This would suggest a stronger contribution of the pos-

tulated �Er × �B drift extending further away from the separatrix at high

densities.

5.2.5 Consistency with earlier studies

Even though the N+ and N2+ are not expected to give a quantitative rep-

resentation of the D+ flow due to incomplete entrainment, the results ob-

tained in this work are in qualitative agreement with earlier direct probe

measurements of the D+ flows in the HFS SOL of ASDEX Upgrade, Alca-

tor C-Mod and JT-60U. The density behaviour of the N+ and N2+ flows was

also similar to observations of C2+ flow using the same method during an

L-mode density ramp in ASDEX Upgrade [72].

Results from all the listed devices have shown an increase in the flow

speed with distance from the separatrix [105,142–145], which is also seen

in figure 5.12 at all densities. At low densities with the HFS divertor

in the high-recycling regime, reversal of the near-SOL flow has been ob-

served also in the HFS midplane region of Alcator C-Mod [105] and the

divertor entrance of JT-60U [144], while the measurements in the divertor
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volume of ASDEX Upgrade did not show such an effect [142, 143]. How-

ever, the divertor probe of ASDEX Upgrade measures the plasma below

the X-point, being thus possibly below the region of strong localized ion-

ization, which is generally considered as the reason for the reversed flow

upstream (see section 3.1.3).

As suggested by the results for N+ and N2+ flows, detachment of the

HFS divertor was shown to cancel the flow reversal in JT-60U [168]. At

high densities, the far-SOL flow speed was observed to increase in both

JT-60U [145, 168] and Alcator C-Mod [105], where the HFS flow profile

was otherwise rather insensitive to the density. Similar effect can also be

seen in figure 5.12 for the N+ ions, but this can also be largely caused by

the improved entrainment between the N+ and D+ ions at high densities.

The general consistency with the earlier results for D+ flows suggests

that — despite their lacking quantitavity, as will be discussed in section

6.6.2 — the impurity injection measurements provide qualitative indica-

tions of the direction and behaviour of the D+ flow. Based on the obser-

vations from all presented devices, it can be postulated that detachment

of the HFS divertor re-distributes the SOL pressure by, e.g., broadening

the ionization region in the divertor volume. The underlying phenomena

behind the observations are studied in more detailed by SOL modelling in

the following chapter.

The agreement in the directions of the nitrogen flows and the D+ flows

measured in other devices suggests that the impurity flows are strongly

driven by the friction force between the impurity ions and the D+ ions.

This is supported by the consistently higher N2+ velocities in comparison

to the N+ ions independent of the flow direction. If the temperature gradi-

ent forces had a dominant role in the acceleration of the N+ and N2+ ions,

such an increase would be expected only in the reversed flow direction,

while the N2+ flow towards the HFS target would be decelerated due to

the Z2 dependence in equations 3.8 and 3.9. Stronger acceleration of the

N2+ ions in both directions could, instead, be interpreted as a consequence

of the Z2 dependence of the friction force in equation 3.6. However, simu-

lation of the impurity entrainment is necessary to assess the significance

of the different force contributions, as indicated in section 6.6.2.
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6. Interpretation of the impurity flow
measurements by SOLPS 5.0 and
ERO modelling

The results presented in the previous chapter indicate re-distribution of

the momentum sources in the SOL between high-recycling and detached

conditions. This hypothesis and the physical phenomena behind the ex-

perimental observations have been studied by modelling of the edge plasma

with the SOLPS 5.0 code package. In addition, assessing low-charge-state

nitrogen ions as a proxy for measuring deuterium flows has been carried

out with the ERO code.

The results of the SOLPS simulations presented in this thesis, as well as

the ERO simulations linked to them, have not been published at the time

of writing. Reproduction of the line-integrated N+ flow profiles of the 2015

experiment by ERO has been documented in publication I.

6.1 Modelling tools

The evolution of the SOL conditions at different input parameters has

been investigated with SOLPS 5.0. SOLPS has also been used for im-

proving the description of the plasma conditions in the 2015 experiment

by matching the code predictions as closely as possible to various diagnos-

tics data. The nitrogen injection and the entrainment of the nitrogen ions

in the deuterium flow close to the injection site has been simulated with

ERO.

6.1.1 SOLPS 5.0

SOLPS 5.0 is a code package which consists of the fluid code B2.5 [45]

and the Monte Carlo code EIRENE [169]. SOLPS provides a global in-

terpretation of the plasma conditions in the SOL, private-flux region and

the pedestal region inside the separatrix with input parameters, such as

fuelling and input power, defined by the user.
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The state of the plasma is calculated by B2.5 which considers the plasma

as a system of multiple fluids, corresponding to each particle species. B2.5

solves the Braginskii equations for particle continuity and conservation of

momentum and energy for each species together with the plasma poten-

tial equation according to user-specified boundary conditions. The solu-

tion can be produced with or without cross-field drift terms included. The

computation is done on a two-dimensional grid, whose geometry can be

varied from a simple linear slab to the magnetic and wall configurations

of specific discharges of different tokamaks. Due to the projection onto the

poloidal plane, the code assumes toroidal symmetry of the plasma condi-

tions.

The transport of neutral atoms and molecules and specified test ions,

such as D+
2 , is considered by EIRENE by solving the Boltzmann transport

equation of their distribution functions. The particles are followed until

they are transformed to other species through ionization or dissociation

or pumped out of the simulation volume. EIRENE models the neutral

transport in a three-dimensional geometry, considering also the volume

behind the plasma-facing surfaces and the structural components of the

vessel in, e.g., the sub-divertor region.

In a SOLPS run, B2.5 and EIRENE are coupled and operate iteratively.

The B2.5 solution is given as a background plasma for EIRENE which cal-

culates the intrinsic neutral sources due to recycling and volume recombi-

nation, as well as implements the extrinsic neutral sources, such as D2 fu-

elling and impurity seeding. EIRENE also evaluates the momentum and

power losses in ion-neutral interacions and, eventually, the ion sources

due to ionization of the neutral particles. The resulting source and sink

terms for particles, momentum and energy are passed to B2.5 which up-

dates the plasma solution accordingly for the next iteration round. During

one iteration round between two consecutive EIRENE calls, B2.5 solves

the fluid equations during an internal iteration of the order of 10 steps.

The simulations presented in this thesis were run on the TOK-S comput-

ers (Intel R© Xeon R© E5-2680 V2 processors at 2.80 GHz) of the Max Planck

Computing & Data Facility. In total, of the order of 104 B2.5-EIRENE it-

erations are completed during a run of approximately 24 hours. Without

the inclusion of the drift terms, a time step of the order of 10−4 s can be

set for the iterations, and typically only few runs are required to reach

a steady state, characterized by negligibly small temporal variation in

the particle content and plasma parameters, as well as stabilized resid-
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uals of the fluid equations. With the drift terms activated, the increased

complexity of the model requires decreasing the time step to the order of

10−7–10−5 s. Consequently, several consecutive runs are required to reach

full convergence, which can take weeks or even months. Hence, the time

scale at which SOLPS 5.0 is able to provide predictions or interpretations

of the plasma conditions is strongly subject to the level of complexity of

the applied physics model.

Radial transport model

Radial transport of particles and heat plays a significant role in reproduc-

ing experimental plasma conditions in SOLPS. Radial transport of par-

ticles is considered by B2.5 as a combination of anomalous diffusion and

convection according to

Γ⊥ = −D⊥∇⊥n+ nv⊥,conv. (6.1)

Similarly, radial heat transport is considered as anomalous conduction for

electrons and ions separately, given by

q⊥,e/i = −ne/iχ⊥,e/i∇⊥Te/i. (6.2)

The radial diffusion coefficient, D⊥, the convective radial pinch veloc-

ity, v⊥,conv, and the electron/ion heat conduction coefficient, χ⊥,e/i, are

not solved from the first principle by the code, but are given as radi-

ally varying input parameters. Typically used values of D⊥ ∼ 0.1–1 m2

s

and χ⊥,e/i ∼ 0.1–10 m2

s exceed the neoclassically predicted values by 1–

3 orders of magnitude [50, 51], highlighting the anomalous nature of the

radial transport model. The diffusion coefficient can also be decreased to

neoclassical levels by providing the radial transport convectively with the

radial pinch velocity v⊥,conv ∼ 1–100 m
s . This would highlight the non-

diffusive phenomena, such as microturbulence, in radial transport.

To account for the poloidal variation of radial transport due to the plasma

curvature (see section 2.1.1), the transport coefficients are scaled by the

factor
(
Bref
B

)α
. Here, Bref is the magnetic field strength on the magnetic

axis, and the ballooning parameter, α, determines the strength of the scal-

ing. Typically, values of α = 1–2 are used.

6.1.2 ERO

The Monte Carlo code ERO is used for tracking impurity particles of

trace amounts by solving their equations of motion in a given background
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plasma defined by the user. The plasma background is characterized by

its magnetic geometry, density, temperature and flow velocity, as well as

additional optional quantities, such as parallel temperature gradients or

parallel and perpendicular electric field components for evaluating the

temperature gradient and Lorentz forces and the �E × �B drift. Unlike in

SOLPS, the background plasma remains constant and is not affected by

the impurities during the course of the simulation. The simulations are

performed in a three-dimensional volume which, due to computational

limitations, typically covers a small region of the tokamak with dimen-

sions of the order of 0.1–1 m to enable investigation of local phenomena.

The impurity particles in ERO can originate from erosion of the plasma-

facing surfaces or from external injections. The impurities are entrained

in the background plasma (see chapter 3) and followed until they are de-

posited on the plasma-facing surfaces or exit the simulation volume. As a

result, the ERO simulation provides information on, e.g, erosion and de-

position processes on the plasma-facing components, as well as flow and

emission characteristics of the impurity species.

In this work, plasma-wall interactions were not considered in the simu-

lations, neglecting deposition and re-erosion of nitrogen. While local en-

hancement of the recycling of nitrogen close to the injection site was sug-

gested in [146], the emission of the recycled nitrogen measured before the

injection was approximately two orders of magnitude weaker than after

the injection. Hence, the contribution of the recycling nitrogen on total

emission is insignificant in comparison to the injection. This is due to the

most of the nitrogen ions exiting the simulation volume along the mag-

netic field lines through the end faces of the simulation volume instead

of being radially transported to the wall surface. Thereby, neglecting the

plasma-wall interactions has no notable effects on the solutions.

6.2 SOLPS simulation set-up

The SOLPS modelling work reported in this thesis consists of two paral-

lel sets of simulations aiming at explaining different aspects of the flow

experiment. To investigate the parametric dependencies of the HFS SOL

flows and to explain the physical phenomena driving them, a generic den-

sity and power scan was run. In addition to this, an attempt was made

to reproduce the plasma conditions of the different discharges of the 2015

experiment with special attention on the HFS divertor conditions.
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For both sets of simulations, a grid corresponding to the experiment

was created by the DivGeo program [170] by using the magnetic geom-

etry of the ASDEX Upgrade discharge #32132 at 4.0 s (figure 6.1). The

vessel geometry was extended with the neutral conduction model applied

in [94, 171], introducing additional sub-divertor structures and an exper-

imentally relevant implementation of the cryopump and turbomolecular

pump. In both sets, the drift terms were activated.
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Figure 6.1. Simulation grid used in the SOLPS modelling with the locations of the ex-
ternal particle and heat sources. The input power and the He2+ source are
distributed uniformly across the core boundary. The thick cyan and black
lines mark the separatrix and the target boundaries, respectively.

6.2.1 Density and power scans

In the density and power scans, the plasma was fuelled by D2 injection

through the outer wall at the LFS midplane. To allow a pre-defined up-

stream density space for the scans, the fuelling was set by a feedback

control on the electron density at the separatrix at the LFS midplane. To

provide a wide scope of different plasma conditions, the target value of

the feedback control was varied within 0.5–3.0×1019 1
m3 with 0.1×1019- 1

m3

intervals, covering roughly the density range of the experiment. However,

since the upstream separatrix density is affected by radial transport, the

97



Interpretation of the impurity flow measurements by SOLPS 5.0 and ERO modelling

density feedback adjusts the fuelling to reach the target value with the

given radial transport properties — in contrast to closer interpretation of

the experiment with fixed fuelling rates and varied radial transport co-

efficients. Therefore, the fuelling rates, set by the feedback control, may

deviate significantly from the experimental values, even if the separatrix

densities are similar. Moreover, the fuelling location was different to the

experiment (figure 6.1), the effect of which was not studied.

Nitrogen injection of 1017 1
s was introduced 13 cm above the HFS mid-

plane, similarly located as in the experiment. Due to the lack of infor-

mation on the experimental value, the injection rate could not be directly

compared to the experiment. Instead, it was selected such that the line-

integrated intensity of the poloidally measured N(II) emission was of the

same order between post-processed simulations and the experiment. The

nitrogen injection was atomic instead of molecular, unlike in the experi-

ment, but notable differences in the plasma solutions have not been ob-

served between injecting N and N2 in earlier SOLPS work [171, 172]. In

addition, a minor He2+ source of 1016 1
s was defined across the core bound-

ary. This mimics the residual helium from boronizations, based on helium

glow discharges [173], while also potentially mimicking the small α par-

ticle source from fusion reactions. However, in these simulations both

impurity sources were insignificantly small in comparison to the D2 fu-

elling rates of the order of 1020–1021 1
s : increasing the nitrogen injection

to 1018–1019 1
s was required to observe any notable effect on the plasma

solution.

The plasma was heated by a constant heating power through the core

boundary. For each density case, the input power was scanned within

0.3–0.7 MW with 0.1-MW intervals to provide coverage of the cross cor-

relations of upstream density and heating power in L-mode experiments

with similar parameter range to the one described in this thesis. The

input power was divided equally between electrons and ions.

As the aim of the density and power scans was not to accurately re-

produce the plasmas of the experiments, the radial transport coefficients

were kept fixed in the profiles presented in figure 6.2. Purely diffusive

radial transport of particles was assumed with the diffusion coefficient

decreasing to approximately 0.1–0.2 m2

s , depending on the poloidal posi-

tion. Identical heat conduction coefficients were used for both electrons

and ions. The ballooning scaling of the transport coefficients was defined

as Bref
B .
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Figure 6.2. Radial profiles of the radial diffusion and heat conduction coefficients used in
the density and power scans at the LFS midplane. The same heat conductiv-
ity was used for both electrons and ions.

6.2.2 Convection-dominated radial transport approach to
simulate the high-field side high-density region

A different approach was taken in an attempt to improve the correspon-

dence of the simulated plasma solutions with the plasmas of the 2015

experiment. The fuelling injection was moved from the LFS midplane

to the divertor dome through which the plasma was fuelled in the ex-

periment. To further ensure correspondence to the experiment, constant

fuelling rates were set for the different cases according to the fuelling

scheme of each discharge, and the upstream densities were controlled by

adjusting the radial transport parameters instead of using a feedback con-

trol. The applied fuelling rates are compiled in table 6.1. In the case of

discharge #32130, the aim was to model the second density step, while for

#32131, the low-flux state of the divertor plasma oscillation cycle was tar-

geted. For #32136, the fuelling rate could not be increased all the way to

the experimental fuelling rate of 15–17 × 1021 1
s due to excessive increase

in the simulated plasma density. The remaining mismatch between the

imposed and the experimental fuelling rate may be explained by residual

wall pumping, which was not accounted for in the simulations. The ni-

trogen and helium sources were defined similarly as in the density and

power scan.

As in the density and power scans, the heat source was set as a con-

stant input power through the core boundary. The input powers were esti-

mated by subtracting the radiative power in the main chamber, assumed

to originate mostly from the core, from the total input power. However,
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Table 6.1. D2 fuelling rates and input powers used in the convection-dominated radial
transport simulations, aiming at improving the correspondece to the different
discharges of the 2015 experiment by SOLPS.

#32130 #32131 #32132 #32133 #32136

ΓD2

(
1021 1

s

)
0.5 2.5 1.0 12.0 14.0

Pin (MW) 0.4 0.5 0.4 0.55 0.55

the approximation of the main chamber radiation, given by bolometry, is

known to be limited by low signal-to-noise ratio in the case of low-power

discharges with low radiation levels [174]. Therefore, the assumed val-

ues in table 6.1 were selected to provide the best obtainable agreement

with the plasma conditions, considering the dependences of the upstream

plasma temperature and the target ion flux on the input power, and may

deviate from the bolometric estimates. The input powers were divided

equally between electrons and ions. Changes in the power division were

observed to have notable effects only in the vicinity of the heat source at

the core boundary, indicating that the collisionalities of the plasmas were

sufficient to promptly equilibrate the power deposition to electrons and

ions.

Radial transport has been one of the key elements in modelling diver-

tor detachment in ASDEX Upgrade. In earlier work by Aho-Mantila et

al. [175], purely diffusive radial transport model was used in a similar

fashion as in the density and power scans. This resulted in a reasonable

description of the HFS divertor density within a factor of 2 of the Stark

broadening measurements. However, detachment of the HFS target was

not achieved with remaining overestimation of the target ion flux by a

factor of 3–4. Further measures to decrease the HFS target ion flux were

suggested by Wischmeier et al. [176] by postulating a strong increase in

the radial transport in the divertor volume with the ion diffusivity below

the X-point scaled up to the order of 100–10000 m2

s . This led to achievement

of a detached HFS divertor, but set a requirement for poloidally varying

transport assumptions, which could not be experimentally verified. In the

work of Reimold et al. [94], the description of the HFS high-density front

and, consequently, the detachment of the HFS divertor was observed to

improve following a strong decrease in the particle diffusivity close to the

separatrix and an addition of a convective pinch term in the LFS SOL to

mimic filamentary transport radially outwards.
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In all of the aforementioned contributions, cross-field drifts were found

essential in advancing the reproduction of the experimentally observed

in-out asymmetries in the divertor. Thus, the drift terms were activated

also in the simulations presented here.
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Figure 6.3. Radial profiles of the radial diffusion (a) and heat conduction coefficients
(b), as well as the radial convective pinch terms (c) used in the convection-
dominated radial transport simulations at the LFS midplane. The same heat
conductivity was used for both electrons and ions. Unless otherwise noted,
the D⊥ and χ⊥,e/i profiles in (a,b) coincide with that of the discharge #32130.
For reference, the diffusion coefficient used in the density and power scans is
plotted in grey. The electron and ion heat conductivity used in the scans was
similar to that of the discharge #32130.

