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Summary

Recently, the ITER Organization started developing, distributing, and
maintaining SOLPS-ITER as the state-of-the-art numerical tool for edge plasma
modelling. In order to be confident about SOLPS-ITER prediction results about
detachment for future tokamak devices e.g. the EU-DEMO and DTT, SOLPS-ITER
modelling of ASDEX Upgrade L-mode detachment is performed.

We first examine the backward compatibility of SOLPS-ITER with SOLPSS5.0
and produce a basic test of new physics/numerics improvements/additions in
SOLPS-ITER without considering the effect of drifts. SOLPS-ITER simulation
results match well SOLPSS5.0 results. The remaining differences might be from the
ion energy source. An upstream density scan, covering the full range from attached
to detached conditions produces closely matching results (~10% differences). This
suggests that the physics/numerics improvements/additions in SOLPS-ITER did
not introduce unwanted effects.

Then, SOLPS-ITER modelling results of three detachment states (the onset of
detachment, the fluctuating detachment state and the complete detachment state) of
ASDEX Upgrade are validated against experimental data including electron density

n. and electron temperature 7, profiles at outer mid-plane, particle flux I, and
electron temperature 7, profiles at inner and outer targets, electron density in inner
divertor volume and neutral flux density at dome and pump locations. Modelling
results show that the discrepancies of particle flux I, in previous SOLPSS5.0
study at inner target are reduced [63]. However, the discrepancies of particle flux
I, atouter target in the onset of detachment and fluctuating detachment state still
exist. For the complete detachment state, SOLPS-ITER modelling results match

well with experimental data. In the future, the modelling of ASDEX Upgrade
impurity seeding L-mode discharge will be studied.
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Chapter 1

Introduction

1.1 Nuclear fusion and Tokamak

Since humankind entered into the time of the Industrial Revolution, the
utilization of energy changed dramatically. From steam engine to nuclear power
plant, the way of taking advantage of energy has promoted the development of our
society. The potentially most effective way to fundamentally solve energy problem
is nuclear fusion energy due to the ultimate fuel which is abundant in the sea water.
Nuclear fusion [1] is a nuclear reaction in which two or more atomic nucleis
combine to form one or more different atomic nucleis and subatomic particles
(neutrons or protons), in the reaction process, a huge energy is released as kinetic
energy of produced particles. The nuclear fusion reactions related to the hydrogenic
isotopes (hydrogen, deuterium and tritium) are the following:

D+T— $He+n+17.6 MeV (1.1)
D+D—T+!H+4.0 MeV (1.2)
D+D—3He+n+3.3 MeV (1.3)
D+ 3He—3He+ H+18.3 MeV (1.4)

The reaction rates for hydrogenic isotopes of nuclear fusion reactions are in
Figure 1.1. The DT reaction, equation (1.1), is the easiest fusion reaction to obtain
and is selected for future nuclear fusion reactors. Tritium does not exist in nature
but can be produced through neutrons impact on Lithium particles, the producing
process is called Tritium breeding.

{Li+n— 3He+T+n—2.5 MeV (1.5)
Li+n— iHe+T+4.8 MeV (1.6)



temperature [keV]
2

_10° 10 10 10°
v 1077 ‘ ' ]
£ 1072}

~ 10723}

~

S0}

> - D-T
2107t

2 — DD

g 10777 — D-He3|
0 107 . l .
= 107° 10t 10° 10?

temperature [billion kelvins]
Figure 1.1 Nuclear reaction rates of hydrogenic isotopes [2].

Nuclear fusion reactions require nucleis close to each other enough (< 107'° m).
Thus, high temperature (at least ~10keV) is required to overcome their Coulomb
potential. At such high temperature, the particles constitute “plasma”[3], which is
the fourth state of matter like solid, liquid and gas. Thus, plasma is the research
objective in this study. Considering power loss, in order to ignite nuclear fusion DT
reaction, the Lawson criterion [4]:

nTtp >3X10*" m’keVs (1.7)

should be satisfied, where n is plasma density, 7' is plasma temperature and 75 is

energy confinement time.

There are two ways to realize nuclear fusion reaction under laboratory
conditions: Inertial Confinement Fusion (ICF) and Magnetic Confinement Fusion
(MCF). The basic idea of ICF is using laser to create high pressure and high
temperature that decreases the volume of fuel in a tiny time that increases the
density of the fuel to meet the Lawson criterion. For MCF, the main idea is using
magnetic field to confine hot plasma, which has a high temperature, so that the
nuclear fusion reaction can happen.

Until now, for all types of MCF devices, Tokamak, whose name is from a
Russian word “Tokamak”, is the most promising device to realise commercial
application of nuclear fusion energy. The schematic diagram of Tokamak is shown

in Figure 1.2. The toroidal magnetic field E’@ is created by the toroidal field coils,
the poloidal filed 13’9 is provided by the toroidal plasma current. The total magnetic

field B is helical. The main components of a Tokamak device are magnetic coils,

vacuum vessel, heating systems, divertor, diagnostic systems. The high temperature
plasma is confined by magnetic field in the vacuum vessel.

For a tokamak device, the safety factor g [5] is defined as:



__ 1By

where R is the major radius and 7 is the minor radius of the torus. Pitch angle is

By _ By
B¢> Btotal

defined as 0., ~ , the typical value is about 0.1 in tokamak devices.

For tokamak design, the safety factor ¢ = 2 is to ensure the stability of confined

plasma [6].
Inner Poloidal field coils
(Primary transformer circuit)

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

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
{secondary transformer circuit)

Figure 1.2 Schematic diagram of a Tokamak device. Source: Eurofusion.

Existing main Tokamak devices for nuclear fusion research are: ASDEX
Upgrade (AUG) [7] in Germany, Joint European Tours (JET) [8] in United
Kingdom, TCV [9] in Switzerland, DIII-D [10] in America, JT-60SA [11] in Japan,
EAST [12] and HL-2M [13] in China. There are also future Tokamak devices under
design or construction: ITER [14] in France, CFETR [15] in China, DTT [16] in
Italy and the EU-DEMO [17].

1.2 Scrape-Off Layer and Divertor configuration

In a tokamak device, toroidal plasma can directly contact with the first wall of
vacuum vessel. The high temperature plasma can corrode, even melt, the materials
of the vacuum vessel that results in the production of impurities, e.g. Carbon or
Tungsten. When the DT reaction happens, the impurity of Helium is produced. If
the impurities are not removed from the core plasma, the tokamak device can not



discharge normally. In order to solve this problem, the limiter and divertor
configurations are proposed which are shown in Figure 1.3.
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Figure 1.3 Limiter and divertor configurations [18].