In this work, the approach of Reimold et al. was taken further into the

direction of non-diffusive radial transport, as described in section 2.1.1.

The diffusion coefficient was decreased roughly by an order of magnitude

from the level of the density and power scans across the SOL. The result-

ing excessive steepening of the radial density profile was compensated

by applying a convective pinch radially outwards, as defined in equation

(6.1). As a result, the radial transport of particles is strongly dominated

by convection. However, it is emphasized that the applied radial convec-

tion is used as an anomalous description of non-diffusive radial transport

with no claims made on its physical origin. The transport coefficients,

aiming at providing improved correspondence to the different discharges,
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are presented in figure 6.3.

Inside the separatrix, a diffusive model had to be used instead of the

convection-dominated one to avoid peaking of the density in the proximity

of the separatrix, where the primary ionization source of the neutrals re-

cycled from the main chamber wall lies. Consequently, the density profiles

in the pedestal region were adjusted to resemble the experiment by differ-

ent radial diffusivities, which allowed balancing this peaking by diffusive

transport inwards towards the core. This suggests that either the radial

transport phenomena are different between the SOL and the pedestal re-

gion or convection outwards is not the underlying mechanism for the pos-

tulated non-diffusive transport. However, it is noted that, since the main

particle source for the SOL was the ionization source just inside the sep-

aratrix, the effect of the pedestal top density on the solutions was mostly

cosmetic.

Due to the requirement for a short time step of 10−6–10−5 s in SOLPS

runs with the drift terms switched on, full convergence of all experimen-

tally relevant simulations was not reached within the time frame of the

modelling work presented in this thesis, as given by the time traces of

the total number of particles in figure 6.4. This is particularly true for

the highest-density case, representing discharge #32136. Therefore, it is

noted that the presented solution for the highest density may not repre-

sent the final state of the respective modelling configuration. However,

the results can still be seen indicative in terms of the approach to improv-

ing the description of the HFS divertor detachment in SOLPS 5.0.
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Figure 6.4. Time traces of the total number of particles for the different convection-
dominated radial transport simulation cases. At high densities, convergence
has not been achieved.
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6.3 Midplane conditions
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Figure 6.5. Comparison of the radial profiles of electron density at LFS and HFS mid-
planes (a–e) and electron and ion temperature at LFS midplane (f–j) between
SOLPS and diagnostics data in the convection-dominated radial transport
simulations, mimicking the different discharges of the 2015 experiment. The
solid blue and red profiles represent the SOLPS predictions and are to be
compared to the cyan and magenta experimental data points, respectively.
The dashed profiles in (f–j) correspond to the SOLPS predictions of the elec-
tron and ion temperature at the HFS midplane and are mapped onto the LFS
midplane. Note the saturation of the HFS reflectometry data in (c–e). The
grey region represents the uncertainty of the separatrix position.

Reasonable agreement is reached between SOLPS and the diagnostics

data of the midplane densities and temperatures of the different discharges

of the 2015 experiment by using the input parameters and radial trans-

port coefficients presented in table 6.1 and figure 6.3, respectively. In
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figures 6.5a–e, the experimental profiles of the LFS densities are combi-

nations of data from measurements by the lithium beam, core and edge

Thomson scattering and the reciprocating probe in the far SOL, while the

HFS data is entirely from the reflectometry measurements. In figures

6.5f–j, the LFS electron temperature profiles are combined from ECE ra-

diometry, core and edge Thomson scattering and reciprocating probe mea-

surements, whereas the LFS ion temperature data is given by edge CXRS

measurements. For the discharge #32131, ion temperature data was not

available.

The radial uncertainties of the diagnostics data were considered by shift-

ing the data sets from the different diagnostics by up to ±1.0 cm to unify

the profiles, while keeping the lithium beam data of the electron density

as an unshifted reference. The correspondence between the density and

temperature profiles is not lost in this process, as similar shifts are ap-

plied for both density and temperature in the cases of the core and edge

Thomson scattering data. The separatrix position was taken directly from

the magnetic equilibrium data. While it is known to have an uncertainty

of 0.5 cm, the time frame of the work did not allow a scan of the upstream

conditions with different separatrix positions. The remaining uncertainty

is indicated as a grey region in figure 6.5.

The LFS profiles are matched by SOLPS within the scatter of the exper-

imental data with the exception of the discharge #32133, whose pedestal

density could not be matched simultaneously with the SOL density within

the time frame of the modelling work. In the case of discharge #32136, the

simulated density profile follows the high end of the experimental data in

the near SOL and the separatrix region. This apparent overestimation

of the density has a significant effect on the divertor conditions due to

their strong dependence on the upstream density. Qualitatively, and as

observed in the experiment, also SOLPS predicts higher densities at the

HFS midplane than at the LFS midplane, which is the most apparent in

the cases of discharges #32131 and #32136 (figures 6.5c and e).

While the electron temperature profiles in figure 6.5f–j agree with the

diagnostics data within the scatter of the latter, the temperature at the

separatrix and in the near SOL appears to be systematically underesti-

mated with respect to the center of mass of the data, indicating a need

for improvement in the optimization of the heat conduction coefficients.

In addition, the separatrix temperatures in the experimental data appear

too high for low-power L-mode discharges — especially at the low den-
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sities (figures 6.5f–h), where the separatrix temperatures exceed 100 eV.

This suggests improper positioning of the separatrix for the experimental

data, which should be carefully re-considered in further modelling work.

Since shifting the separatrix also affects the match of the density profile,

and changes in the upstream profiles are stongly reflected on the divertor

conditions, the consistency between these simulations and the experiment

needs to be addressed in future studies.

Since no measurements of the ion temperature exist in the SOL, the ion

temperature profiles could be compared to experimental data only inside

the separatrix. Due to the lack of reference data, the same heat conduc-

tion coefficients were used for the ions as for the electrons, and the rep-

resentativity of the SOLPS predictions of the ion temperature in the SOL

cannot be evaluated.

The SOLPS solutions in figure 6.5f–j also predict a decrease in the ion

temperature between the LFS SOL and the HFS SOL, where the ions and

electrons are close to thermal equilibrium across the HFS midplane. For

the electron temperature, such a decrease is not observed; thus as the

temperatures on the LFS and HFS midplanes are almost equal. The dif-

ferent behaviour of the electron and ion temperatures can be attributed to

the significantly lower parallel heat conductivity of the ions, which leads

to weaker equilibration between the dominant heat source region on the

LFS and the HFS SOL. The similarity of the electron and ion tempera-

tures at the HFS midplane also shows that the comparison between the

measured N+ ion temperatures and the LFS SOL electron temperatures

in figure 5.16 is reasonable. In the light of the SOLPS predictions, the

agreement between the measured HFS N+ temperatures and LFS elec-

tron temperatures in figure 5.16b thus suggests that the Doppler spec-

troscopy measurements can provide indicative information on the D+ ion

temperature in the HFS SOL at high densities.

6.4 HFS divertor conditions

The divertor conditions were compared between the simulations and the

experiment by synthesizing selected diagnostics methods of ASDEX Up-

grade for post-processing the SOLPS output. While the aim of the generic

density and power scans was not to accurately match the experimen-

tal conditions, they are considered in the comparison in addition to the

convection-dominated radial transport simulations to provide information
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on how well the experimentally observed trends of different quantities are

reproduced with the two different simulation set-ups. This aims at giving

indications on the driving phenomena behind the improvement in predict-

ing the HFS divertor conditions.

Despite the inconsistencies in the upstream profiles and the lack of con-

vergence in the simulations, the presented solutions of the convection-

dominated radial transport simulations are indicative of the effect of al-

ternative transport assumptions on the simulated divertor conditions. How-

ever, they are not to be considered as absolute reproductions of the plasma

conditions in the experiment, but further work is still required for better

representation of the studied discharges. The comparisons between the

simulations and the different diagnostics data are presented to indicate

the qualitative and quantitative improvements in the description of the

divertor conditions with respect to the fully diffusive density and power

scans, as well as to earlier work.

6.4.1 Target conditions

Density and power scans

The ion current integrated over the HFS target and the electron temper-

ature at the HFS strike point in figure 6.6 suggest that the HFS divertor

ranged from fully attached conditions to the onset of detachment during

the density and power scans. At all input powers, the strike-point tem-

perature in figure 6.6c is comparable to the upstream value at the lowest

densities and decreases rapidly to below 20% of its initial value within

the density interval of ne,edge = 0.5–1.0 × 1019 1
m3 , marking the transition

from the sheath-limited regime to the high-recycling regime. Simultane-

ously, the target ion current in figure 6.6a increases until it saturates at

the edge density of approximately 1.8–2.5× 1019 1
m3 , depending on the in-

put power. This is in contradiction to the experimental behaviour of the

target current rolling over and decreasing to provide a detached divertor.

Similar contradiction is observed also for the strike-point ion flux in fig-

ure 6.6b. The strike-point region is typically the first region to detach

— as indicated by the lower roll-over density of the experimental data in

figure 6.6b — due to the vertical target configuration of ASDEX Upgrade

preferentially releasing the recycled neutrals towards the separatrix [89].

Instead, the predicted strike-point fluxes decrease only by approximately

30% of their peak values at high densities and overestimate the measured
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fluxes by an order of magnitude. Such shortcomings in modelling a de-

tached HFS divertor by SOLPS are a commonly known problem and doc-

umented in, e.g, [175, 177, 178]. Nevertheless, the state of a saturated

target ion current is here referred to as detachment for simplicity.

Convection-dominated radial transport model

The roll-over of the target ion current was predicted in the convection-

dominated radial transport simulations within the scatter of the experi-

mental data (figure 6.6a). Also the radial profiles of the target ion flux,

given by Langmuir probe measurements for each discharge of the 2015

experiment, were reasonably matched at both the HFS and LFS target in

figures 6.7a–e, providing an improved match also to the measured strike-
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point ion flux in figure 6.6b. At the low densities, the double-peak fea-

ture seen in the experimental ion flux profiles at the HFS target in fig-

ures 6.7a–b could not be reproduced, and such shape was never observed

during the process of varying the radial transport coefficients. While the

possibility could not be explicitly ruled out, the double-peak feature is,

nevertheless, not believed to be an artifact in the probe data [179]. In-
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stead, the feature could be attributed to the change in the slope of the

target plate towards the far SOL in figure 5.5. At the highest densities

in figure 6.7d–e, detachment of the HFS target was achieved, showing a

significant improvement in the correspondence to the experimental data

in comparison to the high-density cases of the density and power scans.

However, the predicted LFS target ion flux in figure 6.7e shows a narrower

profile and peaks closer to the separatrix than the Langmuir probe data,

which could suggest a still inadequate description of the radial transport

or other missing pieces of physics.

For discharges #32130–32, the Langmuir probe data in figures 6.7f–h

show 2–6 times higher electron temperatures at the LFS target than at

the HFS target, suggesting a more pronounced parallel temperature gra-

dient on the HFS in the high-recycling regime. While a similar difference

was also predicted by SOLPS, the obtained temperature profiles are sys-

tematically wider at the LFS target than the measured ones, leading to

an overestimation of the target temperature by up to a factor of two. At

the highest densities in figures 6.7i–j, the target temperatures are under-

estimated at both targets by up to a factor of four. However, it is noted

that the uncertainties of temperature measurements by Langmuir probes

are significant at low temperatures below 3 eV [180].

6.4.2 HFS high-density front

In addition to the roll-over of the target ion current, another feature char-

acteristic to a divertor approaching detachment is the development of the

HFS high-density front, whose adequate description was found essential

in achieving a detached HFS divertor by SOLPS 5.0 in [94]. This was

studied by synthesizing the Stark broadening measurements of the line-

integrated divertor density (see section 5.2.1). The electron density and

temperature, as well as the density of neutral deuterium, were interpo-

lated with dense sampling along the synthetic lines-of-sight presented

in figure 6.8a–b. The Stark-broadened Dδ emission line profiles were

then evaluated along each LOS using ADAS data and methods presented

in [181], and the synthetic line-integrated density measurements were

obtained from the widths of the integrals of these lines along each line-of-

sight.
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Density and power scans

For the density and power scans, the comparison of the SOLPS results

and the diagnostics data from the horizontal lines-of-sight in figure 6.9a–g

shows opposite behaviour of the high-density front between the code pre-

diction and the experiment. While the measured line-integrated density

increases vertically upwards and has it maximum above the X-point, the

SOLPS prediction peaks close to the strike point and decreases towards

the X-point. In the case of the vertical lines-of-sight in figure 6.9h–p, the

experimental data shows no variation in the line-integrated density in

horizontal direction at high edge densities, but the detection limit of the

Stark broadening measurements is exceeded at lower edge densities close

to the X-point. The latter is in line with the earliest horizontal detection

by the RXV004 and RXV005 lines-of-sight and suggests that the high-

density front starts developing in the near SOL between the strike point

and the X-point, possibly due to shifting of the ionization front upstream

after detachment of the strike-point region. In contrast, the SOLPS re-

sults show a clear decrease in the line-integrated density horizontally be-
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radial transport simulations. The numbers of the horizontal LOS (a–g) in-
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crease horizontally from the X-point towards the HFS target.

tween the target and the X-point. The peaking of the density horizontally

close to the target is in line with the prediction of the density peaking

vertically close to the strike point.

Convection-dominated radial transport model

In the convection-dominated radial transport simulations, the behaviour

of the high-density front is predicted more successfully than in the den-

sity and power scans with reasonable correspondence with the experi-

mental data at the highest upstream densities where data mostly ex-
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ists. At the highest edge density of ne,edge = 3.1 × 1019 1
m3 , the hori-

zontal lines-of-sight show an increase in the divertor density vertically

upwards from the strike-point region similarly to the experiment. At

ne,edge = 2.5 × 1019 1
m3 , the predicted divertor density peaks below the X-

point along the RXV004 line-of-sight, which is consistent with the exper-

imental data, although lack of data prevents comparison for the RXV007

line-of-sight. At lower upstream densities in the high-recycling regime,

the predicted divertor densities decrease vertically upwards similarly as

in the density and power scans but with systematically lower values.

In the case of the vertical lines-of-sight, the SOLPS prediction shows

quantitative agreement with the experimental data within the scatter of

the latter at the highest edge density of ne,edge = 3.1 × 1019 1
m3 . Slight

overestimation is observed close to the target at ne,edge = 2.5 × 1019 1
m3 ,

but to a lesser extent than in the density and power scans. In the high-

recycling regime, the prediction does not deviate significantly from the

density and power scans.

Role of radial transport

It is emphasized that, instead of accurately reproducing the experimental

plasmas, the aim of the density and power scans was to generally inves-

tigate the parametric dependencies of the HFS SOL flows on the plasma

conditions. However, the significant qualitative differences between the

predicted and measured line-integrated densities indicate that the ap-

plied SOLPS 5.0 simulation set-up fails in predicting the development

of the HFS high-density front. This is at least partly explained by the

fully diffusive nature of the non-drift-driven radial transport. Since the

increase in the HFS divertor density inverts the density gradient between

the core and the HFS divertor SOL, also the direction of the diffusive ra-

dial transport is inverted, leading to strong ion transport across the sepa-

ratrix from the common SOL into the core. By decreasing the perpendic-

ular diffusivity significantly — as was done in the convection-dominated

radial transport simulations and in [94] — such leakage is avoided, and

the high density is more successfully confined in the divertor volume. In

addition, the revision of the radial transport model allowed increasing the

fuelling rate close to the experimental values, which can further increase

the divertor density.

The observed improvement in the correspondence between the simula-

tions and the experimental data after changing the nature of the radial
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transport from fully diffusive to mostly convective is consistent with the

current understanding of the radial transport not being dominated by dif-

fusion (see section 2.1.1). While no claim of the driving phenomena behind

the radial transport is made based on the anomalous convective term, the

results suggest that a shift away from the diffusive approximation may be

necessary in order to quantitatively predict the plasma conditions in the

HFS divertor in the transition to detachment. This highlights the need

for first-principle calculations of the radial transport without the ad hoc

assumptions of the fluid codes.

6.4.3 Dδ and Dε line emission

Emission of the Dδ and Dε lines in the HFS divertor was calculated from

ADAS data and integrated along the lines-of-sight used for the Stark

broadening analysis described above (figures 6.8a and b). This allowed

comparison of the simulated line emission to the spectroscopic measure-

ments. Figure 6.10 presents this comparison for the Dδ line, while approx-

imately similar correspondence was observed for the Dε emission. The

sudden decrease in the measured intensities for the RXV003 line-of-sight

may be attributed to a failure in the intensity calibration of the spec-

troscopic data. For illustrative purposes, the experimental data for this

line-of-sight is presented also with a multiplication by a factor of 5.

Density and power scans

Close to the strike-point region, the density and power scans qualitatively

and also quantitatively reproduce the emision measured by the horizontal

RXV001 and RXV002 lines-of-sight within the scatter of the experimental

data (figures 6.10a and b). In this region, however, the electron density

was overestimated by a factor of 2–3 (figures 6.9a and b). Similar to the

prediction of the divertor density, the simulated Dδ emission decreases

vertically upwards, resulting in an underestimation of up to factor of 5 at

and above the X-point at the highest densities.

The vertical lines-of-sight ZIV001 and ZIV002 show strong emission

close to the HFS target (figures 6.10h and i). The fact that the observed

intensities are up to two times higher than those measured by the hori-

zontal lines-of-sight suggests that this strong emission originates mainly

from the private-flux region below the horizontal lines-of-sight. The SOLPS

simulations fail at predicting this increase and underestimate the emis-

sion by a factor of 2–5 at high densities. Midway between the HFS target
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Figure 6.10. Line-integrated intensity of the Dδ line emission in the HFS divertor as a
function of the edge density at the LFS midplane. The blue data points
correspond to the Stark broadening measurements of the 2015 experi-
ment, while the green shaded areas cover the range of the results of post-
processing the SOLPS density and power scan. The red square data points
represent the convection-dominated radial transport simulations. The num-
bers of the horizontal LOS (a–g) increase vertically upwards, while the num-
bers of the vertical LOS (h–p) increase horizontally from the X-point to-
wards the HFS target. The experimental data in (c) and all data in (h) and
(i) have been scaled by factors of 5, 0.8 and 0.4, respectively, for clarity.

and the X-point, the ZIV003–005 lines-of-sight are in quantitative agree-

ment with the measurements (figures 6.10j–l). However, the simulations

again fail at predicting the increase in the emission closer to the the X-

point (figures 6.10m–p), resulting in up to an order of magnitude lower

emission than in the experiment.
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Convection-dominated radial transport model

Similar to the divertor density, the convection-dominated radial transport

simulations provide an improved description of the Dδ emission in com-

parison to the density and power scans. This indicates an improvement

also in the prediction of the neutral densities in the divertor volume.

Unlike in the density and power scans, also the steep increase in the

emission recorded by the RXV004–RXV007 lines-of-sight at and above the

vertical height of the X-point at high densities is observed (figures 6.10d–

g). However, the increase is predicted already at lower edge densities than

in the experiment, and the emission is overestimated by approximately a

factor of 2 at ne,edge = 2.6 × 1010 1
m3 . It is also noted that the comparison

between the simulation output and the experimental data is challenging

for the highest-density case due to the large scatter of the latter for these

lines-of-sight.

The strong emission in figures 6.10h and i, postulated to originate from

the private-flux region, is underestimated by a factor of 3–5 at the high-

est density similar to the density and power scans. Otherwise, the simula-

tions are quantitatively consistent with the vertical measurements within

the scatter of the experimental data, including the increased line inten-

sity close to the X-point. Again, the comparison to discharge #32133 at

ne,edge = 2.6 × 1010 1
m3 is an exception: the emission is overestimated

by up to a factor of 3 for the ZIV003–005 lines-of-sight (figures 6.10j–l),

while underestimation by a factor of 3–4 is observed by the X-point for

the ZIV009 line-of-sight.

6.4.4 Divertor radiation

In a similar fashion as for the line-integrated density and Dδ line emis-

sion measurements, the bolometric measurements of the line-integrated

radiation in the HFS divertor were synthesized for the SOLPS output.

This was done by integrating the total radiated power density of all neu-

tral and ionic species, including bremsstrahlung, along the selected lines-

of-sight of the foil bolometry diagnostics in ASDEX Upgrade [182, 183]

(figures 6.8c–d). Since radiation of the neutral particles from EIRENE is

not given as an output in the standard post-processing tools, the atomic

radiation was calculated with the help of ADAS. This excludes molecular

radiation, which can affect the prediction close to the target plate and in

the cold remote areas of the private-flux region. However, simulations

of JET plasmas have suggested that the D2 molecules can be accounted
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for approximately ∼10% of the total divertor radiation [184]. Hence, the

effect of neglecting the molecules is not believed to be significant in the

overall correspondence between the simulations and the measured radia-

tion.
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Figure 6.11. Line-integrated radiative power densities in the HFS divertor at different
edge densities, corresponding to the discharges of the 2015 experiment. The
colored data points are given by the bolometry measurements of the exper-
iment, while the magenta shaded region covers the output of the synthetic
bolometry of the SOLPS density and power scans and the red curves corre-
spond to the convection-dominated radial transport simulations. The spa-
tial locations of the different lines-of-sight, identified by their number and
grouped by their color, are presented in figures 6.8c–d.

Density and power scans

In the divertor volume, represented by the FDC lines-of-sight in figure

6.11, the SOLPS prediction of radiation during the density and power

scan is consistent with the bolometry data. Exceptions are the FDC26–27

lines-of-sight, for which radiation is underestimated by up to an order of

magnitude at high densities. These lines-of-sight observe the corner of

the divertor, where the D2 molecular density peaks locally at 1–2 orders
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of magnitude higher values than the atomic density in the simulations.

Hence, the neglection of D2 radiation may be a partial reason for the

underestimation for these particular lines-of-sight. On the other hand,

radiation is constantly underestimated in the case of lines-of-sight, pre-

dominantly FHC and FVC, viewing the HFS target plate directly. More-

over, the experimentally observed significant relative increase in radia-

tion at the X-point, given by the FHC8, FHS6 and FLX4 lines-of-sight,

with increasing density is not reproduced. This is most probably due to

the lack in predicting the spatial distribution of the high-density front, as

discussed in section 6.4.2.

Convection-dominated radial transport model

In high-recycling conditions, the convection-dominated radial transport

simulations do not predict significant differences in radiation in compari-

son to the density and power scans. The only exception is the lowest den-

sity, for which the increases for the FHC10–13, FLX5 and FVC11 lines-

of-sight provide improved correspondence to the experimental data and

indicate increased radiation at the HFS target above the vertical height

of the X-point. At high densities, the simulated radiation front moves

vertically towards and above the X-point and, at the highest density, hori-

zontally towards the core. This is given by the increase in radiation for the

FDC16–20, FHS6 and FLX5–6 lines-of-sight, as well as the increase and

subsequent decrease in radiation for the FDC21–23 and FLX2–3 lines-of-

sight in figures 6.11d–e.

A significant increase in the total radiation is observed also for the FLH

lines-of-sight at the highest densities, leading to more pronounced overes-

timation of the radiative power than in the case of the density and power

scans. An exception is the FLH1 line-of-sight at the highest density, for

which the experimental data shows a similar strong increase. For the

FLH lines-of-sight, the representativity of the HFS divertor conditions is,

however, complicated by their line-integrated measurements also crossing

the LFS divertor leg, as seen in figure 6.8c.

Radiation mismatch at HFS target

The simulations tend to systematically underestimate the radiation at the

HFS target in comparison to the experimental measurements, as most

clearly seen for the FHC lines-of-sight in figure 6.11. These findings are

in qualitative agreement with earlier observations in, e.g., JET and DIII-

D [185–187]. However, the similarity of the physical phenomena behind
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the radiation deficit between the different devices could not be resolved,

and the observations may be particular to these results only. For ASDEX

Upgrade, the earlier predictions of neutral radiation vary from underesti-

mation [175] to consistency with the experiments [94].

Since the effect of neglecting molecular emission was predicted to be

small [184], the observed deficit is more likely caused by inadequately pre-

dicted neutral densities and plasma conditions close to the target. With

no measurements of the neutral density in the divertor volume, a direct

comparison cannot be made. However, the reasonable correspondence be-

tween the simulated and measured Dδ emission in figure 6.10 suggests

that significant discrepancies in the neutral density distribution do not

exist between the simulations and the experiment. It is, nevertheless,

noted that the agreements in the electron density and the Dδ emission

do not guarantee an agreement in the neutral density. This is due to the

temperature dependency of the ADAS coefficients for the radiated power

and the lack of possibility to validate the simulated divertor volume tem-

peratures against the experiment.

Since the HFS target temperatures in figures 6.7f–j are low compared

to the Langmuir probe data, it is unlikely that the radiation deficit would

be explained by underestimation of the neutral density because of overes-

timated plasma temperature. Instead, the underestimation of the target

temperature may have a significant contribution in the deficit at the high-

est densities, since the coefficients of the radiated power for deuterium, as

given by ADAS, show an increase by approximately two orders of magni-

tude between electron temperatures of 1 eV and 2 eV and by even three

orders of magnitude between 1 eV and 5 eV. Evaluating the correspon-

dence between the simulations and the experiments at such low temper-

atures requires dedicated and more sophisticated diagnostics, such as di-

vertor Thomson scattering. Such a system is currently operating in DIII-

D [188,189] and is designed also for ASDEX Upgrade [190].

The lines-of-sight observing the HFS target, especially the FHC and

FVC groups, cross also the core plasma (figure 6.8d). Therefore, they

register also the core radiation, whose contribution in the total radiation

can be comparable to the divertor radiation in low-power discharges, such

as in the simulated experiment. Since the SOLPS grid does not extend

further than the pedestal region into the core, the neglection of the core

radiation may partially explain the observed deficit. Moreover, a small

impurity content of ∼ 1% can potentially lead to a significant radiation
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contribution in experiments. In the simulations, residual impurities, such

as boron and carbon, were not considered, and the applied nitrogen and

helium sources provided an impurity concentrations of only ∼ 0.1% in the

divertor. With no measurements of the impurity densities or the effective

charge state, Zeff , in the divertor, the role of the impurities in the radiation

mismatch cannot be verified.

The inconsistencies in the upstream density and temperature profiles

are a fundamental source for misprediction of radiation. Based on the

density and power scans, a 10-% increase in either separatrix electron

density or temperature at the LFS midplane is estimated to give rise to an

increase of up to 20% in the synthetic radiation measurements. Moreover,

the formation of the HFS high-density front in L mode coincides with the

fluctuating detachment state, which is characterized by approximately 6-

kHz fluctuations in the divertor radiation close to the X-point [89,95]. The

time resolution of 30 ms of the foil bolometry system is too low to capture

these oscillations, and the resulting signal is a sampled time average of

the fluctuations. Since the oscillating nature of the radiation is not re-

produced by the SOLPS simulations, it remains an open issue, to what

degree the simulated radiation pattern can be assumed to agree with the

measurements.

6.4.5 Sub-divertor neutral fluxes

As discussed in section 2.3.3, divertor detachment is closely connected

to the density of neutral particles in the divertor. In ASDEX Upgrade,

neutral particle fluxes are measured by ionization pressure gauges in

several locations behind the plasma-facing surfaces [191] (figure 6.12a).

These gauges have been implemented in EIRENE as transparent surfaces

counting the passing neutral currents [94, 171]. To concentrate on the

neutral conditions in the HFS divertor, measurements behind the HFS

target, corresponding to gauges 19 and 20, and below the divertor dome,

corresponding to gauges 1, 4 and 7, are considered.

The density and power scans underestimate the neutral flux below the

divertor dome by a factor of 2–4 at high densities, while the prediction

follows the lower limit of the experimental observations behind the HFS

target (figures 6.12b–c). The underestimation is at least partly explained

by the D2 fuelling rates set by the density feedback control which were

2–3 times lower in comparison to the experimental fuelling rates at high

densities. In the convection-dominated radial transport simulations, the
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Figure 6.12. Sub-divertor neutral fluxes under the divertor dome (b) and behind the HFS
target (c). The blue, green and cyan data points correspond to measure-
ments by the pressure gauges in the sub-divertor volume, indicated by the
green color in (a), and the magenta shaded regions and the large red square
data points represent the synthetic measurements by the EIRENE test
surfaces during the SOLPS density and power scans and the convection-
dominated radial transport simulations, respectively.

fuelling rates were matched with the experiment with the exception of the

highest-density case, for which the fuelling rate was 10–20% lower than

in the experiment. Subsequently, the underestimation of the neutral flux

below the divertor dome is decreased to 15–40% at ne,edge = 2.5 × 1019 1
m3

and to 30–50% at ne,edge = 3.1×1019 1
m3 . The effect of the increased fuelling

is the strongest below the divertor dome, where the simulated neutral

fluxes are increased by more than a factor of 2 with respect to cases from

the density and power scans with similar upstream separatrix densities

and temperatures.

The remaining underestimation in the sub-divertor neutral fluxes may

indicate underestimation of the neutral density in the divertor volume,

which would also contribute to the radiation deficit between the simula-

tions and the experiment at the HFS target. However, since — even with

the aforementinoed significant increase in the sub-divertor neutral fluxes

— the convection-dominated radial transport simulations do not show no-

table differences to the density and power scans in radiation at the HFS

target at high densities in figure 6.11d and e, this is not likely to fully

explain the deficit.
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6.5 Studying the evolution of HFS SOL flows in different plasma
conditions by SOLPS

The evolution of the deuterium flow in the HFS SOL in different plasma

conditions with different degrees of HFS divertor detachment has been

systematically investigated by scanning the upstream density and the in-

put power in SOLPS simulations. The aim of this is to verify whether

the deuterium flow behaves similarly as the measured nitrogen flows in

the experiments and to study the parametric dependencies of the physical

phenomena behind the observations.

6.5.1 Behaviour of the D+ flow at HFS midplane

The qualitative behaviour of the parallel D+ flows in the density and

power scans was found to be consistent with the measured toroidal ni-

trogen flows in the previous chapter. Figure 6.13a presents typical ex-

amples of the radial flow profiles at the HFS midplane under attached,

high-recycling and detached HFS divertor conditions at an input power of

0.4 MW. In attached conditions, a strong flow towards the HFS divertor is

observed across the SOL, while a region of a reversed flow is formed in the

near SOL in high-recycling conditions. In detached conditions, the flow is

toward the HFS target but at a lower speed than in attached conditions.

It is noted that the sign convention of SOLPS is opposite to that of the

toroidal measurements in the previous chapter with negative velocities

corresponding to parallel flows towards the HFS divertor.

Effect of upstream density

A significant decrease in the flow speed and reversal of the near-SOL flow

is observed to coincide with the transition from fully attached to high-

recycling HFS divertor at ne,sep,LFS ≈ 0.9 × 1019 1
m3 (figures 6.13b–c). As

the density increases, the flow is reversed across a wider region in the

SOL, until the reversal is cancelled roughly at the density at which the

target ion current saturates.

Effect of input power

Increasing the input power increases the flow speed towards the HFS tar-

get in attached conditions and away from it in high-recycling conditions in

the near SOL (figure 6.14a). In addition, the behaviour of the far-SOL flow

in figure 6.14b shows that the region with the reversed flow extends wider

at high powers. With the exception of the lowest input power of 0.3 MW,
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the onset of the flow reversal occurs within 1 cm from the separatrix in the

transition from fully attached to high-recycling HFS divertor conditions,

as given by the v = 0 contours in figure 6.14c. As the reversed region

122



Interpretation of the impurity flow measurements by SOLPS 5.0 and ERO modelling

widens into the far SOL with increasing upstream density, the direction

of the near-SOL plasma flow switches back towards the HFS target. This

return to the normal flow direction starts from the separatrix, extending

to 1–2 cm away from it, until the reversal rapidly disappears everywhere,

coinciding with the saturation of the target ion current at all input pow-

ers.

The data for the different input powers in figures 6.14a–b could not be

unified by plotting them against the local collisionality or pressure of the

plasma. According to the predictions in chapter 3, the SOL flows are,

instead, postulated to be driven by global asymmetries in the plasma con-

ditions. The remainder of section 6.5 concentrates on investigating the

connection between these asymmetries and the plasma density and input

power.

6.5.2 Poloidal pressure asymmetries in the near SOL
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A typical poloidal ion pressure distribution in the near SOL, presented

in figure 6.15a, has two peaks: one above the X-point on the HFS and

another between the LFS midplane and the X-point. Outside the diver-

tor regions, the plasma pressure is mainly set by the static component,
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pi,stat = niTi, while the dynamic pressure, pi,dyn = miniv
2
i , becomes signif-

icant between the X-point and the divertor targets. As shown in figure

6.15b, the ion pressure peak in the HFS near SOL is mainly built by the

radial ion flux driven by the ∇B × �B drift away from the separatrix. On

the LFS, the pressure peak is due to a combination of the diffusive bal-

looning transport at the LFS midplane and the ∇B × �B drift between the

midplane and the X-point.
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The poloidal positions of the pressure peaks remain roughly the same

during the density and power scans, but their relative magnitudes change,

as shown by the differences of the HFS and LFS peak ion pressures in fig-

ure 6.16. In the near SOL, 0.5 cm away from the separatrix, the HFS

peak pressure exceeds the LFS peak pressure in figure 6.16a over approx-

imately the same upstream density interval in which the HFS midplane

flow is reversed in figure 6.14a. This is seen as a clear correlation between

the pressure difference and the parallel momentum at the HFS midplane

in figure 6.16b, suggesting that the near-SOL flow is to a large extent

driven by poloidal asymmetries in the ion pressure between the primary

particle source regions in the HFS and LFS SOL above the X-point. In
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support of this finding, the reversal of the near-SOL flow is consistently

observed to begin at the upstream side of the HFS pressure peak between

the X-point and the HFS midplane.

In the far SOL, a similar correlation is not observed in the simulations:

even though figure 6.14b shows reversed flows at high input powers also

in the far SOL 3.4 cm away from the separatrix, the pressure difference

in figure 6.16c is always in favor of the LFS. In addition, no correlation

is observed between the pressure difference and the parallel momentum

at the HFS midplane in figure 6.16d. It is, thus, postulated that the be-

haviour of the far-SOL flow is not primarily driven by poloidal pressure

asymmetries on each given flux surface.
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As discussed in section 3.1.3, reversal of the near-SOL flow is tradi-

tionally attributed to a pressure source in the divertor due to strongly
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localized ionization of recycled neutrals in the near SOL in high-recycling

conditions [59, 98]. Such localized ionization is supported by the compar-

ison of the spatial 2D distributions of the ionization source between the

different divertor regimes in figures 6.17a–c. In fully attached conditions,

the ionization is spread across a large region, extending also into the core

plasma, with the peak position close to the X-point. The postulated local-

ized ionization is observed in high-recycling conditions as a substantial

shrinkage of the ionization region into the vicinity of the target plate. In

the detached conditions, the ionization front widens and moves upstream

from the HFS target with the peak of the poloidal distribution almost

reaching the X-point at the highest density. This is due to the strong

increase in the divertor density and the subsequent decrease in divertor

temperature, as presented in figures 6.17d and e.
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The described correlation between the divertor conditions and the vol-

ume in which 50% of the ionization on the HFS occurs is observed through-

out the density and power scans (figure 6.18a). The ionization volume de-

creases strongly in the transition from fully attached to high-recycling

conditions, for which it is at its lowest. As the upstream density ap-

proaches and exceeds the density at which the target ion current satu-

rates, the ionization volume increases again. This behaviour is observed
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to correlate strongly with the near-SOL flow velocity at the HFS midplane

in figure 6.18b. These results, thus, indicate an expected connection be-

tween the near-SOL flow reversal and the localization of the ionization in

the HFS SOL.
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LFS midplane which increases almost linearly with the upstream density.

The poloidal distributions of the ionization sources in figure 6.17c, how-

ever, show that the strongly localized ionization region in high-recycling

conditions lies in immediate proximity of the HFS target, while the ioniza-

tion rate decreases rapidly towards the X-point. Since the spatial starting

point of the reversal of the near-SOL flow was observed to coincide with

the pressure peak above the X-point, peaking of the near-SOL ionization
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close to the target does not support the hypothesis of ionization directly

giving rise to the pressure peak inducing the flow reversal. An increase

in the ionization pressure source at the location of the near-SOL pressure

peak above the X-point is seen only at high densities in figure 6.19a, as the

ionization front shifts upstream towards the X-point. Within the density

interval of the reversed near-SOL flow, the pressure source due to ioniza-

tion is, instead, relatively low. The pressure source is determined as the

product of the volumetric ionization source and the ion temperature

Pressure source due to ∇B × �B drift

In high-recycling conditions within the density interval of the reversed

HFS midplane flow, radial transport dominates ionization in the forma-

tion of the HFS pressure peak by up to an order of magnitude (figure

6.19b). As indicated in figure 6.15b, the radial transport in this region is

primarily due to the ∇B × �B drift. The results here suggest that drift-

driven radial transport from the separatrix region into the near SOL

above the X-point shadows the pressure source due to localized ionization

and, thus, controls the upstream plasma flow in the HFS SOL.