The limiter is defined as a material structure inserted into the plasma. Then the
plasma is conventionally divided into two regions: the core plasma and the Scrape-
Off Layer (SOL) plasma. The edge of the limiter defines the Last Closed Flux
Surface (LCFS). In the core plasma region, the magnetic field lines do not contct
with any material structure. The region where the magnetic field lines are open is
called “Scrape-Off Layer” (SOL). The parallel transport of the plasma along
magnetic field line is stronger than the perpendicular (cross-field) transport. The
high temperature plasma is directly contact only with the limiter material surfaces.
Instead, the vessel walls avoid contact with high temperature matter.

The divertor configuration is obtained by adding an additional toroidal current.
The additional poloidal magnetic field combining with the one produced by the
plasma current creates a poloidal-field null point, called X-point. This surface
across the X-point is called separatrix. There is still the SOL region in divertor
configuration similar to the limiter configuration. The ASDEX Upgrade tokamak
divertor is shown in Figure 1.4.
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Figure 1.4 The divertor of ASDEX Upgrade. Source: IPP.



In divertor configuration, the contact area between plasma and divertor targets is
far from the core plasma. Impurities transport along open magnetic field lines in the
SOL towards the divertor targets and do not pollute (ideally) the core plasma. Heat
and particle fluxes deposit only onto the divertor targets. This helps improving
energy confinement and pumping efficiency.

There are several confinement modes in tokamak discharges. Two typical
confinement modes are: the low-confinement mode (L-mode) and the high-
confinement mode (H-mode). Figure 1.5 shows the plasma pressure profiles along
minor radius and the corresponding confinement modes. The low pressure profiles
is corresponding to the L-mode. H-mode is observed in experiments [20] when the
heating power increases above a threshold. Typically, in H-mode, an Edge
Transport Barrier (ETB) develops, which increases the stored energy of plasma
[21][22]. The transition from L-mode to H-mode is unclear now. In this study, we
focus on ASDEX Upgrade L-mode discharges.

Internal Transport Barrier
(ITB)

plasma pressure

Edge Localized Modes
(ELMs)

o

sawteeth
= e = = = Edge Transport
<= Barrier (ETB)
pedestal (H mode)
0 1

normalized radius r/a

Figure 1.5 Plasma pressure profiles along minor radius with the corresponding confinment modes. Source:
CEA.

1.3 Aim & Outline

Divertor controls the exhaust of heat and of helium ashes, and protects the core
plasma from impurity contamination. From an engineering point of view, there is a
limit of a few MW/m? on the peak value of steady-state heat load on divertor targets
[23][24][25]. Thus, heat load on divertor targets becomes a critical issue for
tokamak reactor-grade devices. In order to decrease the heat load of divertor targets,
detachment operation regime (introduced in section 2.3.3) is proposed for future



tokamak devices, e.g. ITER, CFETR and the EU-DEMO. In order to confidently
predict detachment and explore possible scenarios to decrease the heat load on
divertor targets for future tokamak devices, the physical models which are widely
used in boundary plasma numerical modelling tool, SOLPS-ITER (see chapter 4),
need to be validated against current experimental data, e.g. ASDEX Upgrade. The
main aim of this thesis is to validate SOLPS-ITER modelling results of detachment
against ASDEX Upgrade L-mode detachment discharges.

In this chapter, research background is briefly introduced including nuclear
fusion, tokamak and divertor. In chapter 2, basic physical processes related to
plasma transport in SOL are introduced. The basic theoretical model, Two-point
model (TPM) and divertor operation regimes are also described. Recent study about
ASDEX Upgrade detachment is summarized. In chapter 3, basic theories of plasma
diagnostic systems which provide experimental data for the validation of SOLPS-
ITER modelling results, are introduced. In chapter 4, a detailed description of the
SOLPS-ITER code is presented, including the fluid plasma solver B2.5 and the
Monte Carlo transport code EIRENE, which is used for neutral transport. In chapter
5, a numerical comparison between SOLPS-ITER and SOLPS5.0, which has been
used for edge plasma modelling more than twenty years in the past, is presented. In
chapter 6, SOLPS-ITER modelling results about ASDEX Upgrade L-mode
detachment are presented. The effect of boundary conditions, drifts and radial
convective velocity are discussed. Conclusions and perspectives are given in
chapter 7.



Chapter 2

Boundary Plasma Physics

2.1 Basic aspects of boundary plasma

In this chapter, basic aspects of boundary plasma physics, which are relevant
for boundary plasma modelling, are introduced. When plasma enters the SOL
region, various types of volumetric processes can happen that are described in
section 2.1.1. Section 2.1.2 discusses the Debye sheath formation in front of solid
surfaces. Furthermore, when plasma and neutral particles strike on solid surfaces,
several plasma-wall interactions should be considered, which are introduced in
section 2.1.3.

2.1.1 Volumetric processes

In SOL region, ions, electrons and neutrals co-exist. Thus, different types of
atomic reactions can happen. The most important ones are ionization,
recombination and charge exchange. For example, hydrogenic recombination
(radiative and three body), charge exchange and ionisation reaction rates versus
temperature are shown in Figure 2.1.
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Figure 2.1 Reaction rates for hydrogenic recombination (radiative and three body), charge exchange
and ionisation rates as a function of temperature and density [27].



Ionization rates decrese strongly when the temperature falls below 10 eV. At
higher temperature, ionization constitutes an ion source and plasma energy sink in
the SOL region. The recombination rates decrease as the temperautre increases.
Below 2 eV, recombination rates are larger than ionization. Recombination in the
SOL region play as a particle sink. When the temperature is about ~5 eV, charge
exhange rate coefficients are, at least, one magnitude higher than ionization and
recombiation. The charge exchange is a momentum sink because of the friction
between neutrals and ions. For impurity ions, e.g. Carbon, Neon, Argon etc.,
bremsstrahlung emission and line radiation have to be considered as power loss [6].

2.1.2 Debye sheath

Plasma can be treated as quasi-neutral when space scales is larger than the
Debye length Ap:

p= (e"kT) @.1)

For typical boundary plasma in a tokamak device, Ap =~ 10> m [6]. Any single

particle potential is shielded within a few Debye lengths. Figure 2.2 shows the main
phenomenon when plasma (ions and electrons) reach a solid surface. At the
interface between plasma and solid, the Debye sheath is formed and the quasi-

neutrality of plasma does not hold anymore (n; >n.) in the sheath region. The

length of Debye sheath is of a few Debye lengths. In the sheath region in front of
the target, there is a potential drop (~3k % eV) that acclerates positive charged ions

and repells negetively charged electrons. At the entrance of Magnetic Pre-sheath,
according to the Bohm-Chordura criterion [26], the ion velocity v;,, is:

L+T :r;>; 2.2)

Vion 2 Cs = (
m;

where ¢, is the plasma sound speed, 7, is the electron temperature, 7; is the ion

temperature and m; is the ion mass. The heat flux at the sheath entrance is:
)5 = VI 5o = T, (2.3)

where 7y is the sheath heat transmission factor, usually is assumed to be 8 [6][32].
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Figure 2.2 The structure of the sheath in front of a target surface with an oblique magnetic
field and its influence on electron and ion trajectories is shown [26].