At the separatrix, the drift-driven pressure source from the core to the

SOL in figure 6.20a does not show similar peaking in the high-recycling

conditions as the near-SOL source in figure 6.19b, with the exception of

the highest input powers. Instead, the source decreases monotonically

with increasing upstream density, suggesting that the relative increase

in the near-SOL pressure source in figure 6.19 is not directly due to drift-

driven radial transport from the core to the SOL, but is affected by the

SOL conditions. Figure 6.20c indicates that the separatrix density above

the X-point increases rapidly to 35–55% higher values than the separa-

trix density at the LFS midplane in the transition from attached to high-

recycling conditions. This coincides with ionization between the HFS tar-

get and the HFS midplane shifting predominantly into the SOL: for up-

stream densities larger than 1.0×1019 1
m3 , the share of the SOL ionization

increases from 50% to 80–95% (figure 6.20d).

The effect of the narrow ionization distribution (figures 6.17a and b) can

be seen in figure 6.20b as a relatively strong peaking of the radial den-

sity profile above the X-point in high-recycling conditions. This radially

localized increase in the density in the vicinity of the separatrix feeds the

pressure source due to radial transport, leading to the observed increase

between attached and high-recycling conditions in figure 6.19b. Since the
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Figure 6.20. Pressure source due to radial transport from the core into the SOL normal-
ized to the pressure at the LFS midplane (a) decreases almost monoton-
ically with increasing upstream density. The radial density profile above
the X-point on the HFS (b) shows the relatively strongest peaking in high-
recycling conditions. The relative increase in the separatrix density above
the X-point on the HFS (c) coincides with the shift of the majority of ion-
ization on the HFS (d) into the SOL in the transition from fully attached
to high-recycling conditions. The ∇B × �B drift velocity in the near SOL (e)
decreases with the ion temperature with increasing upstream density. With
the exception of (b), the colors of the curves correspond to the input power.

orbital speed of the Larmor gyration in equation (3.15) is defined to scale

with the ion temperature in SOLPS [45], the ∇B × �B drift velocity de-

creases with increasing density (figure 6.20e). The relative increase in

the separatrix density above the X-point in figure 6.20c does not show sig-

nificant decrease between high-recycling and detached conditions. There-

fore, the relative decrease of the pressure source in figure 6.19b can be

attributed to a decrease in the drift-driven radial flux due to decreasing

drift velocity. The temperature dependence of v∇B×B̃ also explains the be-

haviour of the decreasing pressure source across the separatrix in figure

6.20a, as the poloidal extension of the HFS high-density front does not

affect the density in the core (figure 6.20b).
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Pressure sink due to �Eθ × �B drift at HFS midplane

As the pressure peak increases above the X-point, also the pressure gradi-

ent between the peak position and the HFS midplane is increased. Since

a parallel pressure gradient gives rise to a poloidal electric field according

to [59]

Eθ = −
(
0.71

e
∇‖T +

1

en
∇‖p

)
Bθ

B
, (6.3)

this leads to an increased radial �Eθ × �B drift towards the core at the HFS

midplane. As seen in figure 6.19c, this drift-driven transport inwards is

sufficiently strong to exceed the diffusive transport outwards at high in-

put powers, creating a pressure sink at the HFS midplane. This further

emphasizes the pressure difference between the peak region above the

X-point and the HFS midplane, as presented in figure 6.19d. Similarly,

the role of convective transport inwards on the HFS has earlier been dis-

cussed in [192], where it was postulated to be essential in simulating the

measured SOL plasma flows at the top of the device and SOL asymme-

tries in JET.

6.5.3 Near-SOL flow pattern concluded

Based on the discussion above, the evolution of the the near-SOL flow pat-

tern and the pressure sources driving it in different plasma conditions are

schematically shown in figure 6.21. At low densities with a fully attached

HFS divertor, the poloidal pressure distribution in the near SOL is mostly

built by the ballooning source at the LFS midplane and the ∇B × �B drift

above the X-point (figure 6.21a). Due to the lack of additional pressure

sources on the HFS, the pressure peak on the LFS exceeds that on the

HFS, and the resulting pressure gradient drives a flow over the top of the

plasma towards the HFS divertor (figure 6.21d).

In high-recycling conditions (figures 6.21b and e), the increase in ion-

ization in the SOL and the beginning of the formation of the HFS high-

density front in the divertor volume increases the HFS SOL density also

above the X-point. Since the ionization is localized in a narrow region

close to the separatrix, also the increase in the density peaks in the vicin-

ity of the separatrix. This increases the near-SOL pressure directly and

feeds the drift-driven pressure source from the separatrix to the near

SOL. As a result, the HFS pressure peak dominates the poloidal distri-

bution, reversing the flow direction in the HFS near SOL. At high input

powers, the increased pressure gradient gives rise to a sufficiently strong
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sure peaks on the HFS and LFS, and the stronger peak is circled in ma-
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�Eθ × �B drift radially inwards at the HFS midplane to exceed the diffu-

sive radial transport outwards. This leads to draining of the ions from the

near SOL into the core, which further increases the pressure gradient and

accelerates the reversed flow in the HFS midplane region.

At high densities, the ionization of the recycled neutrals extends radially

over a wider region than in the high-recycling regime, which widens the

radial density profile above the X-point, thereby reducing its peaking at

the separatrix (figure 6.21c). Together with a decrease in the ∇B× �B drift

velocity due to the correlation between v∇B× �B and Ti, this reduces the

significance of the drift-driven pressure source above the X-point on the

HFS. Consequently, also the pressure sink due to the �Eθ × �B drift at the

HFS midplane disappears, and the LFS pressure peak exceeds the HFS

peak. Thereby, the plasma flow in the HFS SOL is again towards the HFS

target (figure 6.21f).
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6.5.4 Reversal of far-SOL flow

As discussed earlier, the behaviour of the far-SOL flow does not show cor-

relation with asymmetries between the HFS and LFS pressures, and re-

versal of the far-SOL flow occurred even though the HFS far-SOL pres-

sure was always lower than on the LFS. This rules out the dominance of

similar pressure sources in driving the flows as in the near SOL. Figure

6.22a shows that, unlike in the near SOL, radial transport is dominated

by diffusion in the far SOL, while the contribution of the ∇B × �B drift is

small below the HFS midplane. This is due to the geometry of the plasma,

presented in figure 6.1, as well as the density dependence of the convec-

tive part of radial transport in equation (6.1): in the far SOL, the flux

surfaces are more vertical than in the near SOL in the X-point region and

the plasma density is significantly lower than close to the separatrix. In

addition, the low ion temperatures in the far SOL decrease the ∇B × �B

drift velocity from the near-SOL values due to the temperature depen-

dence of v∇B×B̃, as discussed in section 6.5.2. Consequently, the vertical

∇B × �B drift does not create a similar strong pressure source as in the

near SOL. Similarly to the observation in the near SOL, the far-SOL ion-

ization source was found consistently lower than the drift-driven source

by a factor of 10–100 at low densities and 2–10 at high densities.

Radial transport still plays a key role in the behaviour of the far-SOL

flow by connecting it to the inner flux surfaces. Similar to equation 6.1,

radial transport of momentum in SOLPS can be considered as a combina-

tion of diffusion and convection according to

Γ⊥,mom = μ∇⊥v‖ + Γ⊥,imiv‖. (6.4)

The first term describes the effect of viscosity, μ, which is ignored in these

simulations. Instead, the radial momentum transport is set by the con-

vective term, carried by the radial ion flux, Γ⊥,i. The radial transport of

ions, flowing in a given direction on flux surface j, onto flux surface j + 1

provides a source of parallel momentum for the latter. Lacking such a

strong pressure source as in the near SOL, this radial momentum trans-

port becomes a significant contributor in controlling the far-SOL flow.

The strong coupling between the far-SOL flow and the radial momentum

transport from the inner flux surfaces is indicated by the linear depen-

dence of the parallel momentum at the HFS midplane and the convective

momentum source 3.8 cm and 4.8 cm from the separatrix in figures 6.22b

and c, respectively. In the case of reversed far-SOL flow, the total momen-
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tum source is summed between the X-point and the HFS midplane, while

for the flow towards the target, the sum is taken between the HFS mid-

plane and the top of the plasma. The observation suggests a fundamental

difference in the near-SOL and far-SOL flow patterns: while the near-

SOL flow is rather independently set by the pressure conditions on each

flux surface, the far-SOL flow is strongly dependent on the flow charac-

teristics in the near SOL and transport of parallel momentum along with

ions from there farther into the SOL.

While the near-SOL flow was observed to be affected by significant changes

in the direction and magnitude of the core rotation in [193], the role of ra-

dial momentum transport from the core to the near-SOL flow was not

studied in these simulations. However, since changes in the flow direction

were never observed inside the separatrix, the near-SOL pressure sources

are considered to dominate over core rotation in driving the observed HFS

SOL flows.
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6.6 Modelling the impurity entrainment by ERO

While the qualitative behaviour of the measured N+ and N2+ flows agrees

with earlier measurements of D+ flows in different tokamaks, and similar

behaviour was also mostly observed for the D+ flows in the SOLPS density

and power scans, the quantitativity of the measurements based on impu-

rity emission is an open issue. To investigate the entrainment between

the impurity ions and the D+ flow, the N2 injection has been modelled by

ERO.

6.6.1 Simulation set-up
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Figure 6.23. Three-dimensional simulation volume used in the ERO modelling in
poloidal (a) and toroidal (b) plane. The poloidal cross-section in (a) is taken
in the center of the simulation volume, marked with the green dashed line
in (b). The grey region corresponds to the central column and the orange
dashed line to the separatrix.

The ERO simulations were performed in a three-dimensional simulation

volume with toroidal, poloidal and radial dimensions of 100 cm, 30 cm and

30 cm, respectively, based on the simulations performed in [72, 194]. As

illustrated in figure 6.23, the simulation volume was placed such that the

nitrogen injection is approximately in the center of the volume. Unlike in

SOLPS, the breakup chain of N2 into N and N+ is accounted for in ERO.

The injection was, thus, implemented as a point-like source of thermal N2

molecules at an injection rate of 1018 1
s . Since the traced impurities have

no effect on the fixed background plasma and do not impact each other,

the N2 source rate affects only the statistical noise of the output for, e.g.,

emission of the nitrogen ions. Unlike in the experiments, the injection

rate was constant throughout the simulation. As the impurity distribu-

tion in the plasma is not stored between time steps, the simulations were

performed as single time steps of 1.0 s. As discussed in section 6.1.2, the
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plasma-wall interactions were not considered due to the insignificant con-

tribution of recycled nitrogen with respect to the injection.

The background plasmas for the simulations were created from SOLPS

output using a Matlab interface presented in [195]. The background plas-

mas consist of radial profiles of the electron density, electron and ion tem-

peratures and the plasma flow at the HFS midplane, as well as optional

inputs for the radial profiles of the parallel temperature gradients and the

parallel and radial electric fields. By default, the aforementioned profiles

are read or calculated directly from the SOLPS output, but can also be

scaled by manually specified factors or entered completely manually. The

profiles are interpolated into the three-dimensional simulation volume by

assuming toroidal symmetry and that the radial profiles of the different

quantities remain constant in the poloidal direction through the extent

of the simulation volume. The magnetic field components are calculated

based on the EQI equilibrium data of the discharge #32132 at 4.0 s.

6.6.2 Entrainment of the N+ and N2+ ions

Density and power scans

Entrainment of the different nitrogen ion species with the deuterium flow

was investigated in fully attached, high-recycling and detached HFS di-

vertor conditions based on the SOLPS density and power scans (see sec-

tion 6.2.1). The background plasmas for ERO were taken at an input

power of 0.5 MW and LFS midplane separatrix densities of 0.5 × 1019 1
m3 ,

1.2× 1019 1
m3 and 3.0× 1019 1

m3 . The background plasmas are direct inter-

polations of the SOLPS output with no additional scalings.

In fully attached and high-recycling conditions, the emission of the N+

and N2+ ions peaks close to the center of the simulation volume, corre-

sponding to the toroidal position of the N2 injection (figure 6.24). At the

highest density, the emission peaks shift downstream, especially in the

case of the N2+ ions, but still remain within 5–10 cm of the center of the

volume. Since the spectroscopic measurements rely on detection of the

emission, the impurity ions should, thus, be well entrained with the D+

flow immediately close to the poloidal plane of the N2 injection to provide

good representation of the SOL flows. Peaking of the emission close to the

toroidal position of the injection was also observed during the experiment

in the camera images in figure 5.13. However, it is noted that the cam-

era images combine emission from different ionization states of nitrogen.
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Figure 6.24. 90-% and 50-% emission contours of N+ (a) and N2+ (b) ions in fully at-
tached, high-recycling and detached conditions. The solid and dashed black
curves correspond to the inner wall and the separatrix, respectively.

Consequently, the peaking close to the injection is enhanced by emission

of neutral nitrogen, whereas the contribution of higher ionization states

with Z > 2 may have widened the toroidal extent of the emission in com-

parison to the N+ and N2+ ions studied here.

In the ERO simulations, instantaneous entrainment of the nitrogen ions

is weak, as given by the radial flow profiles of N+ and N2+ ions in the

center of the simulation volume in figures 6.25a–c. In fully attached and

high-recycling conditions in figures 6.25a and b, the N+ and N2+ ions are

close to stagnant in the center of the volume with no resemblance to the

D+ flow profile or clear difference between the ionization states. Only at

the highest density in figure 6.25c, partial entrainment is seen already in

the center of the volume with N2+ showing approximately two times faster

velocities than N+. The entrainment with the D+ flow is approximately

20–30% for N+ and 40–60% for N2+, while neither of the ionization states

has a similarly shaped flow profile as D+.

In fully attached and high-recycling conditions, the ion temperature gra-

dient force experienced by the N+ ions is comparable to or even stronger

than the friction force, as given by the radial profiles of the respective

forces in the center of the simulation volume in figures 6.25d and e. The

two forces act in opposite directions, with the exception of the near SOL

in high-recycling conditions, where they reinforce each other. This im-
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Figure 6.25. Radial profiles of N+ and N2+ flows (a–c) and the forces acting on the N+

ions (d–f) in the center of the simulation volume in fully attached (a,d), high-
recycling (b,e) and detached (c,f) conditions. The sign convention is the same
as in the SOLPS modelling with the negative direction corresponding to
parallel flow towards the HFS divertor. For clarity, the D+ flow has been
multiplied by 0.1 and 0.5 and the friction force by 0.1 in (a), (b) and (f),
respectively.

plies that the qualitative correspondence between the impurity flows and

the D+ flow can suffer from the presence of strong parallel temperature

gradients. However, as discussed in section 5.2.5, the behaviour of the

measured N+ and N2+ flows indicates dominant contribution of frictional

entrainment at all densities, suggesting that the effect of the temperature

gradient forces was minor in the experiments. In the case of N2+ ions, the

presented forces are stronger, but their relative magnitudes remain the

same due to the similar Z2 dependences in equations (3.4), (3.8) and (3.9).

At the highest density, the friction force strongly dominates over the

temperature gradient forces due to the increased density and decreased

temperature simultaneously increasing the friction force and decreasing

the temperature gradient forces. This also explains the degree of entrain-

ment of the N+ and N2+ ions observed already at the center of the simu-

lation volume in figure 6.25c.

At all densities, the velocity of the nitrogen ions increases with distance

137



Interpretation of the impurity flow measurements by SOLPS 5.0 and ERO modelling

v || (
km

 s
-1

)

-10

-5

0

5

10

0 10 20 30 40 50

I N
/I

N
,m

ax

0

0.2

0.4

0.6

0.8

1

x (cm)
10 20 30 40 50 10 20 30 40 50

(a) (b) (c)

(d) (e) (f)

N+
N2+

D+

×

×0.25

0.5×1019 m-3 1.2×1019 m-3 3.0×1019 m-3

Figure 6.26. N+ and N2+ flow velocities (a–c) and normalized emission intensities (d–f)
1 cm outside the separatrix as functions of the distance from the center of
the simulation volume in the direction of the near-SOL flow in fully attached
(a,d), high-recycling (b,e) and detached (c,f) conditions. The red lines in (a–
c) correspond to the D+ flow velocity of the background plasma at the same
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downstream from the center of the simulation volume in the near SOL

1 cm outside the separatrix (figures 6.26a–c). At the lowest density, the

entrainment between the nitrogen ions and the D+ flow remains below

20% throughout the volume and below 10% in the region of the most sig-

nificant N(II) and N(III) emission. In high-recycling conditions, the N+

and N2+ velocities exceed the D+ velocity by a factor of up to 4 at the

end of the simulation volume. This is most probably due to the predicted

strong ion temperature gradient force which, in high-recycling conditions,

acts in the direction of the near-SOL flow (figures 6.25b and e). At the

highest density, for which the frictional entrainment was found to domi-

nate in figure 6.25f, the N+ and N2+ ions reach 100% entrainment with

the D+ flow approximately 20 cm away from the center of the simulation

volume. At this location, however, the N(II) and N(III) emissions have de-

creased from their peak values, at which the entrainment of the flows is

of the order of 10–50%.

Significant differences are mostly not observed between the N+ and N2+
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velocities in figures 6.26a–c with the exception of the high-recycling condi-

tions close to the edge of the volume and the highest density at the center

of the volume. This is in contradiction to both the expected behaviour due

to the Z2 dependencies of the friction and temperature gradient forces and

the observed behaviour of the measured N+ and N2+ flows presented in

section 5.2.3. This may indicate that the movement of the nitrogen ions

is not directly set by the aforementioned forces, suggesting a need for fur-

ther ERO modelling in which the roles of the different force contributions

are more thoroughly studied. The experimental observation of faster N2+

flow can also partially be explained by the predicted wider toroidal extent

of the N(III) emission in figures 6.26d–f, leading to more emission being

picked up also further away from the injection, where the ions have been

accelerated more.

Convection-dominated radial transport model

Despite the remaining inconsistencies regarding the upstream profiles,

the SOLPS simulations with the convection-dominated radial transport

model provided a significantly improved correspondence between the sim-

ulated and measured HFS plasma conditions, including the density pro-

files at the HFS midplane (see section 6.3). Therefore, similar analysis

was performed also using these SOLPS solutions as ERO backgrounds.