2.1.3 Plasma wall interaction

When ions or atoms strike a solid surface, one of the following processes may
occurs [6]:

« particles back-scatter or reflect with some fraction of the impacting energy.

« particles fall into the solid material, subsequently released as thermal ions
with velocity which is dependent on the solid surface temperature.

« Particles are trapped into the solid material.

The reflection process is described by particle and energy reflection
coefficients Ry and Ry [29].

Ry (Eo) = % 2.4)
Ry (E,) = ZEIN _ B(E) b oy 2.5)

E,N,  E,

where N is the number of reflected particles, N, is the total number of impacting

particles, E, is the impact energy, and E(E,) is the average energy of refected

particles. Plasma particles are neutralized in the solid surface, and then released as
neutrals. The relased neutral particles are re-ionized in the SOL region. This process
is called recycling [5].

The impacting particles can induce electrons emitting from the solid surface.
Another consequence is the sputtering includes physical sputtering and chemical
sputtering. A basics feature [30] of physical sputtering is that the momentum is
transferred from impacting particles to the atoms of surface materials. When the
transferred energy exceeds the binding energy of surface atoms, the surface atoms
leave the surface. In contrast to physical sputtering, chemical sputtering is a



chemical reaction that happens between the impacting particles and surface
materials, for example, the production of CH4 in tokamak devices [31].

2.2 Two-point model [6]

Two-point model (TPM) describes plasma transport in the SOL region between
two extreme points, as shown in Figure 2.3. The TPM can be thought as
straightening the SOL region along the magnetic field between an upstream and a
target locations:

® Upstream, which is called “u’ for short. It can be anywhere above X-point

in a single null divertor configuration. Parallel gradients of plasma
parameters in that region are small. Thus, upstream can be approximately
any point between two targets. Usually, the upstream is taken to be the
outer mid-plane.

® Target, which is called ‘t” for short. It means the divertor targets.

Upstream

Midplane
"/ Upstream

Scrape-Off

Divertor <4 \

Target

Downstream Tal‘get

Figure 2.3 A schmetic view of Two-point model and SOL transport [32].

TPM is derived from one-dimensional fluid equations. Considering
conservation equations, particle conservation equation is:

% (v) = Sparticte (2.6)
Momentum conservation equation is:
% (P + pi + M) =S, (2.7)
Energy conservation equation is:

d

5 1
% q//,cond + 51_1// (Te + 111) + Enmi’l):; - Senergy (2“8)



where n is the plasma density, v is the plasma velocity, S, is the particle
source, p. and p; are the electron and ion static pressure, S,,,, is the momentum
source, g .onq 1S the parallel conduction heat flux, I is the parallel particle flux,
T.and T; are the electron and ion temperatures, S.,..,, is the energy source.

There are some assumptions. For particle conservation, the recycling neutral
particles near divertor target are re-ionized immediately. The particle flux only
exists between recycling region and target. Without considering recombination, the
only sink for plasma is the divertor target. There is no perpendicular transport and
reversed flux. At upstream, plasma velocity is zero and increases up to the sound
speed at the sheath entrance.

For momentum conservation, the basic TPM neglects both friction and
viscosity. Volumetric processes are also not considered. There is no momentum
loss along flux tube, so that Piaue + Piynamic = 1k (T, + T;) + nm,v> = constant .
It is also assumed that the electron temperature equals the ion temperatures.

For energy conservation: there is no convection but only conduction from
upstream to target. There is no radiation loss and Joule heating during the transport

process.
With above assumptions and conservation equations, TPM are:
n, T, =2n,T, (2.9)
7 7 7 1
T:.=T; + P L (2.10)
qy=m.Tic, (2.11)

From (2.9) (2.10) and (2.11) are the TPM, where L; is parallel connection
length from upstream to target. Upstream density n, and parallel heat flux ¢, are

treated as ‘input’, the unknown parameter n,, 1;, T, are treated as ‘output’.

71 2 :2 2 2
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m; 2\ 2 gk, 2 T T

T, = e ’)/262712 X nu2Q//7 L !
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N, (7 q//L>7 ve’ 3 iLg -
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It can been seen that the upstream temperature 7, is independent on the
upstream density 7, , and not sensitive to the heat flux g, due to the exponent factor
of 2/7. Increasing the heat flux g, results in the increase of T,. Increasing the
upstream density 7, can decrease the target temperature 7.

In order to consider volumetric power loss, momentum loss and the convection
transport of parallel heat flux, the extended-TPM [6] is introduced, which can
qualitative estimate the effect of radiation and volumetric atomic processes.



The volumetric power loss is described with a power loss factor f,,ue,

(1 - fpower) q// =4q: (213)

For a momentum loss factor f.om
1
= Efmampu (2.14)

For a convection transport factor f.onq:

q// ,cond — fcond Q//

Q// ,conv — (1 - fcond) (I// (2. 1 5)
Then extended-TPM is:
2
Tu X fcond ’
2
Tt x ( fpower)
fmom fcond
Tu fcond mom
- X
Tt ( fpower) 2
n, o< fmom fcond

(1= foower)®

1—1 fmomffcond (2.16)

Applications of the TPM and extended-TPM for analysing divertor operation
regime are introduced in next section.

2.3 Divertor operation regime

There are three divertor operation regimes: sheath-limited regime (or low
recycling regime), conduction-limited regime (or high recycling regime), and
detachment as shown in Figure 2.4. In the three different divertor regimes, the
relationship between upstream and target plasma parameters are different.
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Figure 2.4 Divertor operation regimes including sheath-limited regime, conduction limited regime and
detachment [33].



2.3.1 Sheath-limited regime

In low density discharge, the plasma collisionality v" = é , where L is the

conection legth and A is self-collisionality lengths, is low (<10). Plasma in SOL
region is in the sheath-limited regime. Along the flux tube, the temperature gradient
is small that T, &~ T}, only conductive heat flux is presented. The ion velocity is

almost zero at upstream. Ions are accelerated to the plasma sound speed at the
sheath entrance. The heat flux is limited only by the heat transmission of the sheath

: . . : 1 .
at divertor target. According to equation (2.9), the target density n, = > M which

means as the upstream density increases, the target density will linearly increase.
For the target heat flux ¢, = ¢, = yn,T}c,. Increasing the power entering the SOL
region, the consequent high heat flux to the divertor target will lead to the damage
of divertor target. Thus, there is no interest for the sheath-limited regime in current
tokamak devices.

2.3.2 Conduction-limited regime

As the upstream density 7n, increases, the collisionality v is also increased.
Divertor moves from the sheath-limited to the conduction-limited regime.
Recycling neutrals are ionized near the target. The temperature gradient along
magnetic field line is noticeable. The target temperature T; is lower than the

upstream temperature 7, . Heat flux is mainly conductive. The total pressure is

constant along a given flux tube, as in the sheath-limited regime. The TPM,
equation (2.12), describes the conduction-limited regime well [6].

2.3.3 Detachment

When the divertor is in conduction-limited regime, keeping on increasing the
the upstream density, a roll-over of particle flux at divertor targets is observed called
detachment as shown in Figure 2.4 and Figure 2.5.

In the detachment, the electron temperature at target 7, is about 1~2 eV. From

what we discussed in section 2.1.1, recombination near target is dominant. There is
a pressure drop along magnetic field lines, since momentum loss mechanisms are
active. The target pressure p;, is much lower than the upstream pressure p,. The

momentum loss can be explained by friction and charge-exchange due to ion-
neutral collision, plasma recombination which results in the escape of neutrals, and
cross-field transport [32]. In the detachment, the heat flux at target is strongly
reduced. It should be noticed here that in this study, only the particle detachment is
focused on, and power detachment is not considered [32].



The basic TPM is not accurate enough to describe detachment; the extended-
TPM is better. The momentum loss factor f,,,,, and the power loss factor f,,...

depend on volumetric processes which are determined by plasma parameters (n,

and T, ). When the target temperature is above 2 ¢V, we do not consider momentum

loss, and combining equations (2.3) and (2.16) gives the qualitative relation of the
heat flux at target

q:0<(1 = fpouer) (2.17)

which means the target heat flux can be reduced by volumetric radiation processes.
In experiments, for H-mode discharges, the impurity seeding is used to radiate most
of power [14][32] . When the temperature is below 2eV, without considering the
power loss, the particle flux is decreased due to the increase of momentum loss.

The roll-over of particle flux at divertor targets is observed in JET, DIII-D,
ASDEX Upgrade [33][34][35]. In detachment, strong asymmetry of particle fluxes
between inner and outer targets is observed [35]. In experiments, an effective way
to measure the degree of detachment (DOD) [36] is using a ratio between particle
flux from the TPM and measured particle flux at divertor targets.

- I'rpn -
DOD = .. =c T

(2.18)
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Figure 2.5 Experimental observation of detachment in JET [34] .

2.4 Divertor detachment states

2.4.1 Classification of divertor detachment states [35]

In recent study of ASDEX Upgrade L-mode density ramp discharges, a new
classification of divertor detachment states is proposed. The detachment is not a
continuously evolving process but rather undergoes three distinct states: the onset
of detachment state (OS), the fluctuating detachment state (FS), the complete
detachment state (CDS). This classification is observed with different heating
power, forward and reversed magnetic field, and hydrogen and deuterium fuelling.
The classification of three detachment states for deuterium fuelling discharge
#27100 1s shown in Figure 2.6.
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Figure 2.6 Characteristic of three detachment states for #27100: onset of detachment state (OS), the fluctuating
detachment state (FS) and the complete detachment state (CDS) [35].

The onset of detachment: the first deviation of integrated particle flux from

meas

TPM model scaling at inner target occurs when the measured ion flux @5¢* at inner
target become less than ion flux ®5'° from the TPM calculation. At this phase,
partially detached from the strike point at the inner divertor target happens. While
the outer divertor is still attached and in the conduction-limited regime. The
measured ion flux @5 at the outer divertor target is still consistent with the value

calculated from the TPM.

The fluctuating detachment state: fluctuating radiation, originating close to the
X-point, appears in the fluctuating detachment state. From Figure 2.6, it can been
seen that a fluctuation band suddenly appeared. In the fluctuating state, in the inner
divertor volume, the electron density n, is an order of magnitude higher than the



electron density at divertor targets and the line averaged electron density n., which
is called the High Field Side High Density (HFSHD) region. Radiation is directly
proportional to the square of electron density, thus the total radiation distribution
can be used to estimate the position of the HFSHD region, as shown in Figure 2.7.
In the fluctuating detachment state, the roll-over of particle flux at the inner and
outer divertor targets happens.
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Figure 2.7 Estimated position the HFHDS region in fluctuating detachment state through radiation
distribution for #27100 [35].

The complete detachment state: the fluctuation of radiation near X-point
disappears. In the complete detachment state, the HFSHD region moves along
magnetic field line to above the X-point (see Figure 2.8). When transiting from the
fluctuating detachment state to the complete detachment state, the ion flux at the
outer target begin to be lower than the TPM scaling.
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Figure 2.8 Estimated position the HFHDS region in complete detachment state through radiation
distribution for #27100 [35].

Similar to L-mode discharge, the processes of detachment in H-mode discharge
are classified in four phases: the onset of detachment, the fluctuating detachment
state, partial detachment of outer target and the complete detachment state [37].

2.4.2 The High Field Side High Density region

The High Field Side High Density (HFSHD) is a region (often localized in the
inner divertor in forward magnetic field) where the electron density is an order
magnitude higher than electron density at targets and line averaged electron density
n.. Measured electron density comes from Stark broadening of spectroscopic

Balmer lines [38]. In both ASDEX Upgrade and JET, the HFSHD region is
observed, and is independent on machine size and confinement mode [39]. In the
complete detachment state, the HFSHD region extends towards the far SOL region,
1.e. about 10 times of heat decay length away from the separatrix and 20cm above
the X-point in the complete detachment state of ASDEX upgrade [40]. The
formation of the HFSHD region increases the neutral leakage in the high field side
that increases the neutral flux at high field side. Detailed power scan shows that the
electron density and neutral flux at high field side increases linearly with heating
power [42].

The dynamics of the HFSHD front in ASDEX Upgrade is illustrated in Figure
2.9 [40]: entering the fluctuating detachment state, the ionization front moves
towards upstream to reduce the ionization radiation that balances the increased
recombination radiation [41]. The recombination zone is near the strike point of the



inner divertor target. The divertor nose constitutes an obstacle for the perpendicular
neutral flux from the target to the region above the X-point. Passing into this
shadow the neutral flux above the X-point is strongly reduced, the ionization front
fades away and the heat flux from upstream can increase the temperature in the
recombination region, subsequently reducing recombination and reforming an
ionization front below the X-point. A cycle reformation of the ionization front
propagating from below to above the X-point occurs leading to a fluctuation as
observed in the experiment.

a) onset state b) fluctuating state

recombination
front

d) complete detachment

ionization front

Figure 2.9 Schematic of dynamics of the HFSHD front [40].

The TPM and extended-TPM can not identify the complicate volumetric
processes occurring during detachment states. In order to simulate the three
detachment states, a more accurate two dimensional numerical tool named SOLPS-
ITER is used. A detailed intrudction of SOLPS-ITER is in chapter 4.