Due to the improved description of the HFS plasma conditions, this pro-

vides better evaluation of the feasibility of the impurity injection mea-

surements in studying the SOL flows.

As observed in the 2015 experiment, ERO predicts shifting of the N(II)

emission peak towards the far SOL with increasing density (figure 6.27).

An exception is the highest-density case, #32136, for which the emission

is predicted to peak equally close to the separatrix as for the low-density

cases. This is likely due to the underestimation of the HFS far-SOL den-

sity and the SOL temperature in figures 6.5e and j. As in figure 6.24, the

emission peaks toroidally within 10 cm of the center of the simulation vol-

ume, except for the widely extended N(III) emission in the highest-density

case. Consequently, prompt entrainment of the nitrogen ions with the

D+ flow is required for representative spectroscopic measurements. The

emission distributions agree qualitatively with the camera images in fig-

ure 5.13 in terms of the peaking of the emission close to the injection

plane and its spreading in the direction of the plasma flow — especially

at the highest densities. However, as was the case for figure 6.24, direct
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Figure 6.27. 75-% emission contours of N+ (a) and N2+ (b) ions with the background
plasmas from the convection-dominated radial transport SOLPS simula-
tions, providing an improved correspondence to the different discharges of
the 2015 experiment. The solid and dashed black curves correspond to the
inner wall and the separatrix, respectively. Note the longer x range than in
figure 6.24.

comparison to the camera images cannot be done due to the inability to

distinguish the different ionization states in the latter.

Similarly to the density and power scans, the N+ ions are almost stag-

nant at the center of the simulation volume at low and medium densities

(figures 6.28a–c). At high densities in figures 6.28d and e, the N+ ions

are propagating in the direction of the D+ flow but at only 30–50% of its

velocity. With the exception of the lowest-density case, #32130, the N2+

ions show reasonable qualitative correspondence to the shape of the D+

velocity profiles. Also the immediate entrainment in the center of the vol-

ume is increased to 50–80%. It is noted that the D+ flow profiles do not

fully replicate the behaviour of the measured nitrogen flows. Instead, dis-

charges #32131–32 show reversed flow almost across the SOL, and the

velocity of the flow decreases towards the far SOL in discharge #32136.

With the exception of the lowest-density case, friction force dominates

the acceleration of the nitrogen ions (figure 6.28f–j). Unlike in the den-

sity and power scans, the friction force is significantly stronger than the

ion temperature gradient force already at medium densities (#32131) and

exceeds it by two orders of magnitude at the highest density (#32136).

This is due to the improved prediction of the increase in the HFS SOL
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Figure 6.28. Radial profiles of N+ and N2+ flows (a–e) and the forces acting on the N+

ions (f–j) in the center of the simulation volume in the simulations with
the improved correspondence to the different discharges of the 2015 experi-
ment. The sign convention is the same as in the SOLPS modelling with the
negative direction corresponding to parallel flow towards the HFS divertor.
For clarity, the friction force has been multiplied by 0.1 in (h,i) and by 0.01

in (j).

density. The increased contribution of the friction force also explains the

better correspondence between the nitrogen and deuterium flows than in

the density and power scans.

As in the density and power scans, the velocities of the nitrogen ions

increase with distance from the center of the simulation volume, as shown

in figure 6.29. At the two lowest densities in figures 6.29a and b, the

N2+ velocities exceed the D+ velocity by a factor of 2–3 at the edge of the
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Figure 6.29. N+ and N2+ flow velocities (a–e) and normalized emission intensities (f–j)
0.5 cm outside the separatrix as functions of the distance from the center of
the simulation volume in the simulations with the improved correspondence
to the different discharges of the 2015 experiment. The red lines in (a–e)
correspond to the D+ flow velocity of the background plasma at the same
radial position.

simulation volume. For discharge #32130, this can be explained by the ion

temperature gradient force, but in the case of discharge #32132, the ion

temperature gradient force acts in opposite direction to the acceleration.

However, the majority of the emission takes place close to the center of the

volume, where entrainment of the nitrogen ions is below 100% (figures

6.29f and g). At the higher densities in figures 6.29c–e, for which the

friction force strongly dominates the entrainment, the nitrogen ions adopt

the velocity of the D+ ions. With the exception of the N(III) emission at the
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highest density in figure 6.29j, the complete entrainment occurs, however,

after the emission has decayed. Consequently, the improved entrainment

is not registered by the spectroscopic measurements.

Effect of line integration

The line-integrated spectroscopic measurements emphasize the degree of

entrainment in the regions of the strongest emission. Due to the toroidal

extent of the emission cloud in the curved plasma, line integration can

also lead to qualitative differences between the shapes of the measured

and the actual radial flow profiles. To reproduce the line-integrated mea-

surement set-up, the output of the N+ and N2+ velocities and emission

intensities of the ERO simulation cases with the convection-dominated

radial transport SOLPS backgrounds were used for synthetic Doppler

spectroscopy, as presented in [194]. The line-integrated velocities were

obtained by

〈vN〉 =
∫
IN (�r)�vN (�r) · d�l∫

IN (�r) dl
, (6.5)

where the integration is performed along a given spectroscopic line-of-

sight. The LOS geometries were taken directly from the toroidal and

poloidal set-ups used in the experiment. To investigate the effect of line

integration on the shape of the flow profile, similar analysis was done

by replacing the velocity of the nitrogen ions in equation (6.5) with the

toroidally symmetric D+ flow profile of the background plasma. This was

done using both N(II) and N(III) emission to resolve the impact of their

different spatial emission distributions on the line-integrated results.

The qualitative effect of line integration on the shapes of the toroidally

measured profiles is generally not predicted to be significant, as indicated

by the similarities of the line-integrated and local D+ flow profiles in fig-

ure 6.30a–e. Exceptions are observed in the far SOL at the lowest and

highest densities in figures 6.30a and e. In the former case, the line-

integrated D+ velocity is approximately only 20–50% of the local value,

while in the latter case, the line-integrated profile does not show simi-

lar decay towards the far SOL as the local profile. In both cases, this is

likely due to the peaking of the emission radially in the near SOL, which

is crossed also by the outer lines-of-sight (figure 5.1). This leads to a con-

tribution of the near-SOL flow also in the far-SOL measurements.

The significant differences to the shapes and magnitudes of the line-

integrated D+ flow profiles in figures 6.30a–e suggest that the measure-

ments of the N+ ions are unsuitable for representing the background
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Figure 6.30. Comparison of line-integrated N+ and N2+ flow profiles with the D+ flow in
toroidal (a–e) and poloidal (f–j) directions. The solid blue and green curves
represent the synthetic line-integrated measurements of the N+ and N2+

respectively, while the dashed blue and green curves correspond to the line-
integrated D+ flows, calculated using the respective nitrogen emission data.
The solid red curves present the non-integrated D+ flow profiles. In (f–j), the
dashed red profile distinguishes the contribution of the poloidal �Er× �B drift
from the solid profile, which accounts for the total poloidal velocity, includ-
ing the poloidal component of the parallel flow and the drift contribution.
The qualitative effect of line integration on the shape of the flow profile can
be resolved by comparing the blue and green dashed profiles to the solid
red profiles. The representation of the D+ by the impurity flows can be
evaluated by comparison of the respective solid and dashed blue and green
profiles.

plasma flow, while the correspondence is expectedly better for the N2+

ions. At the lowest density in figure 6.30a, the reversal of the near-SOL

D+ flow is correctly reproduced by the N2+ measurement, whereas in the
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far-SOL, the N2+ results predict even a wrong direction for the flow. In

addition to poor entrainment in the far SOL, this is attributed to the

emphasis of the near-SOL emission, as discussed above. For discharges

#32131–32, the N2+ measurements replicate the line-integrated D+ flow

profiles within 20% at distances larger than 1 cm from the separatrix. The

good correspondence is likely due to the friction and temperature gradi-

ent forces accelerating the nitrogen ions in the same direction in the re-

gion with the reversed D+ flow. In the highest-density cases, #32133 and

#32136, the line-integrated N2+ velocities are approximately 40–75% of

the D+ velocity, while full correspondence is observed at R − Rsep > 3 cm

for the discharge #32136. Since the discussion of the line-integrated D+

flows suggested strong contribution of the near-SOL velocities in the far-

SOL results, the successful reproduction of the far-SOL flow can be at-

tributed to the wide toroidal extent of the N(III) emission (figure 6.27b).

As the far-SOL lines-of-sight cross the near SOL some distance away from

the plane of the N2 injection, they register emission from a region, where

the N2+ ions are almost or fully entrained with the D+ flow, as indicated

by figures 6.29e and j.

Similar to the toroidal direction, no significant differences are observed

between the line-integrated and local profiles of the poloidal D+ flows (fig-

ures 6.30f–j). In contrast to the hypothesis drawn from the experimental

results, the poloidal near-SOL flows are not predicted to be systematically

dominated by the �Er × �B drift. Instead, the poloidal flow consists mainly

of the poloidal component of the parallel flow at high densities. The exper-

imentally postulated composition of �Er× �B- and transport-driven poloidal

flow in the near and far SOL, respectively, is observed only for discharge

#32130. Here, the drift velocity away from the HFS divertor in the near

SOL corresponds to a radial electric field of 1.0–1.5 kV
m directed away from

the separatrix. For discharges #32131–33, instead, the SOLPS solutions

predict Er = 5.0–7.0 kV
m towards the core in the proximity of the separa-

trix, driving a drift towards the HFS divertor. With the exception of the

lowest density, the line-integrated results for N2+ provide a reasonable

qualitative representation of the poloidal D+ flows with quantitative cor-

respondence of 50–80%. Due to the measurement geometry, this reflects

the observations of immediate entrainment at the center of the simulation

volume in figure 6.28.

Despite the reasonable matches for discharges #32131–32, the ERO re-

sults suggest that spectroscopic measurements of N+ and N2+ ions are
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not systematically capable of quantitatively representing the flows of the

D+ ions. With the exception of the lowest density, the N2+ ions still pro-

vide adequate qualitative correspondence to the D+ flow profiles, if the

effect of line integration is taken into account. However, it is noted that

these results rely on SOLPS predictions of the plasma conditions, which

may not fully represent the experimental plasmas, as reference diagnos-

tics data for, e.g., HFS SOL temperature and the radial electric field were

not available. For example, local cooling of the plasma due to the N2 in-

jection — which is not taken into account by either of the codes — could

improve the frictional entrainment also at low densities.

6.6.3 Reproduction of the measured N+ flow profiles

In another set of ERO simulations, documented in publication I, the mea-

sured N+ flow profiles were reproduced at low and high densities by using

initial backgrounds, resulting from tentative SOLPS solutions whose up-

stream profiles of plasma temperature and density resemble those of the

discharges #32130 and #32136. By assuming mainly frictional entrain-

ment of the N+ ions, the deuterium flow profile of the background plasmas

was used as a free parameter in matching the line-integrated N+ flow pro-

files with the measurements. In addition, the plasma temperature was

scaled to improve the frictional entrainment according to equation (3.6),

mimicking a local cooling effect due to the neutral nitrogen injection. It is

emphasized here that these ERO simulations were carried out before the

SOLPS modelling presented earlier in this thesis and are not connected to

it. Similar reproductions of the N+ flow profiles using the experimentally

relevant SOLPS cases as background plasmas could not be done within

the time frame of this work.

In order to obtain the match between the outcome of the synthetic di-

agnostics and the measured line-integrated N+ flows (figures 6.31a and

b), significant manual modifications had to be made on the background

plasmas used in the ERO simulations. Strong D+ flow of up to 50–70 km
s

was applied at both densities with reversed near-SOL flow at the lower

density (figure 6.31e). The shapes of the resulting line-integrated N+ flow

profiles are rather similar to the D+ flow profiles, but the entrainment

between the flow speeds is only 10–20% for the low-density and 20–40%

for the high-density case, indicating poor quantitative correspondence be-

tween the synthetically measured N+ flow and the D+ flow. At low density,

the reversed region of the line-integrated N+ flow is approximately 1 cm
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wider than in the D+ flow profile, which is an effect of line integration in

the curved plasma. As postulated in section 5.2.2, radial electric fields of

approximately 3 kV
m and 7 kV

m were required to be manually applied in the

near SOL in the low- and high-density cases, respectively, to reproduce

the measured poloidal flow profiles. These values are of the same order as

measured in L mode in the LFS SOL of ASDEX Upgrade [165].
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Figure 6.31. Reproduction of the experimentally measured N+ flow profiles in toroidal (a)
and poloidal (b) directions by synthetic Doppler spectroscopy for the lowest-
and highest-density cases with the radial profiles of the electron density (c),
electron and ion temperature (d) and parallel D+ flow velocity (e) used in
the background plasmas of the ERO simulations. For consistency, the sign
convention of the experimental data has been changed from that used in
chapter 5 to the one used in the SOLPS and ERO analysis.

Besides increasing the D+ flow to high velocities, the ion temperature

had to be scaled down by 25% in the high-density case and by up to 90%

in the low-density case to improve the frictional entrainment sufficiently

to reproduce the measured N+ flow profiles. The need for downscaling the

temperatures is at least partly consistent with local cooling of the plasma

close to the injection site due to interactions between the neutral nitrogen

atoms and molecules, and the deuterium plasma. Since the EIRENE ver-

sion used in the SOLPS simulations does not contain charge-exchange

and elastic scattering reactions between nitrogen and deuterium, and

since the fixed background plasma is not affected by the injected impu-

rities in ERO, such cooling is not automatically taken into account in the

modelling, but has to be applied manually.

Due to the lack of bolometric lines-of-sight in the toroidal sector of the
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N2 injection, the cooling effect could not be experimentally confirmed as

an increase in the radiation signal. In a similar experimental set-up at Al-

cator C-Mod, notable local cooling was not observed in the pedestal region

in CXRS measurements based on a thermal D2 injection [196]. However,

the situation might be different in the SOL with neutral nitrogen, raising

a need for more sophisticated model of the N2 injection with improved con-

sideration of the interactions between the impurities and the background

plasma.

In reality, significant local cooling of the plasma — especially such ap-

plied in the low-density case, where the downscaled ion temperature de-

creased to below 10 eV — would give rise to strong parallel temperature

gradients. This would increase the significance of the temperature gra-

dient forces in the acceleration of the impurity ions from the region of

the strongest cooling towards both the HFS divertor and the top of the

plasma and, as hinted in the previous section, thus question the assump-

tion of friction-dominated entrainment. Considering such an effect might

improve the correspondence between the measured and simulated impu-

rity flows with less need for downscaling of the temperatures. As specu-

lated above, proper investigation of this would require dynamic updating

of the background plasma in interactions with the injected impurities, as

well as more thorough study of the contributions of the different forces in

entrainment of the impurity ions.
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7. Analysis of ITER-relevant deposited
layers by laser-induced breakdown
spectroscopy

The impurities, carried by the SOL flows onto the divertor targets, form

deposited layers, whose locations depend on the recycling processes in

the divertor and cannot, thus, be fully predicted from the strengths and

profiles of the flows. Since fuel particles are trapped in these layers by

co-deposition, suitable diagnostics methods are required to monitor the

location, growth rate and fuel content of the layers in a real-time in situ

fashion for timely onset of the fuel removal procedures.

In this thesis, laser-induced breakdown spectroscopy (LIBS) is proposed

as a method for the aforementinoed purposes. The presented work concen-

trates on testing the technical feasibility of LIBS in detecting the different

fuel isotopes and resolving the elemental compositions of the co-deposited

layers.

This thesis presents experiments made between 2012 and 2017. The re-

sults of the 2012 experiments have been partially documented in publica-

tion II with more thorough discussions found in [197]. The results of the

experiments made on JET ILW samples in 2013–14 have been published in

publication III. While the 2015 experiments have been partially reported

in publication IV, the presented results of the 2015 and 2017 experiments

have not been published at the time of writing.

7.1 Laser-induced breakdown spectroscopy

LIBS is based on the detection of spectral lines emitted in a laser-induced

ablation process and is, in principle, capable of detecting all elements and

determining the composition of an unknown sample through identifica-

tion of the observed spectral lines. Due to its simplicity, applicability for

in situ measurements and lack of need for pre-preparation of the sam-

ples, LIBS is a versatile method with a wide range of applications from
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waste management [198] and quality control in food industry [199] to the

Curiosity rover on Mars [200].

7.1.1 Working principle of LIBS

a) b) c)

d) e) f )
t = 0 ns t ~ 10-6 ns t ~ 10-6-10-2 ns

t ~ 0.01-1 ns t ~ 10-100 ns t ~ 100 -1000 ns

Figure 7.1. Working principle of the ablation-emission cycle of LIBS with a nanosecond-
scale infrared laser: the laser pulse heats the surface layer of the sample
(a), leading to ejection of neutral atoms and free electrons (b) which form a
plasma plume via collisional ionization (c). The plasma emits light, beginning
with continuum radiation (d) and followed by ionic (e) and atomic (f) emission,
which is detected by a spectrometer for analysis. The indicated time scales
refer to high-vacuum conditions.

The ablation-emission process behind LIBS is illustrated in figure 7.1.

The description presented here concentrates on the most common LIBS

application with laser wavelengths and pulse durations in the infrared

and nanosecond scales, respectively.

Ablation

The basis of LIBS is the ablation process, induced by energetic laser pulses.

In the case of infrared lasers, the photon energy of approximately 1 eV is

not sufficient to exceed the binding energies of the surface atoms of most

materials. Instead, the energy of the laser pulse is absorbed in a small

volume within a thin region close to the sample surface, leading to heat-

ing of the surface layer and, consequently, local melting and evaporation

of material in the area exposed to the laser beam [201]. This process oc-
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curs within a fraction of the duration of the laser pulse, resulting in an

explosive release of atoms, molecules and free electrons from the surface.

Ablation properties of a given material are characterized by a threshold

fluence [202]

Fth = naEB

√
χτp

A
(7.1)

which gives the smallest laser pulse energy deposited on a unit area re-

quired to cause ablation. Here, the atomic density, na, and the binding

energy, EB, account for the structural durability of the ablated material,

while A is the optical absorption coefficient of the laser pulse energy in

the lattice, and the thermal conductivity, χ, describes the conductive loss

of the laser energy deeper into the sample during the pulse duration, τp.

Typically, Fth ∼ 1 J
cm2 , correlating with the melting and boiling tempera-

tures of the material, whereas further effects are caused by the optical and

thermal properties of the material: for example, the ablation threshold of

a tungsten surface is increased by its high reflectivity of laser radiation,

while the small thermal conductivity of carbon enhances ablation due to

decreased diffusive losses deeper into the material [203].

Plasma formation and expansion

In addition to the neutral vapour, free electrons are released from the

surface in ablation [204]. Accelerated by the electric field of the laser

beam, they begin ionizing the neutral atoms of the vapour cloud through

collisions. As this increases the number of free electrons, ionization is

enhanced, eventually leading to breakdown of the neutral vapour into a

plasma. The atoms can also be ionized directly by the laser beam. How-

ever, since the photon energy of infrared lasers is below the ionization

energies of most elements, this requires absorption of several photons ei-

ther simultaneously, resulting in direct ionization, or successively, leading

to gradual excitation and eventual release of the electrons [205].

The laser-induced plasma expands rapidly, until either its pressure is

in equilibrium with the ambient atmosphere or it reaches the end of its

lifetime through recombination of the ions. The expansion is the fastest in

the direction perpendicular to the sample surface due to the average direc-

tion of the initial velocities of the ablated particles and the collisional con-

finement of the plasma plume itself [201]. This gives the plasma a plume-

like shape which is elongated along the surface normal. The expansion

rate depends strongly on the ambient conditions: in vacuum, the plasma

can expand freely, resulting in a diffuse shape and lifetime of hundreds of
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nanoseconds [205]. At atmospheric pressures, the surrounding gas slows

the expansion, confining the plasma close to a hemispherical shape, and

can extend the lifetime of the plasma to tens of microseconds [205].

The temperature of the LIBS plasma is typically of the order of 1 eV,

while the plasma density shows wider variation, usually within 1021–

1024 1
m3 . During the expansion, the density and temperature of the plasma

decrease from their initial values which depend on the strength of the ab-

lation. In the early state of the plasma, the temperature can increase by

absorption of the energy of the trailing part of the laser pulse. On the

other hand, the absorption of the pulse energy in the plasma reduces the

amount of energy reaching the sample, which weakens the ablation. The

effect of this so-called plasma shielding is the most prominent at high

laser fluences resulting in dense plasmas which may absorb up to 30% of

the laser pulse energy [206].

Due to the rapid dynamic behaviour of the LIBS plasma, the develop-

ment of its conditions is difficult to predict in the experiments. There-

fore, several numerical models have been created for describing the for-

mation and expansion of the plasma and the evolution of its properties

in, e.g., [207–215]. However, modelling of the LIBS plasma is beyond the

scope of this work.

Emission

The plasma starts to emit light immediately after its formation. In the ini-

tial phase, when the plasma is at its hottest, the emission is governed by

continuum radiation due to bremsstrahlung and radiative recombination.

As the continuum level decreases with plasma temperature and density,

line radiation starts to dominate the emission first by ions and — after

the plasma temperature has further decreased and the ions mostly re-

combined — by atoms. The time scale of the line emission depends on

the ambient pressure: under high-vacuum conditions with p ∼ 10−6 mbar,

ionic and atomic emissions are prominent ∼ 1–100 ns and ∼ 100–1000 ns

after the laser pulse, respectively, while at atmospheric pressures, the

corresponding time scales are ∼ 0.1–1 μs for ions and ∼ 1–10 μs for atoms

due to slower evolution of the plasma. Typically, mainly singly ionized

ions are present in LIBS plasmas due to the limited plasma temperature,

but also emission of doubly ionized species can be observed immediately

after the laser pulse in some cases.

In the density range of LIBS plasmas, the shape of the emission lines
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is dominated by Stark broadening, giving them a Lorentzian shape. The

Lorentzian line profile deviates from the Gaussian shape, characteristic

to temperature-driven Doppler broadening, by its somewhat sharper peak

and more pronounced wings. The shape of the lines is also affected by the

opacity of the plasma, as part of the emitted photons is absorbed by the

surrounding atoms or ions. As photons at the mean energy of the line

have the highest probability to be absorbed, this self absorption flattens

the spectral peak at its center and makes the line appear wider. It can

even create a notch in the line profile at the central wavelength, making

the line appear split in two. The latter phenomenon is called self rever-

sal. The opacity of the plasma has the strongest effect on lines with high

transition probabilities — especially on resonant lines which are origi-

nated in transitions between the lowest excitation state and the ground

state [205]. While these lines are often bright and good for identifying the

different elements, consideration of their absorption behaviour is, thus,

important in further analysis.

7.1.2 LIBS in tokamak applications

Due to its in situ applicability without the need for extracting wall com-

ponents, LIBS has a strong potential as a diagnostics method for moni-

toring fuel retention in an almost real-time fashion between the plasma

discharges. The measurement conditions in a tokamak environment set

specific requirements to the diagnostics set-up which have been studied

in several different devices.

Between discharges, the LIBS measurements are performed with the

toroidal magnetic field on, which can affect the observed signal due to the

Zeeman effect and the behaviour of the plasma plume due to the magnetic

Lorentz force acting on the ions. Experiments performed under toroidal

fields of 1–4 T in the TEXTOR tokamak, formerly in Jülich, Germany,

and the FTU tokamak in Frascati, Italy, have shown an increase in the

intensity of the observed emission with the addition of the magnetic field

[216,217]. At EAST, successful identification of the fuel species was done

under a toroidal field of 2.5 T [218]. The presence of the magnetic field is,

thus, not an obstacle in tokamak applications of LIBS.

One of the main challenges predicted for LIBS in ITER-scale tokamaks

is the size of the device, which inevitably leads to long distances between

the ablation site and the detection system, drastically decreasing the signal-

to-noise ratio of the observed spectra. In JET, in situ LIBS measurements
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have been performed using the laser set-up of the edge LIDAR diagnos-

tics [219]. In these measurements, intense spectral lines with good signal-

to-noise ratio have been observed for both deposited impurities and the

retained deuterium with ITER-like distances of up to 10 m between the

ablation site and the light collecting system, supporting the applicability

of LIBS also in the size scale of ITER.

Supported by the promising results from different tokamaks, laser-based

methods, including LIBS, are considered in the current diagnostics scheme

of ITER. The LIBS set-up is planned to be mounted on a robotic arm, such

as the the multi purpose deployer (MPD) system [220], which enters the

plasma chamber through an equatorial port, providing wide poloidal cov-

erage for the measurements. However, such a set-up allows operation

only during the shutdown periods every 2–4 years at atmospheric pres-

sures. This kind of measurement scheme both omits inter-discharge mon-

itoring of the retention and sets a challenge in distinguishing the closely

lying spectral lines of the different fuel isotopes due to increased pressure-

driven line broadening, as will be discussed in section 7.3.2.

7.1.3 Experimental set-up at VTT Technical Research Centre of
Finland

The experiments presented in this thesis have been performed using an

experimental set-up in the beryllium- and tritium-licensed facilities at

VTT Technical Research Centre of Finland in Espoo, Finland. The set-

up was built in 2011 specifically for ITER-relevant LIBS experiments and

has since gone through modifications mainly for improved detection of

deuterium, as reported in publication III. The schematic illustration in

figure 7.2 and the following description corresponds to the present state

of the set-up, while a description of the configuration used in publication

II and a more thorough presentation of the components of the set-up are

found in [197]. The same facilities hold a surface profilometer for investi-

gating the depth and shape of the LIBS craters, as well as a secondary ion

mass spectrometry (SIMS) device, whose results are used as a reference

when determining the composition of the layers.

Vacuum system

To mimic the high-vacuum conditions inside a tokamak, the studied sam-

ple is placed inside a vacuum chamber. Using a combination of an Oer-

likon Leybold Vacuum Trivac NT 5 rotary vane pump and an Oerlikon
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Figure 7.2. Schematic illustration of the vacuum system and the optical set-up built for
LIBS experiments at VTT Technical Research Centre of Finland.

Leybold Vacuum Turbovac 151 turbomolecular pump, the chamber can be

evacuated to the 10−6-mbar range within minutes, while pressures of the

order of 10−9–10−8 mbar can be reached after several days of pumping. To

avoid adsorption of impurities from air on the inner surfaces, the cham-

ber is vented with pure nitrogen or argon which can also be used as a

process gas to provide desired pressure conditions for the measurements.

The entire chamber is located inside a fume cupboard, and the exhaust

fumes from the pumps are run through a high-efficiency particulate air

(HEPA) filter to avoid contamination of the laboratory environment by

toxic beryllium dust during sample exchanges.

Laser and optics

Ablation is induced by a pulsed Quantel Brilliant B Nd:YAG laser with a

fundamental wavelength of 1064 nm and options for using also the second,

third and fourth harmonic wavelengths at 532 nm, 355 nm and 266 nm,

respectively. In the studies reported here, only the fundamental wave-

length was used. The laser has a constant pulse duration of 5 ns and an

adjustable repetition rate of up to 10 Hz. The unattenuated pulse energy

at the fundamental wavelength is 850 mJ which can be decreased by a

built-in attenuator. The unfocused beam is 9 mm by diameter and has

a Gaussian energy distribution with the energy density peaking at the

center of the beam.

The laser beam is guided into the vacuum chamber by a set of three mir-

rors. The last mirror can be rotated in horizontal and vertical directions
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by stepper motors, allowing accurate control over the position of the beam

on the surface of the sample. The beam is focused onto the sample surface

by a lens with a focal length of 500 mm such that the FWHM of the focused

beam is approximately 700–750 μm which has been estimated from pro-

filometry studies of the laser-induced craters. Since approximately 15% of

the pulse energy is lost in reflections on the surfaces of the lens and the

entrance window of the chamber, the maximum obtainable fluence on the

sample surface is approximately 60 J
cm2 , which is an average over the 1

e2

width of the beam.

Light detection

The emission of the LIBS plasma is detected perpendicular to the laser

beam direction through a side window of the chamber. The light is focused

by an off-axis parabolic mirror onto the tip of a bundle of 50 optical fibers

with diameters of 50 μm, further guiding the light to the spectrometer.

The windows of the chamber are made of fused silica, transmitting a wide

wavelength range from the ultraviolet to infrared range to the detection

system. The transmission properties of the system are, thus, set by the

fiber bundle which limits the lower end of the transmitted wavelength

range to approximately 250 nm. A selection of high-pass filters can be

installed in front of the fiber bundle when studying wavelengths longer

than 500 nm to avoid the appearance of second-order maxima of lines at

the low end of the transmission region in the recorded spectrum.

The incoming light enters the spectrometer through an adjustable en-

trance slit whose width is typically set to 50 μm. The spectra are recorded

by an Andor SR-750 spectrometer equipped with an Andor iStar 340T

intensified charge-coupled device (ICCD) camera. The spectrometer is

of Czerny-Turner type and has three automatically changeable gratings

with groove densities of 600 grooves
mm , 1200 grooves

mm and 1350 grooves
mm and blaze

wavelengths of 500 nm, 300 nm and 655 nm. The majority of the measure-

ments are performed using the 600-groovesmm grating, providing a wavelength

resolution of 0.03 nm and a 40-nm wide measurement window, while the

1350-groovesmm grating with a 0.01-nm resolution and a 20-nm wide measure-

ment window is normally used for detecting deuterium and hydrogen.

Due to the short lifetime and dynamic nature of the LIBS plasmas, tim-

ing of the camera operation has a crucial role in the measurements (see

section 7.3.1). This is controlled by the triggering scheme, presented in

figure 7.3, where the flash lamp of the laser acts as the master. The Q
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Figure 7.3. Triggering scheme determining the onset of recording the emission.

switch of the laser is released, i.e., the laser pulse is fired 500 ns after the

flash lamp, which is internally set in the laser. The flash lamp also sends a

triggering signal to the ICCD camera via a pulse generator which is used

to adjust the delay between the flash lamp and the onset of recording.

In addition to this adjustable delay, an internal delay of approximately

35 ns is caused by the electronic components of the detection system. The

width of the measuring gate, i.e., the integration time of the camera, can

be defined in the camera settings.

Since the typical applications of detecting elements and determining

their depth profiles in the studied samples rely on the relative behaviour

of the spectral line intensities rather than their absolute values, inten-

sity calibration was generally not done in these studies. An exception was

the calibration-free LIBS analysis in section 7.5.1 which required com-

parability between several spectral lines of a given emitting species. In

this case, the line intensities in different spectral regions were calibrated

against the response curve of the spectrometer with the help of tungsten

and deuterium lamps to compensate for the effect of the sensitivity of the

system.

7.2 Samples

Compared to other laboratories in Europe, where fusion-relevant LIBS

research is done, the experimental set-up at VTT is unique in its applica-

bility for beryllium-containing samples. Due to the toxicity of beryllium,

most studies in the field are performed using aluminium as a proxy for

beryllium to avoid contamination of the experimental devices. However,
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recent LIBS and SIMS measurements performed at VTT have shown that

the deuterium content retained in deuterium-doped aluminium coatings

is up to an order of magnitude lower than in corresponding beryllium coat-

ings manufactured under similar deposition conditions, as described in

publication IV. This suggests significantly different retention properties

for aluminium and beryllium and questions the suitability of aluminium

for simulating fuel retention in ITER-relevant co-deposited layers.
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Figure 7.4. Examples of different types of samples studied in the LIBS experiments, con-
sisting of mixed laboratory-manufactured coatings used in the 2012 (a) and
2015–17 (d) experiments, as well as of divertor samples from the carbon era
(b) and the ITER-like wall (c) of JET. Each pictured sample shows craters
from the LIBS measurements on the surface.

The experiments presented in this thesis were carried out using a range

of samples mimicking the mixed co-deposited layers of mainly beryllium,

tungsten and deuterium in the ITER divertor. The samples were manu-

factured at the INFLPR (National Institute for Laser, Plasma and Radia-

tion Physics) institute in Bucharest, Romania, using the thermo vacuum

arc (TVA) method [221] or magneton sputtering [222] with a deuterium

ion gun for increasing the deuterium content in the samples. In addition,

actual co-deposited layers from the divertor of JET were studied. Exam-

ples of the different samples are presented in figure 7.4.

Three different sets of laboratory-manufactured coatings have been stud-

ied. In the first beryllium experiments in 2012, documented in publication

II, 0.4–2.5-μm thick coatings with atomic beryllium-tungsten ratios from

100:0 to 75:25 on stainless steel substrates were used. Part of the coatings

were doped with deuterium by performing the deposition under a deu-

terium atmosphere, while another part was implanted with deuterium

by bombardment with 200-eV deuterons at IPP Garching. The deuterium

contents in these coatings, given by nuclear reaction analysis (NRA) mea-
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surements, were rather low with areal densities below 1017 D
cm2 . The mea-

surements partially reported in publication IV were performed in 2015

using 1.5–3.1-μm thick 67:33 beryllium-tungsten mixtures — accompanied

by similar compositions with aluminium replacing beryllium — on molyb-

denum substrates with and without deuterium doping. The most recent

experiments in 2017 were carried out with a set of deuterium-doped beryl-

lium coatings with 0–10 at.% of oxygen on tungsten substrates. The nom-

inal thicknesses of these coatings varies within 0.4–5.0 μm, while the ac-

tual thicknesses are yet to be determined. The deuterium contents in

these sets of coatings were of the order of 1017 D
cm2 .
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Figure 7.5. Poloidal locations of the samples taken from the divertor of the ITER-like
wall of JET. The red and blue points correspond to positions of samples stud-
ied by LIBS and SIMS, respectively.

The 2013–14 experiments, reported in publication III, were performed

using samples drilled from the HFS divertor tiles of the ITER-like wall of

JET, where they had faced plasma exposure during the period 2011–12.

As shown in figure 7.5, the samples cover the entire HFS target poloidally

with reference data provided by SIMS measurements of the neighbouring

samples. The samples had a layered structure of tungsten and molyb-

denum on a carbon fiber composite (CFC) substrate (figure 7.4). The in-

termediate molybdenum layers act as a diffusion barrier and a marker,

preventing the spread of carbon outwards from the surface and helping to

study the erosion of the topmost tungsten layer, respectively. The 0.1–10-

μm thick co-deposited layers, formed on top of this structure, contained

mostly beryllium, deuterium and hydrogen, as well as tungsten, molyb-

denum, carbon, oxygen and traces of chromium, iron and nickel. Carbon

exists in the machine both as a trace impurity from the carbon era and due
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to erosion of the uncovered backsides of the CFC-based components [69],

while the last three elements arise from erosion of in-vessel components

made of Inconel steel. The deuterium contents in the co-deposits were of

the order of 1017–1018 D
cm2 .

In addition to the samples from the ITER-like wall of JET, HFS divertor

samples from the carbon era of JET, exposed to plasma operation during

2007–09, were studied in 2013 [223]. In these samples, the deposited

layers on the CFC tile were up to 70 μm thick and consisted of beryllium,

deuterium, hydrogen, tungsten, oxygen and carbon. During the carbon

era, beryllium originated from evaporations on the main chamber wall

with the purpose of removing oxygen impurities from the vessel [127,224].

The deuterium content in the co-deposited layers was approximately 1018–

1019 D
cm2 .

7.3 Detection of spectral lines

LIBS relies on the detection and identification of spectral lines of different

elements in the studied sample. Therefore, a selection of representative

lines has to be found for each element of interest, and the measurement

parameters have to be optimized to maximize the quality of the observed

signal.

7.3.1 Detection of beryllium and tungsten

Analytic lines

Two prominent atomic lines for beryllium are observed at 332.1 nm and

457.3 nm together with two ionic lines at 313.1 nm and 467.3 nm (figure

7.6a). In these studies, these lines are typically used for detecting the

presence of beryllium and for determining its depth profile in the stud-

ied layer, as discussed in section 7.4.1. Weaker lines are seen at, e.g.,

381.3 nm, 436.1 nm and 440.8 nm. Tungsten has a large number of lines,

most of which are weak and merged with one another. The most intense

ones are the atomic lines at, e.g., 400.9 nm, 407.4 nm and 413.7 nm and the

ionic lines at 334.3 nm, 393.5 nm and 434.8 nm (figure 7.6c), which are typi-

cally used for detecting tungsten in the analyses. The lines in figures 7.6a

and c are compiled from several measurements made on bulk beryllium

and tungsten samples under high-vacuum conditions.