2.5 Perpendicualr transport

In TPM, only the parallel transport which is along magnetic field line is
considered. The transport perpendicular to the magnetic filed is neglected, beacuse
parallel transport is much stronger than perpendicular transport. In this section, we
briefly introduce the transport perpendicular to the magnetic field line. An empirical
description of perpendicular transport in radial direction in tokamak is



n:—DL% +u,n (2.19)

where I, is the perpendicular particle flux in radial direction, D, is the diffusive

transport coefficient, v, is the convective velocity in radial direction and 7 is the

particle density. The main idea of equation (2.19) is that the perpendicular transport
in radial direction has two parts: one is due to particle diffusion and another is
convection. In the practice of boundary plasma modelling, the radial particle flux is

. . I . 0
usually described by an effective diffusion coefficient: I, = - fma—z . An
empirical diffusive coefficient derived from experiments is [43]

Dy = ppon = =00 (220)

For ASDEX Upgrade L-mode discharges, in the upstream of the SOL region,
where T, ~50eV , B~2.5T, the perpendicular transport coefficient D" is

about 1.2 m?/s which is much larger than the value given by theory [44].
Experiments of Alcator C-Mode discharges show that in order to keep the
perpendicular particle flux, with diffusion-only assumption, the perpendicular
transport coefficient should be increased sharply along radial direction in the SOL
region [45].

Intermittent transport in SOL region is observed in experiments [46][47][48],
which is convection origin. In the far SOL region, turbulence propagates radially in
the form of so-called filaments aligned to the magnetic filed lines or blobs [49]. In
ASDEX Upgrade L-mode discharges, the filament transport characteristics are
measured[49][50][51] including auto-correlation time, detection frequency, density
flucuation and radial propagation velocity. At the transition from the sheath-limited
to the high recycling regime, an increase of blob amplitude and corresponding
transport is observed [51]. For boundary plasma modelling, through the telegraph
equation, an effective perpendicular diffusion coefficient including both diffusion
and intermittent transport can be derived [53].



Chapter 3

Experimental diagnostic

In ASDEX Upgrade tokamak, there are serval diagnostic systems to measure
plasma parameters. In this chapter, experimental diagnostic systems related to
boundary plasma, whose measurments are used to validate SOLPS-ITER modelling
results in chapter 6, are briefly introduced.

3.1 Thomson Scattering

Thomson scattering (TS) diagnostic [101] uses Nd:YAG laser to measure
electron density and electron temperature profiles. The electron density and
temperature are calculated from the spectrum of laser light which is scattered by
electrons and leads to a spectral broadening due to Doppler effect. The electron
temperature is measured from the amplitude of the broadening, and the electron
density is measured from the intensity of spectrum.

In ASDEX Upgrade, lasers shot vertically from the bottom to measure the core
and boundary plasma parameter profiles as shown in Figure 3.1. 16 (11) spatial
channels with 4 spectral channels each are used for measuring core and edge radial
profiles of the electron density and temperature. Clusters of 4 and 6 Nd-Y AG lasers
with pulse energies of 1J and pulse durations of 15 ns in each are used for the core
and edge system. The laser clusters penetrate either through the E port (core plasma),
or through the D port (edge plasma on the low field side of the tokamak). The
repetition rate for each laser is 20 Hz [103].
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Figure 3.1 Related diagnostic systems in the ASDEX Upgrade.
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Electron cyclotron emission radiometer (ECE) diagnostic [102][104] is used

for measuring electron temperature from radiometry of electron cyclotron emission.

Hot electrons gyrate around field lines with cyclotron frequency w = % , where w

is the angular velocity, B is the magnetic field, and m is the electron mass. At the

second harmonic of the electron cyclotron frequency, the plasma usually emits like
a blackbody source. Therefore, the electron temperature can be derived from the
absolute intensity of the second harmonic X mode emission if the plasma is
optically thick, in which case the Rayleigh-Jeans law of thermal emission holds.

Since the magnetic field (and consequently the emission frequency f = 27w )



depends on the radius, the power spectrum represents a radial electron temperature
profile. At present, only the heterodyne radiometer in ASDEX Upgrade provides
electron temperature profiles regularly [103].

In ASDEX Upgrade, Integrated Data Analysis (IDA) within the framework of
Bayesian probability theory are applied to the combined analysis of Lithium beam
emission spectroscopy (LIB), deuterium cyanide laser interferometry, Electron
Cyclotron Emission (ECE), and Thomson scattering spectroscopy [105][106]. The
four heterogeneous diagnostics enable a simultaneous estimation of electron
density and temperature profiles with high spatial and temporal resolution. The
coherent IDA analysis of the profile diagnostics allows one to consider diagnostic
interdependencies correlating density and temperature profiles [106]. The IDA
measurements of electron density and electron temperature profiles at outer mid-
plane are used in chapter 6.

3.3 Langmuir Probes

In ASDEX Upgrade, flush mounted Langmuir probes are implemented to
measure the plasma parameters in front of divertor targets. A Langmuir probe is
essentially a pin collecting electron and ion currents that are used to estimate
electron density n. , electron temperature 7, and plasma potential V, using

Voltage-Current characteristic curve.

The principle of a Langmuir probe is shown in Figure 3.2. When a metal probe
penetrates into the plasma, electrons reach the surface of the probe at a rate which
is much larger than ions. This results in a negative potential at the probe surface,
which attracts positive ions and repels negative electrons. Adjusting the potential
of probe through an additional voltage, when the current is zero, the floating
potential V; is measured. At large negative voltage, the saturated current

Isat - Aprobe jsat =N Aprobe €Cq (31)

is used to calculated the electron density. Reducing the negative voltage, the
electron temperature is calculated from the slope of the Voltage-Current
characteristic curve:

o e(Vprobe - Vfl) |: ( Iprobe> i| B
T, = Sl 14 S (3.2)
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Figure 3.2 Principle of a single Langmuir probe measurement [107].

In addition to single Langmuir probe, there are double Langmuir probe and
triple Langmuir probe. A double Langmuir probe works closed to floating potential
that electron density and electron temperature are derived directly from the Voltage-
Current characteristic curve. A triple Langmuir probe consists of a single probe for
floating potential and a double probe for voltage and saturated current. There are
three types of Langmuir probe construction scheme to face different heat loads: fast
moving probe, heat sink probe and flush mounted probe [107]. The fixed Langmuir
probes in the lower divertor of ASDEX Upgrade are flush mounted probe. The
reliable measured electron temperature range is from 2~25 eV. In chapter 6, ion
flux and electron temperature are measured by flush mounted triple Langmuir probe.

3.4 Divertor Spectroscopy

Volume electron density is determined by divertor spectroscopy, which is based
on the spectroscopic measurement of the Stark broadening of the Balmer lines [38].
The spectral Balmer lines are broadened when the surrounding plasma emits atoms.
The Stark broadening effect is proportional to the surrounding plasma density. Thus,
the surrounding plasma density can be deduced from the broadening of Balmer lines.
Stark broadening effect is a combination of pressure broadening due to Coulomb
collisions (collision damping) and Stark split due to the electric field produced by
surrounding plasma. The measured Balmer lines are fitted to theoretic profiles of
Stark broadened Balmer line to give the corresponding volume electron density.

The line-of-sight (LOS) of divertor spectroscopy for #27100 discharge is
shown in Figure 3.3 which includes RIV, ZIV, ZON and RXV groups. The
measured volume electron density is corresponded to the region where the Balmer
line emissivity is highest. The measured volume electron density is not an average
value but is close to the maximum density along LOS [108]. The uncertainty of



divertor spectroscopy is about 15% and the lower limit for divertor spectroscopy
measurement is 1, ~4.0 X 10" m™,
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Figure 3.3 LOS of divertor spectroscopy for #27100. RIV, ZIV, ZON and RXV are differnt groups of
divertor spectroscopy.

3.5 Ionization Pressure Gauge

Ionization pressure gauges measure neutral particle flux densities in the
vacuum vessel of ASDEX Upgrade. Neutral particles enter the gauges and then are
ionized by electron impact and the induced ion currents are measured [109][110].
The locations of gauges in ASDEX Upgrade are shown in Figure 3.1. Neutral flux
density measurements are not only important for the control operation of tokamak
devices, but also fundamental for the understanding of the plasma—wall interaction
and its influence on the plasma performance. For example, the neutral compression



pressure ratio between dome and pump decides pumping efficiency, which is
important for the removal of impurity. Moreover, the neutral flux density on the
high field side is associated with the HFSHD region [42]. In section 6.2.1, the
modelling results of neutral flux densities at dome and pump locations are validated
against experimental measurements.



Chapter 5

Numerical Tool

4.1 SOLPS-ITER

4.1.1 Development process of SOLPS

Plasma transport in the SOL region is complicated, because both parallel
transport along magnetic field line and perpendicular transport (due to the gradient
of density and filament dynamics) exist. The TPM is not accurate enough to
describe the physical characteristics of plasma transport, especially the divertor
detachment. Thus, more comprehensive physical models are needed. SOLPS code
package (Scrape-Off Layer Plasma Simulation) is widely used for boundary plasma
modelling. It includes a fluid plasma solver B2/B2.5 [54][55][56] and a Monte
Carlo code EIRENE [57] for neutral particle transport.

The SOLPS code package has grown from the coupling of B2/B2.5 and
EIRENE. Historically, since the two main components are maintained and
developed by different teams, various ‘weddings’ took place between the two
families, leading to a multiplicity of SOLPS versions that results in multiple parallel
existing branches [58]. Summary of various SOLPS and corresponding B2/B2.5
and various EIRENE are in Table 4.1 [59].

Table 4.1 Summary of various SOLPS versions and corresponding B2/B2.5 and EIRENE.

EIRENEY96 | EIRENE99 | EIRENE facelift | EIRENE 2010

B2 SOLPS4.0 SOLPS4.2 SOLPS4.3
B2.5 + drifts SOLPSS5.0 SOLPS5.1
B2.5+improved | SOLPS5.2 SOLPS-ITER

drifts model

In order to model helium pumping and impurity penetration, the original B2
which is a multi-spcies plasma fluid code was developed and applied to ASDEX
tokamak [54]. Considering the electric field, currents and drifts in the SOL region,
B2.5 is developed by Max-Planck-Institut fiir Plasmaphysik (IPP) [55][56].
Compared to EIRENE96, EIRENE99 contains a collisional radiative model for
atomic and molecular ionization, recombination and dissociation rate coefficients,
improved treatment of molecular vibrationally excited states [60]. SOLPS5.0 with
EIRENE99 were widely used for ASDEX Upgrade modelling in the past twenty
years [61][62][63][64]. SOLPS4.2, in which neutral-neutral collisions and line
radiation are implemented in EIRENE facelift, was applied to ITER and JET



modelling [65][66]. SOLPS4.3, which is based on EIRENE 2010 was applied to
ITER design [67][68].

In 2015, the ITER Organization has started developing, distributing, and
maintaining SOLPS-ITER as the state-of-the-art numerical tool for edge plasma
modelling [69][70]. Compared to SOLPS5.0, which was widely used for ASDEX
Upgrade modelling, SOLPS-ITER includes not only SOLPS5.0 physics but also a
large number of new physics/numerics improvements/additions, which are
recommended to SOLPS-ITER users. The most important feature about fluid
plasma is the new treatment of drifts and currents, based on SOLPS5.2 [71][72].

Workflow of SOLPS-ITER is shown in Figure 4.1. DivGeo is a GUI that helps
user to create and manipulate comuputational grids. Uinp creates input paramters
for EIRENE including geometry paramters, atomic reactions and reflection models
etc. b2ah, b2ai and b2ar set default physical parameters, initial plasma paramters
and atomic rates for fluid plasma. b2mn is the main program that provides final
numerical solution. b2pl is a post-processing tool for plotting. More details are in
the EIRENE user manual [57] and the SOLPS-ITER user maual [93].
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Figure 4.1 SOLPS-ITER workflow [70].



4.1.2 State of the art

In the past twenty years, SOLPSS5.0 has been widely used for ASDEX Upgrade
modelling research. The state of research about SOLPS5.0 modelling of ASDEX
Upgrade is briefly introduced in this section. Since the distribution of SOLPS-ITER,
it has been used to study boundary plasma physics in various tokamak devices. Thus,
applications of SOLPS-ITER are also presented.

For ASDEX Upgrade L-mode low density discharges, the inner divertor is in
the high recycling regime and outer divertor is in the low recycling regime.

SOLPSS5.0 provides confident results about electron density n, and electron

temperature 7, profiles at both inner and outer divertor targets [73][74]. The

decrease of divertor target heat load with nitrogen seeding in ASDEX Upgrade L-
mode discharges is successfully modelled by SOLPS5.0 [75]. The nitrogen
retention in ASDEX Upgrade L-mode discharges is studied by SOLPSS5.0 [76][77].
SOLPS5.0 simulation results with drifts and currents are compared in detail with
experimental data, showing that the particle fluxes at inner divertor targets are
higher than experimental measurements in the onset of detachment and fluctuating
detachment states [63]. SOLPS5.0 modelling results also show that the HFSHD
region is associated with drifts, which move particle from the outer to the inner
divertor region. For SOLPS5.0 modelling about H-mode nitrogen seeding
discharges, F. Reimold shows that [64] considering the convective transport due to
filaments, which is mimicked by adding a pinch velocity, the discrepancies on the
particle flux at the inner target are reduced and also a good agreement on volume
electron density is recovered.