While the most intense lines are the best choices for distinguishing the
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most commonly used for detecting the respective elements in the analysis.
Also molecular compositions of beryllium with deuterium and oxygen can be
detected (b). Note the cuts in the wavelength axes of (a,c), marked with the
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different elements, many of them with high transition probabilities are

prone to self absorption. For example, the Be(II) line at 313.1 nm — one of

the strongest observed lines of beryllium — is emitted in a transition be-

tween a low excitation state and the ground state and has been observed

to experience strong self reversal (see section 7.1.1). Therefore, also the

weaker observed lines should be included in the analysis to minimize the

error when, e.g., calculating the plasma density and temperature.

Since beryllium is an efficient oxygen getterer, a layer of beryllium oxide

is usually formed on the surface of a beryllium coating. This was observed

also spectroscopically in the 2017 experiment, where a molecular band of

BeO at 505–515 nm was seen with the first laser shots on the oxygen-rich

beryllium coatings (figure 7.6b) at an ambient argon pressure of 10 mbar

or at atmospheric pressure. Also a molecular band of BeD at 496–499 nm

was observed in the same measurements in deuterium-doped coatings.

This shows that LIBS is capable of giving indications also on the chemical

characteristics of the co-deposited layers.
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optimal delay for detecting both ionization states was found at 85 ns (e). Note
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Due to the rapid evolution of the density and temperature of the plasma

plume during its expansion, the observed signals vary strongly in time.

Figure 7.7 shows the Be(I) and Be(II) lines at 457.3 nm and 467.3 nm, re-

spectively, measured in a beryllium coating by increasing the measure-

ment delay in steps of 20 ns with an integration time of 20 ns to avoid

overlap between the successive measurement periods. These measure-

ments were performed under high-vacuum conditions. At higher ambient

pressures, the applied delays need to be longer due to the slower expan-

sion of the plasma.

In the early phases of the LIBS plasma lifetime, mainly ionic emission

with significant line broadening is observed due to the high temperature

and density of the plasma. As the delay is increased, the atomic line

at 457.3 nm emerges and begins to dominate the emission of the cooling
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plasma, while the ionic emission weakens and, eventually, completely dis-

appears. Simultaneously, the decreasing density is seen as narrowing of

the lines. For general detection of different elements and depth profiling,

an optimal delay under high-vacuum conditions was found at 85 ns, pro-

viding simultaneous observation of both atomic and ionic emission with

an acceptable signal-to-noise ratio and line width. For more specific pur-

poses, the delay may have to be considered separately.

Effect of laser fluence

Increasing the fluence of the laser beam leads to an increase in the ablated

mass and, consequently, higher density of the plasma plume. A dense

plasma absorbs the energy of the trailing part of the laser pulse more

efficiently, leading also to an increase in the temperature of the plasma.

Thereby, the laser fluence has an effect on the observed signal, as was

shown in [223], where the intensities and widths of the Be(I) and Be(II)

lines at 457.3 nm and 467.3 nm, respectively, were investigated at fluences

of 2–37 J
cm2 . The results in figure 7.8 show linear growth in both inten-

sity and width, the former being attributed to a larger amount of ablated

material and the latter to the increase in the plasma density.
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Figure 7.8. Relative increase in intensity and width of Be(I) and Be(II) lines and the
ablation rate with increasing laser fluence. The fits made into the data show
linear behaviour for all quantities.

Since the line intensity increases more steeply than the line width in fig-

ure 7.8, the fluence can be increased to relatively high values of 20–25 J
cm2

for improved detectability of the spectral lines before the signal is signifi-
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cantly degraded by line broadening. However, also the ablation rate of the

studied layer increases linearly with fluence, decreasing the depth reso-

lution of the measurement. This is a major issue in studying co-deposited

layers, supporting the use of low fluences. In general, optimal value for

the fluence cannot thus be pre-defined but is specific to each application

and its requirements for the signal quality and depth resolution.

7.3.2 Detection of deuterium

Detectability of deuterium

Deuterium has been successfully observed in the tokamak samples, as

well as in the deuterium-doped coatings of the 2015 and 2017 experi-

ments. However, in the deuterium-implanted coatings of the 2012 exper-

iment, in which the deuterium content was lower, detection was limited

to the first laser shot only — most probably being due to hydrogen con-

tamination from air — while SIMS showed clear deuterium and hydrogen

signals throughout the coatings. This suggests that the detection limit of

deuterium is significantly higher for LIBS than for SIMS.

In comparison to the solid plasma-facing materials, detection of deu-

terium is complicated by its gaseous form. Since the laser pulse heats

the surface layer of the sample, part of the deuterium in the ablation re-

gion can be thermally desorbed or diffused away from the ablation site

between two successive laser pulses. The thermal effect was observed by

bombarding a bulk aluminium sample, where hydrogen exists as an im-

purity, at different pulse repetition rates. At 1–2 Hz, hydrogen signal was

constantly detected, while at higher repetition rates of 5–10 Hz with less

time for the surface layer to cool between the laser pulses, the signal dis-

appeared after a few laser shots and re-emerged if the pulse repetition

rate was again decreased. In addition, due to its small mass, ablated deu-

terium atoms are released at a higher velocity than, e.g., tungsten, which

can lead to faster decay, as well as peaking of its emission further away

from the sample surface than in the case of heavier elements, as observed

in [225]. This can affect the representativity of the ratio of deuterium

emission to other elements, if the emission is recorded in a side view.

Separation of fuel isotopes

Since tritium is the main concern from the point of view of fuel retention,

being able to fully monitor its content in the co-deposited layers requires
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capability of separating the closely-lying lines of the different fuel isotopes

in the recorded spectra. With no samples containing tritium available, the

identification of the fuel isotopes was studied by distinguishing the lines

of deuterium and hydrogen in the JET-ILW samples and the deuterium-

doped coatings of the 2015 and 2017 experiments.
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Figure 7.9. Measurements of the Balmer α lines of deuterium and hydrogen made on
JET ILW samples show clearly distinguishable peaks for both isotopes under
high-vacuum conditions. Spectra for the first and second laser pulses are
presented.

The Balmer α lines of deuterium and hydrogen were successfully dis-

tinguished from each other under high-vacuum conditions by increasing

the measurement delay to 235 ns (figure 7.9). At such time scales, the line

widths have decreased sufficiently to avoid full overlapping of the closely-

lying lines, and two separate peaks are observed. However, distinguishing

the deuterium and tritium lines from each other will be more challenging,

as the isotopic shift between them is approximately 0.05 nm [226], which

is roughly only 25% of the wavelength difference between deuterium and

hydrogen.

Effect of ambient pressure

As described in section 7.1.2, the current scheme allows LIBS measure-

ments in ITER only during shutdowns at atmospheric pressures. To study

the effect of the increased ambient pressure, the deuterium signal was in-

vestigated under high-vacuum conditions at ∼ 10−6 mbar, at pressures

of 0.5 mbar and 1.0 mbar and at atmospheric pressure. The two lowest

pressures were studied in 2015 using a 3.1-μm thick deuterium-doped

beryllium-tungsten coating, while the higher pressures were studied in

2017 using a nominally 15-μm thick deuterium-doped oxygen-rich beryl-
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lium coating. The ambient pressures were produced by isolating the vac-

uum chamber from the pumps by a gate valve under high-vacuum con-

ditions and feeding argon into the chamber until the desired pressures

were reached. To compensate for the effect of the ambient pressure on the

expansion of the plasma, the measurement delay was optimized for each

pressure separately.
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Figure 7.10. Balmer α lines of deuterium and hydrogen measured under high-vacuum
conditions (a), in argon atmospheres of 0.5 mbar (b) and 1.0 mbar (c) and at
atmospheric pressure (d). In (a,b), results are presented for the first, second
and fifth laser pulses, while the first, second and tenth pulses are shown in
(c,d) due to the thicker coating and higher deuterium content of the sample
studied at the two highest pressures.

At low ambient pressures of 0.5 mbar, an improvement is seen in the

deuterium signal (figure 7.10b). Under high-vacuum conditions (figure

7.10a), emission of deuterium and hydrogen is observed only with the first

laser pulses, being strongly dominated by the hydrogen component due

to deposited contamination from air. In the 0.5-mbar argon atmosphere,

instead, emission is detected for several laser pulses, and the spectra from

the latter pulses are governed by deuterium from the coating. This is

attributed to the increased collisional excitation of the deuterium atoms

in the argon atmosphere, which amplifies the emission and improves the

detectability of deuterium.

At an argon pressure of 1.0 mbar, a good deuterium signal with clear

distinction from the hydrogen peak is observed for several laser pulses

(figure 7.10c). The quality and persistence of the signal cannot, how-
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ever, be compared to the lower-pressure measurements due to the differ-

ent thicknesses and deuterium contents of the samples. At atmospheric

pressure, figure 7.10d shows significant line broadening, making it im-

possible to separate the deuterium and hydrogen lines from each other

directly from the data even at extended measurement delays. This indi-

cates that the expansion of the plasma is heavily restricted by the high-

pressure argon background, maintaining a high plasma density through

the lifetime of the plasma. While a distinction could be made by fitting

the measured spectrum as a sum of the two isotopic components, as was

the case in [227], these results suggest that distinguishing the deuterium

and tritium peaks from each other at atmospheric pressure in ITER will

be extremely challenging, if not impossible.

7.4 Depth profiles

In addition to detecting the different elements, determining their depth

profiles provides further information on the composition and thickness of

the studied layer. Also the ablation characteristics of the layer can be

inferred from the elemental depth profiles.

7.4.1 Generating the depth profiles

The simplest way to generate a depth profile for a given element is to plot

its background-corrected emission intensity as a function of the number

of the laser pulses. The resulting profile is, however, strongly affected

by the Gaussian energy distribution of the laser beam. When studying a

layered structure, the most energetic central part of the beam propagates

between two sublayers faster than the rest of the beam, and the edges of

the beam keep ablating the upper sublayers even when the main ablation

takes place deeper in the structure, creating a slowly decaying tail in the

profiles. As a consequence, sharp interfaces between sublayers cannot be

observed in LIBS depth profiles. The Gaussian effect could be eliminated

by using a laser beam with a flat-top energy distribution [228]. However,

generating a flat-top beam requires a fixed measurement geometry, which

is not applicable in a tokamak environment, where flexibility is necessary.

Determining the depth profiles directly from the line intensities is also

prone to changes in the general recorded intensity level. For example,

when studying a thick layer and recording the emission in side view, the
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crater itself can start shadowing the plume, which is seen as a decrease

in the recorded line intensities. This can be compensated by calculating

correlation coefficients between all the spectra measured from the same

location instead of studying the line intensities directly [229]. With N

laser pulses, this results in an N × N matrix of coefficients between 0

and 1, corresponding to no correlation and identical signals, respectively.

Since, by definition, correlation is not affected by constant scaling of the

signal, this method registers only the changes in the shape of the spectra

due to the changes in the elemental composition. Hence, the elemental

depth profiles can be generated directly by plotting such rows of the cor-

relation coefficient matrix that correspond to the different material layers

(figure 7.11a).

Figure 7.11. Determination of the depth profiles as rows of a matrix consisting of cor-
relation coefficients between spectra emitted on each laser pulse (a) with
comparison of the resulting depth profiles to those determined directly from
line intensities for the layered structure of a JET ILW sample (b). In (b), the
solid profiles are given by the line intensities, while the dashed profiles cor-
respond to the correlation coefficients which have been renormalized from
(a) to range from 0 to 1.

While the latter method also suffers from the Gaussian tail effect, it

produces flatter depth profiles with clearer interfaces than investigating

the line intensities directly. This is seen in figure 7.11, where the depth

profiles of tungsten, molybdenum and carbon, given by both methods, are

presented in the layered structure of a JET-ILW sample (figure 7.4). The

correlation method produces plateau-like profiles for tungsten at almost

equal levels in both of the tungsten layers, while the line-intensity method
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shows monotonous decrease in the first layer and 40% lower signal in the

second layer. The effect of the Gaussian beam can be seen in the molyd-

benum signal from the first molybdenum layer in both cases as gradual

increase and slow decay of the profile. Especially the latter effect is more

prominent for the correlation method. According to glow discharge op-

tical emission spectroscopy (GDOES) measurements [230], tungsten and

molybdenum are mixed in the second molybdenum layer, which explains

the similar behaviour of their profiles for both methods.

7.4.2 Ablation rate and the thickness of the layer

LIBS itself is not capable of providing information on the absolute thick-

ness and ablation rate of the studied layer in an in situ fashion, but sup-

port by other post mortem methods is required. To allow in situ deter-

mination of the co-deposited layers in tokamaks, a vast database of ref-

erence ablation rates should be compiled beforehand by studying a large

number of co-deposited layers with different elemental compositions and

thicknesses.

In a simple case of a single layer on a substrate, such as the laboratory-

made coatings in these studies, the thickness can be determined by pro-

ducing a crater which barely penetrates the coating and by measuring its

depth, corresponding to the thickness of the coating, by, e.g., surface pro-

filometry. The number of laser pulses required for this can be read from

the elemental depth profiles generated in a longer measurement series.

The ablation rate of the coating can then be determined by dividing the

thickness of the coating by this number.

In the case of more complex layered structures, such as the JET-ILW

samples, the aforementioned method is inefficient due to the potentially

significantly different ablation rates of the different sublayers. This would

set a need for a separate measurement of each sublayer, whose interfaces

cannot always be clearly located, as noted above. The depth axis can,

instead, be determined by, e.g., SIMS whose sputtering rate in different

metallic elemental matrices shows significantly less variation than the

ablation rate of LIBS. For example, the sputtering rates for the co-deposits

on the JET ILW samples were approximately 1 nm
s , agreeing within 10%

with those of the tungsten and molybdenum layers. This enabled direct

conversion from measurement time to depth. The resulting depth axis

can be adopted to the LIBS depth profiles by scaling the number of laser

pulses by different ablation rates in each layer, until the profiles match
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with those given by SIMS. This procedure is, however, not possible in in

situ measurements.
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Figure 7.12. Elemental depth profiles of deuterium, beryllium, tungsten and molybde-
num in JET-ILW samples with co-deposited layers of approximately 1 μm

(a) and 10 μm (b). The solid profiles are given by LIBS and have been
adapted to the dashed SIMS profiles by scaling the number of laser pulses
by ablation rates of 0.45 μm

pulse
(a) and 2.5 μm

pulse
(b) in the deposited layer and

0.12–0.35 μm
pulse

in the tungsten and molybdenum layers.

The method described above results in qualitative correspondence be-

tween the depth profiles given by LIBS and SIMS, as presented in figure

7.12 for approximately 1-μm and 10-μm thick co-deposited layers from the

bottom and top part of Tile 1, respectively. This supports the capability

of LIBS to provide similar information on the elemental composition of

the co-deposited layers as other, conventionally used, post mortem meth-

ods. In figure 7.12a, the SIMS profiles of beryllium and deuterium show

less of a steep decay than the respective LIBS profiles after reaching the

first tungsten layer. This is attributed to the strong matrix effect of SIMS

which can significantly change the behaviour of the signals in different el-

emental backgrounds. Another reason for the slow decay can be the supe-

rior sensitivity of SIMS in detecting the small amounts of material falling

from the edges of the crater to the bottom of it during the measurement,

which can smear the profiles significantly for rough surfaces. The fits in

the figure were made using ablation rates of 0.45 μm
pulse and 2.5 μm

pulse for the

thin and thick co-deposits, respectively, as well as 0.12 μm
pulse and 0.35 μm

pulse

for the tungsten and molybdenum layers in both samples, respectively.
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The ablation rates correspond to a laser fluence of 20 J
cm2 .

The ablation rates of the co-deposited layers are significantly higher

than what was obtained at the same laser fluence for a laboratory-made

pure beryllium coating for which the ablation rate was only 0.06 μm
pulse ,

whereas even higher ablation rates of up to 15 μm
pulse were observed for the

up to 70-μm thick co-deposited layers on the JET-C samples [223]. An

increase in the ablation rate by up to an order of magnitude was also

observed between the pure and deuterium-rich beryllium coatings in the

2012 and 2015 experiments [197, publications II and IV]. This shows that

the ablation properties of mixed co-deposited layers are significantly dif-

ferent to pure metallic layers. The high ablation rates of the JET samples

also indicate that the measurements in a tokamak environment have to

be performed using a low laser fluence to obtain an acceptable depth res-

olution.

The stronger ablation of the co-deposited layers and the deuterium-

doped coatings is mostly attributed to their weaker structure. In com-

parison to the crystalline structure of the pure metallic coatings, the co-

deposited layers are softer, more amorphous and porous and less strongly

bound to the surface. In addition, due to the amorphous and porous struc-

ture, the heat conductivity of the co-deposited layers is lower than that

of pure metals [231]. Consequently, thermal losses away from the sur-

face layer are decreased, allowing a larger share of the laser pulse energy

for ablation. A further increase in the laser energy available for ablation

is caused by the optical properties of the co-deposited layers: they are

typically less reflective than metals, leading to stronger absorption of the

laser pulse energy.

7.5 Elemental composition of the layers

While quantitative knowledge of the tritium content will be essential in

monitoring the fuel retention in ITER, LIBS is predominantly a qualita-

tive method. To convert the qualitative measurement data to quantita-

tive concentrations and densities, several different post-processing meth-

ods based on, e.g., optical depth of the plasma [232], deviations from

plasma stoichiometry [233] and various comparisons to reference sam-

ples [234,235] have been proposed. In the analysis presented in this the-

sis, elemental concentrations were determined using the calibration-free

LIBS (CF-LIBS) method [236–238], while semi-quantitative distributions
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of deuterium and beryllium across the HFS divertor of JET were deter-

mined by examining signal ratios.

7.5.1 Quantitative studies by calibration-free LIBS

Calibration-free LIBS is an analysis method used for determining the rel-

ative concentrations of the different elements in the sample. The concen-

trations are derived from the intensities of their spectral lines with the

help of tabulated transition properties and the temperature and density

of the plasma, calculated from a Saha-Boltzmann plot and Stark broad-

ening, respectively. The complete formulae and description of the method

are found, e.g., in [236–238].

CF-LIBS relies on the assumption of the populations of the excited states

obeying a Boltzmann distribution, which requires the plasma to be in lo-

cal thermal equilibrium (LTE) [236]. Under LTE conditions, collisional

processes dominate over radiative losses, and the plasma can be charac-

terized by a single temperature. This typically requires electron densities

of the order of ne > 1020 1
m3 [237], as well as local stationarity and ho-

mogeneity of the plasma, such that the temporal evolution of the plasma

temperature and density is slow compared to the relaxation time of the

plasma equilibrium and their variation lengths long compared to the dif-

fusion of the plasma particles during the relaxation [201]. These require-

ments are more easily fulfilled at high pressures, as the expansion rate

of the plasma is restricted by the ambient pressure, while the fast evo-

lution of the plasma makes achieving LTE more challenging in vacuum

conditions.