Now, SOLPS-ITER is widely used for boundary plasma study. SOLPS-ITER
is applied to study the effect of drifts in TCV [78], Alcator C-mod [79] and DIII-D
[80]. Impurity radiation in ITER is investigated by SOLPS-ITER [81]. The effect
of drifts for snowflake [82][83] and upper single null configurations [84] in ASDEX
Upgrade are studied by SOLPS-ITER. The detachment operation in HL-2M is
predicted by SOLPS-ITER [85].

4.2 B2.5

In this section, the basic fluid equations of B2.5 used in SOLPS-ITER are
introduced.

4.2.1 Braginskii equations

B2.5 equations are based on Braginskii equations [86] which are following:
Particle conservation equation for ion:

SV (V) =8, (4.1)

Particle conservation equation for electron:



on.
ot

+V- (n.V.) =5, (4.2)

Momentum conservation equation for ion:

~Vp,— VIl + Zien,(E+V.XB) + R+ 8, (4.3)

Beacuse the electron mass is much lighter than ion mass, terms related to
electron mass are neglected. The simplified momentum conservation equation for
electron:

~Vp.—en.(E+V.xB) +R.=0 (4.4)

where

-
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is responsible for the friction between ion and electron. I is the viscosity

tensor. f// and 7, are the parallel and perpendicular current respectively. o, and

o, are the classical electrical conductivities.

Energy conservation equation for ion:

2
z'2>17i+ﬁi : _)i+§ij| (46)

Simplified energy conservation equation for electron:

0

ot <3neTe> +V- <§nem7€ + ae> =-en.E-V.+R-V,.+Q.+S: (47

2
where ¢; and ¢, are the ion and electron heat flux denstity.

4.2.2 B2.5 equations

In a tokamak device, there is toroidal symmetry. In B2.5, Braginskii equations
are transformed from a referenced parallel coordinate system to a poloidal
coordinate system through mathematical treatment [92], which means only poloidal



and radial transport are considered, as in Figure 4.2. The magnetic field B in
tokamak has two components: poloidal field B, and toroidal field B, along the
poloidal and toroidal directions. The radial direction is B, . In the parallel

coordinate system (parallel B,, diamagnetic B, and radial B, ), the parallel
direction is the direction along the magnetic field line, the diamagnetic direction

B, is perpendicular to both parallel and radial direction.

‘y
—_—
X -

&
J{L Y

inner target outer target

Figure 4.2 Schematic view of parallel and poloidal coordinate systems [88].

The basic fluid plasma equations in B2.5 for SOLPS-ITER are following.
For particle conservation equation:

on, 10 (x/ﬁfm)JrLi(\@fay):g; (4.8)
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In B2.5, only the parallel component of the momentum transport is fully written
down in a conservation equation:
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For electron energy conservation equation:
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For current conservation equation:
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The right terms of equation (4.8), (4.11), (4.14) and (4.17) are source terms due
to volumetric process as mentioned in section 2.1.

In section 2.5, the perpendicular transport is introduced. For boundary plasma
modelling, the perpendicular transport can be diffusion or convection or a
combination of them. In B2.5, only the parallel momentum conservation is
considered and the perpendicular transport (both €, and €, ) is determined by drifts,

currents, diffusion and anomalous transport as in equation (4.10). In B2.5 the
transport due to drifts is described following [71]. In this study in chapter 6, the
convective transport by filaments is mimicked through radial convective transport
similar to [42].

I, = szi// +0,1%,
Fiy — FZ(;N) + Fi(;rifts) + F]_(;urrent) DL_ (423)
1—1 (A]V) + F(drzfts) + Fcond DLVLn

For SOLPS-ITER, it possible to use a fast and simple fluid neutral model. The
source terms are calculate by B2.5 atomic package, and the above equations are
applied for fluid neutral species. In order to avoid unphysically large fluxes, flux-
limits for particle flux and heat flux are introduced [89]. In SOLPS code package,
there is also an option for adopting kinetic neutral models, where the neutral
transport and atomic reactions is described by Monte-Carlo code, EIRENE. For the
kinetic neutral models, running time is longer than the fluid neutral model, even
several weeks.

4.2.3 Computational domain and boundary conditions

B2.5 solves the above conservation equations in a rectangle which is mapped
from a physical domain, as shown in Figure 4.3, which is a typical example for a
lower single null configuration.
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Figure 4.3 Computational domain and physical domain for ASDEX Upgrade lower single null
configuration.

B2.5 is essentially a computational fluid solver; boundary conditions are
implemented through “infinitesimal” small volume elements along boundaries, the
so-called “guard cells” [92]. The desired boundary conditions are implemented by
forcing proper sources (not source terms in conservation equations) in the guard

cells. For example, if a flux @ is desired to cross a boundary grid cell of area A,

the corresponding source (sink) in the adjacent guard cell is set up to be ~PA .

SOLPS-ITER provides various types of boundary conditions e.g. fixed density or
fixed particle flux at core boundary. For divertor targets, usually sheath conditions
are selected, prescribing the velocity and heat flux at the sheath entrance. In the
thin sheath region, the fluid approximation of plasma is broken. For example, the
collisional mean free paths for ions and electrons are about 0.17m and 9m, while
the sheath length is about 10> m. The fluid assumption works well in other region,
because the connection length is much larger, e.g. ~16m for ASDEX Upgrade [92].

4.3 EIRENE

Here we present basic knowledge about EIRENE.
4.3.1 Physics of EIRENE

In SOLPS code package, a detailed kinetic neutral transport is provided by
EIRENE, which is a Monte Carlo code coupled to B2.5. With a plasma background,
the particle source, momentum source and energy source due to plasma and neutral
interactions are calculated by EIRENE.

Even if EIRENE is very complicated, the main idea is simple: using the Monte
Carlo Method to solve Boltzmann equation in a domain. For boundary plasma



modelling, the domain is the vacuum vessel including the plasma region and the
surrounding vacuum up to the solid surfaces. For example, neutral hydrogenic

atoms D, neutral hydrogenic molecules D, and shorting living molecular ions
D5 are considered. The source of such type of particles could be gas puffing,

recycling at surface and volumetric recombination. Neutral particles move along
straight lines until they undergo an ‘event’ which could change their direction
and/or end their life. The ‘event’ could be ionization or pumping, also neutral-
plasma collision and reflection at material surfaces. After a large number of particle
histories is recorded, the distribution of the particles is examined.

In addition to B2.5, EIRENE was also coupled to other fluid plasma codes e.g.
EMC3 [94][95], EDGE2D [96][97] and SOLEDGE2D [98].

4.3.2 Coupling procedures

When EIRENE runs coupled to B2.5, the particle, parallel ion momentum,
electron energy and ion energy source terms, namely SNI, SMO, SEE, SEI,
respectively, are provided by EIRENE only in the outer iteration [ 100]. During the
process of inner iteration, SIMPLE algorithm is used to solve fluid plasma
equations [99]. The coupling procedures for B2.5-EIRENE in SOLPS-ITER are
following:

o Fluxes (particle, momentum and energy) and plasma background are
passed to EIRENE.

o The geometric data, source sampling distribution is prepared.

o EIRENE calculates the volume integrated source terms.

o The source terms are rescaled and linearized.