In addition to the LTE conditions, CF-LIBS requires stoichiometric abla-

tion and the plasma to be optically thin, such that the elemental composi-

tion of the plasma represents that of the studied sample, and the analysis

is not distorted by self absorption of the spectral lines [236]. Stoichiomet-

ric ablation is typically guaranteed by a sufficiently high laser fluence,

and different methods have been developed for correcting the effect of self

absorption [232,239–244].

CF-LIBS was applied on a mixed beryllium-tungsten coating with an

atomic Be:W ratio of approximately 80:20 in the 2012 experiments. The

analysis was done using seven atomic and three ionic beryllium lines to-

gether with 27 atomic and 12 ionic tungsten lines, whose self absorption

was corrected using the algorithm presented in [244]. The measurements

were performed under high-vacuum conditions.
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Figure 7.13. Relative concentrations of beryllium (square data points) and tungsten
(diamond-shaped data points), given by CF-LIBS and RBS. The shapes of
the profiles are compared to the SIMS depth profiles of the respective ele-
ments. Note that the SIMS profiles have been normalized to the level of the
CF-LIBS and RBS data and do not directly correspond to elemental concen-
trations.

The CF-LIBS calculations suggest beryllium and tungsten concentra-

tions of 70–90% and 10–30%, respectively, through the studied coating.

This agrees within error bars with concentrations given by Rutherford

backscattering spectroscopy (RBS), as shown in figure 7.13. The shapes

of the concentration depth profiles also agree with the shapes of the SIMS

depth profiles of beryllium and tungsten with the exception of the topmost

150 nm. The reason for the disagreement of the two analysis methods close

to the surface is speculated to be the presence of oxygen in the coating: an

oxygen line at 777 nm is visible in the LIBS spectra through this depth in-

terval, but oxygen was not taken into account in either CF-LIBS or RBS

analysis. Since both methods set the sum of the beryllium and tungsten

concentrations to unity, neglecting oxygen leads to error in the concentra-

tion profiles.

Despite the promising results, open issues remain to be solved before

reliable and justified further use of CF-LIBS. In these studies, the exis-

tence of LTE was not proven. While methods for it have been presented,

e.g., in [245], their experimental implementation is challenging due to the

requirement of measuring the temperature and density of the plasma at

a high temporal and spatial resolution in different parts of the plasma
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plume. In addition, correcting self absorption with the method presented

in [244] requires a non-absorbed reference line for each emitting species,

which could not be guaranteed in the experiment. The Be(I) and Be(II)

lines at 381.3 nm and 436.1 nm and the W(I) and W(II) lines at 429.5 nm

and 344.1 nm, respectively, were chosen for this purpose due to their rela-

tively high lower energy states and relatively low transition probabilities,

but their lack of self absorption could not be proven.

While CF-LIBS is capable of solving the relative concentrations of differ-

ent elements in co-deposited layers, it still does not provide quantitative

information on their amounts. The concentrations need to be converted to

absolute particle densities by, e.g., calibrating the measured line intensi-

ties against reference samples with quantitatively known elemental con-

tents. Applying the method to elements, such as hydrogen and oxygen,

with only one or few detectable spectral lines is complicated, as several

data points are required for producing the Saha-Boltzmann plots. The

concentration of, e.g., deuterium can be determined by iteratively calcu-

lating the concentrations of the main elements in the studied layer and

deriving the deuterium concentration from them with the help of line ra-

tios, as presented in [246].

7.5.2 Material distributions on the ITER-like wall of JET

While line intensities alone provide only qualitative information, together

with their ratios, they can be used for comparing the relative abundances

of the studied elements between different samples. This was done to in-

vestigate the poloidal distribution of beryllium and deuterium deposition

across the HFS divertor of the JET ILW and to indicate the locations with

the highest contents of the aforementioned species.

A measure for the content of a given species was obtained by gener-

ating a depth profile of its emission intensity and integrating the depth

profile over the deposited layer. To compensate for the differences in the

recorded general intensity levels between different samples and different

positions on the sample surface, the result of the integral is normalized to

the intensity of tungsten emission in the first pure tungsten layer. Similar

treatment was done also for the SIMS data of the neighbouring samples

to provide a reference for the LIBS analysis.

Both LIBS and SIMS results suggest the largest amounts of deuterium

on the top part of tile 1 and bottom part of tile 3 below the strike point

region (figure 7.14). While the two methods agree with each other, the
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Figure 7.14. The deposition distribution of deuterium (a) and beryllium (b), as well as
the relative abundance of deuterium with respect to beryllium (c) along the
HFS divertor target of the JET ILW. The coordinate S measures the distance
from the divertor entrance along the target plate.

peak in the deuterium content on tile 3 is not shown by other post mortem

methods presented in [66], which could suggest issues in normalizing the

profiles against the tungsten emission. According to both methods, beryl-

lium is mostly deposited on the top part of tile 1. This is supported also by

the ratio of deuterium and beryllium signals in figure 7.14 which shows a

strong increase in the deuterium-beryllium ratio on tile 4 on the bottom

of the divertor, showing that beryllium does not migrate as far down in

the divertor as deuterium to as large an extent.

Since the migration pattern connected to recycling is expected to push

beryllium towards the private-flux region, the observed deposition distri-

bution indicates that the eroded beryllium from the inner main chamber

wall is transported to the divertor mostly along the far SOL, leading to the

strongest deposition on the divertor entrance sufficiently far away from

the strike-point region to avoid significant re-erosion. While the studied

co-deposits had been accumulated over a long period of exposure to dif-

ferent plasma conditions, this would be consistent with the experimental

observations and SOLPS predictions of reversed plasma flows towards

the top of the plasma in the HFS near SOL in high-recycling conditions,

as discussed in chapters 5 and 6.
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8. Conclusions

Co-deposition with impurity particles is predicted to be the primary mech-

anism for retention of tritium on the divertor targets of ITER. Since the

impurities eroded from the main chamber wall are assumed to be car-

ried to the divertor by long-range flows in the scrape-off layer plasma,

understanding the behaviour of the SOL flows in different plasma condi-

tions is essential in predicting the formation of these co-deposited layers.

In the work presented in this thesis, the plasma flows have been stud-

ied in the HFS SOL of ASDEX Upgrade by spectroscopic measurements

and SOLPS 5.0 and ERO simulations. In addition, the prospects of laser-

induced breakdown spectroscopy for active monitoring of the formation of

the co-deposited layers has been investigated.

Nitrogen flows were measured in the HFS SOL midplane region of AS-

DEX Upgrade in toroidal and poloidal directions by Doppler spectroscopy

of N+ and N2+ ions, originating from an N2 injection, with different de-

grees of HFS divertor detachment. Both ionization states show rever-

sal of the toroidal near-SOL flow in high-recycling conditions, whereas

flow towards the HFS divertor was measured across the SOL in detached

conditions. This observation was qualitatively supported also by camera

images. Faster velocities were measured for the N2+ ions, which is con-

sidered to be either due to improved entrainment with the D+ flow via

the Z2 dependence of the friction force or due to wider toroidal extent of

the N(III) emission. The latter would lead to an increased contribution

of the more accelerated ions further away from the injection site to the

measurements. In the poloidal direction, the measured flows were away

from and towards the HFS divertor in the near and far SOL, respectively,

at all densities for both ionization states. The contradicting toroidal and

poloidal near-SOL flow directions at high densities led to a hypothesis of

the poloidal near-SOL flow being dominantly driven by the �Er × �B drift.
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While the observations of the N+ and N2+ flows were qualitatively con-

sistent with earlier probe measurements of the D+ flows in the HFS SOL

of Alcator C-Mod [105], JT-60U [144] and ASDEX Upgrade [142, 143],

ERO trace-nitrogen simulations of the N2 injection suggested inadequate

quantitative representation of the D+ flow velocities. The ERO results

— based on SOLPS solutions with improved correspondence to the plas-

mas of the 2015 experiment and post-processed by synthetic Doppler spec-

troscopy — showed poor quantitative and qualitative correspondence be-

tween the N+ and D+ velocities. On the other hand, the N2+ ions provided

a reasonable qualitative description of the D+ flow profiles with entrain-

ment of up to 50–80% between the respective velocities. In the poloidal

direction, the hypothesis of �Er × �B-dominated near-SOL flow applied only

at the lowest density according to SOLPS.

The measured line-integrated N+ flow profiles were reproduced at low

and high densities in another set of ERO simulations by manually varying

the HFS SOL conditions. The results showed qualitative correspondence

but entrainment of only 10–20% and 20–40% between the N+ and D+ ions

at low and high densities, respectively. In addition, significant downscal-

ing of the plasma temperature was required due to assumed local cooling

of the plasma in interactions with the injected neutral nitrogen. Extended

modelling work with improved description of the ion-neutral interactions

between deuterium and nitrogen, and thorough investigation of the dif-

ferent force contributions acting on the impurity ions is required to fully

understand the coupling between the D+ flow and the measurements of

the nitrogen flows.

The physical phenomena driving the HFS SOL flows of the D+ ions were

studied by performing a generic density and power scan using the edge

fluid code SOLPS 5.0. Similarly to the measurements of the N+ and N2+,

reversal of the parallel near-SOL D+ flow was observed in high-recycling

conditions. The near-SOL flow was found to correlate with the poloidal

pressure asymmetries between the HFS and the LFS SOL with the driv-

ing pressure maximum on the HFS arising mainly from the ∇B × �B drift

between the midplane and the X-point. The peaking of the ∇B× �B-driven

pressure source in the high-recycling conditions is attributed to the for-

mation of an HFS high-density front and the localization of ionization

of recycled neutrals close to the separatrix. In high-recycling conditions,

ionization and, subsequently, the increase in density concentrates in the

vicinity of the separatrix, leading to a strong relative increase in the near-
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separatrix density. This increase of near-SOL density both acts as a direct

pressure source in the near SOL and feeds the ∇B × �B-driven pressure

source.

At higher input powers, the reversed flow was observed to be stronger

and extend radially also into the far SOL. In the far SOL, however, no

correlation between the HFS SOL flow and the HFS-LFS pressure asym-

metry was found. Instead, the far-SOL flow is coupled to the near-SOL

by radial transport: the parallel momentum carried by ions transported

outwards from the near-SOL flux surfaces acts as a momentum source on

the outer flux surfaces. Due to the lack of a similar strong drift-driven

pressure source as in the near SOL, the direction and magnitude of the

far-SOL flow is strongly determined by the flow properties of the radially

transported ions.

A significant drawback in the density and power scans was the lack of

quantitatively predicting the experimentally observed detachment char-

acteristics of the HFS divertor and the behaviour of the HFS divertor

density. In addition, the radiation at the HFS target and the neutral

fluxes in the sub-divertor volume were underestimated. The correspon-

dence to the experimental divertor conditions was significantly improved

in a specific set of simulations in which the radial transport in the SOL

was changed from pure ∇⊥n-driven diffusion to outwards convection with

only small imposed diffusive transport. This led to the achievement of a

detached HFS divertor in terms of the target ion flux, as well as to quan-

titative agreement with the HFS divertor density measurements and an

increase in the sub-divertor neutral fluxes to almost the measured pres-

sures. However, the radiation deficit at the HFS target was not entirely

compensated. Open issues remain in the radiation analysis, concerning,

e.g., the contribution of core and impurity radiation.

As observed in [94], the improvement in the divertor conditions is at-

tributed to decreased diffusive leakage of the high density from the HFS

divertor into the core after the significant reduction in the radial diffusiv-

ity in the SOL. This indicates that a transition away from the fully diffu-

sive approximation may be necessary in order to improve the description

of the HFS divertor detachment in SOLPS 5.0.

While qualitative and quantitative correspondence of the experimen-

tally observed divertor conditions was mostly achieved within the un-

certainties of the experimental data in these simulations, the remain-

ing inconsistencies in the upstream profiles and the separatrix position
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question their direct comparability to the experiment. Consequently, the

simulations cannot be perceived as absolute reproductions of the stud-

ied discharges, but as a demonstration of an alternative approach to im-

proving the description of the divertor conditions. Further work and re-

consideration of the simulation configurations is required to improve the

representation of the experiment itself.

In order to develop a diagnostics for monitoring the eventual deposi-

tion of the migrating impurities and their formation of co-deposited lay-

ers with fuel particles in in situ fashion, different ITER-relevant samples

were studied by laser-induced breakdown spectroscopy, using an experi-

mental set-up at VTT Technical Research Centre of Finland. The stud-

ied samples consist of laboratory-manufactured coatings with different

deuterium-doped compositions of beryllium and tungsten, as well as ac-

tual co-deposited layers from the divertor of JET.

Deuterium was successfully detected and distinguished from hydrogen

by LIBS both in the laboratory-manufactured coatings and in the JET

samples — albeit the detection limit was found to be significantly higher

than for, e.g., SIMS. Distinguishable deuterium emission was recorded

under high-vacuum conditions, supporting the capability of performing

the in situ LIBS measurements between plasma discharges, while im-

provement in the signal quality was observed with an ambient argon pres-

sure of ∼ 1.0 mbar due to increased collisional excitation of the deuterium

atoms. However, at atmospheric pressures, the increased line broadening

made it impossible to distinguish the closely lying deuterium and hydro-

gen peaks from each other. This suggests that detecting the different

fuel isotopes will be extremely challenging in ITER, where the current

plan aims at LIBS measurements only during the shutdown periods at

atmospheric pressures. The separation of the fuel species is further com-

plicated by the isotopic shift between deuterium and tritium which is ap-

proximately only 25% of that between deuterium and hydrogen.

In addition to detecting the retained fuel, LIBS was found to success-

fully provide qualitative information on the material compositions of the

studied samples by producing similar elemental depth profiles as SIMS

for the deposited layers on the JET samples. The relative concentrations

of beryllium and tungsten in a mixed coating were also determined in

agreement with RBS measurements. However, the quantification of the

amount of the retained fuel still requires development of more sophis-

ticated post-processing methods, as well as a vast database of reference
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measurements performed on layers with different ITER-relevant material

compositions and fuel contents.

Both LIBS and SIMS measurements of the JET samples show the largest

amounts of deuterium on the top part of the divertor target, as well as be-

low the strike point, whereas beryllium is mostly deposited on the top

part of the divertor. While re-erosion could explain the smaller amounts

of beryllium detected close to the strike-point region, the low beryllium

content below the strike point does not support the expected migration

pattern, which drives the recycled impurities downwards towards the

private-flux region in the HFS divertor. The results could, thus, indicate

that beryllium is migrated from the main chamber wall to the divertor

dominantly along the far-SOL flux surfaces. This would be consistent

with the reversal behaviour of the HFS near-SOL flow discussed in this

thesis, as the plasma flow would carry the eroded beryllium towards the

top of the machine instead of the HFS divertor in the near SOL in high-

recycling conditions. However, due to long exposure of the divertor tiles to

plasma operation, the co-deposits have been formed under various plasma

conditions, and the observed deposition pattern is campaign-integrated.

In order to more specifically couple the HFS SOL flows to impurity de-

position on the HFS divertor, flow measurements should be performed in

well-defined plasmas simultaneously with discharge-resolved monitoring

of deposition by, e.g., marker probes along the divertor target.
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A. MDSplus shot numbers of the
SOLPS simulations

A.1 Density and power scans

The MDSplus shot numbers of the simulations at different LFS midplane

separatrix densities and input powers of the density and power scans are

listed in the table below. The runs can be found in /ptmp1/work/jskarhun/

SOLPS_5.0/src/Braams/b2/runs/ne_scan_2017_D+He+N/ne=XXe19/P=YY/

D153_e175_N=1e17, where the XX and YY should be replaced with the re-

spective values of density and input power according to the table. The

reader is advised to contact the author before using the data or adopting

the simulation cases.

ne,sep

(
1019 1

m3

) Pin (MW)

0.3 0.35 0.4 0.45 0.5 0.6 0.7
0.5 93058 93083 93071 93084 93059 93072 92630

0.6 93060 93085 93073 93087 93062 93084 93063

0.7 93064 93088 93077 93089 93065 93080 93066

0.8 91490 90974 92799 91669 93067 93081 93069

0.9 91665 91493 91491 91494 91666 91668 93070

1.0 90885 91044 91234 91236 91667 91492 91042

1.1 89739 90829 90877 90879 90825 91043 90886

1.2 89618 89648 89742 89649 89621 89743 89624

1.3 89627 89650 89646 89651 89485 89647 89486

1.4 88843 89103 88972 89098 88844 88955 88845

1.5 88846 89111 88978 89104 88847 88956 88848

1.6 88849 89128 88979 89105 88850 88957 88851

1.7 88852 89129 88980 89113 88853 88981 88854

1.8 88855 89130 89023 89131 88856 88982 88857

1.9 88858 89133 89024 89135 88859 89026 88860

2.0 88864 89138 89027 89141 88867 89028 88869

193



MDSplus shot numbers of the SOLPS simulations

2.1 88873 89143 89029 89144 88876 89030 88879

2.2 88882 89537 89047 89145 88885 89031 88888

2.3 89487 89538 89095 89147 88892 89032 88895

2.4 90826 89539 89092 89148 88898 89033 88901

2.5 90827 90786 89093 89541 88904 89034 88905

2.6 90785 90889 89513 89543 88906 89035 88910

2.7 90778 90890 90780 89545 88911 89048 88912

2.8 89740 90859 90878 90787 89050 89049 88913

2.9 90779 90860 90887 90861 89638 89094 88914

3.0 89741 89746 90888 90891 90828 89518 88915

A.2 Convection-dominated radial transport model

The MDSplus shot numbers of the convection-dominated radial trans-

port simulations, mimicking the different discharges of the 2015 experi-

ment, are listed in the table below. The runs can be found in /ptmp1/work/

jskarhun/SOLPS_5.0/src/Braams/b2/runs/HFS_flow_experiment/

Shot_reproductions/#####, where the ##### should be replaced with the

discharge number according to the table. The reader is advised to contact

the author before using the data or adopting the simulation cases.

Discharge MDSplus shot

32130 100891

32131 100471

32132 100888

32133 100873

32136 100841
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