« The total energy sources SEE and SEI are transferred to internal source
terms.

« EIRENE provides source terms to B2.5.

It should be noted that in B2.5, the internal ion and electron energy equations
are solved. In the coupling procedures, the total ion and electron energy sources are
obtained [69][100]. The total energy source terms are transferred to internal energy
source and then passed to B2.5.

. 1
emal — Gloial Z(v//asga — 5 m, v/%uszm) (5.1)

a

where Szz  and Sgr are the momentum and particle sources calculated by
EIRENE respectively.



Chapter 5

Comparison of SOLPS5.0 and
SOLPS-ITER

5.1 Modelling setup

As mentioned in section 3.1, SOLPSS5.0 has been used for ASDEX Upgrade
boundary plasma modelling more than twenty years. As a common sense in SOLPS
community, based on previous SOLPS modelling cases, it can increase modelling
efficiency and avoid numerical problems. SOLPS-ITER is the newest version of
the SOLPS code package, which includes not only SOLPS5.0 physics but also a
large number of new physics/numerics improvements/additions recommended to
SOLPS users [111]. Thus, in order to use SOLPS-ITER to continue SOLPS5.0
modelling to study detachment states, it is necessary to examine the backward
compatibility of SOLPS-ITER with SOLPS5.0. At least, carefully evaluating the
differences of the plasma parameters computed by SOLPS-ITER and SOLPSS5.0, at
upstream (outer mid-plnae) and divertor targets, in a framework where the same
physics (plasma transport model, boundary conditions, transport coefficients, etc.)
and numerics are used. Besides, in order to use the new drifts model in SOLPS-
ITER, the recommended new physics/numerics improvements/additions are
prerequisite.

In SOLPS code package, both fluid neutral model and kinetic neutral model are
provided. For fluid neutral model, all the recommended physics/numerics in
SOLPS-ITER can be disable, which means the difference should be small. For
kinetic neutral model, the differences should be evaluated. This is because a lot of
improvements are implemented in new version of EIRENE [112] that is used in
SOLPS-ITER. The backward compatibility of SOLPS-ITER with SOLPS4.3 has
already be examined. The remaining differences are within ~20%; they might be
from different formulations of the equations and the different discretization
schemes [69]. The fluid part of B2.5 in SOLPS-ITER has been proved match well
with B2.5 in SOLPSS5.0 [71]. The results of a numerical comparison between
SOLPS-ITER and SOLPS 5.0 are in the next setcion, including fluid and kinetic
neutral models. For SOLPS-ITER solutions, there are two types. One is named as
SOLPS-ITER-backward which is optimized to mimic SOLPS5.0 physics/numerics.
Another one named SOLPS-ITER includes the recommended physics/numerics
except drifts. For SOLPSS5.0, EIRENE96 and EIRENE99 are provided; we select
EIRENE99.



The computaional grid is shown in Figure 5.1. There are 96 cells in the poloidal
direction and 36 cells in the radial direction. In SOLPS-ITER, various types of
boundary conditions are provided e.g. temperature or power flux at the core
boundary. In this section, the input power across the core boundary is set as 0.8
MW and equally distributed to electrons and ions. The most common boundary
condition for particle conservation equation at the core boundary is ion density or
jon flux. In this charpter, a value of 1X10?° s is prescribed for the ion particle
flux across the core boundary for numerical stability reasons i.e. to prevent the

possible appearance of a small negative flux if we set the condition of exactly zero
flux, which would affect the total particle balance.

15 T T

0.5

0.5 1 1.5 2 25

Figure 5.1 Computational grid (96 x 36) and vessel structures.

In SOLPS code package, it is possible to either operate with a fixed gas puff
level, or automatically feedback-controlled mode to obtain a desired electron
density value at the outer mid-plane separatrix. Both options are included in this

study. The corresponding electron density at outer mid-plane separatrix n. ., and



gas puffing rate I,,;; are summarized in Table 5.1. At both the private flux region

and wall boundaries, we choose a particle density decay length of 2.5 cm for all
ionic species and a temperature decay length of 1 cm. The perpendicular transport
coefficients are shown in figure 5.2; they have been fine-tune to experimental data
[63]. In SOLPS-ITER, physical models are selected through corresponding
“switches” that allow users to use the ones which are same in SOLPSS5.0 or the new
physics/numerics improvements/additions. The details about the switches about
SOLPS-ITER-backward can be found in [111][113].

Table 5.1 Outer mid-plane electron density ne,sp (M) for feedback-controlled mode cases and gas puffing
rate Tpur (D/S) for fixed gas-puff-controlled mode cases.

n..,(m?) at feedback- | I,,(D/s) at fixed gas-puff-
controlled mode controlled mode

Fluid neutral model 2.0E19 None

Kinetic neutral model 2.0E19 4.7E21

10° ey

R-Rsep [cm]

Figure 5.2 Perpendicular transport coefficients along the outer mid-plane[63].

For kinetic neutral model, neutral particle transport is described by EIRENE,
which follows both atoms and molecules after their entering the domain. The
volumetric processes (ionization, recombination and charge-exchage) depends on
rate coefficients from database. The list of atomic reactions used in this section is
in Table 5.2; this is the same as the Kotov-2008 model [114] except for dissociative
recombination (D+2+e—2D+ +2e¢). The is because EIRENE provides standard
setting about atomic reactions. The dissociative recombination is only included in



the version EIRENE in SOLPS-ITER, not EIRENE99. We adopt the standard
reflection model at all surfaces, except the pumping surface. The surface interaction
database of different projectile and material surfaces is from TRIM [115][116]. In
this section, for the pumping surface the albedo is 0.9 to mimic a pumping speed
~114m*/s of ASDEX Upgrade [42] including the cryopump and turbopump [117].

Table 5.2 Atomic and molecular processes for deuterium used by EIRENE.

Reactions
D+e—D"+2e
D'+e—D+hv
D+2e - D+e
D+D"—>D"+D
D+e— D,+2e
Dy+e—2D+e
D>+e—D+D"+2¢
D>+ D" — D+ D"
D, +D"—D;, +D
D,+e—>D+D" +e
D, +e—2D"+2e

5.2 Simulation results

5.2.1 Fluid neutral model

The comparison results about fluid neutral model are introduced in this section.
Figure 5.3 shows the electron density n.and electron temperature 7, profiles at the
outer mid-plane. There is a good agreement between SOLPS-ITER-backward and
SOLPSS5.0, similarly to [71] that electron density 7. profiles at the outer mid-plane
of SOLPSS5.2 are identical to SOLPS5.0 for L-mode simulation. SOLPS-ITER

shows ~5% higher of electron density and ~5% lower of electron temperature than
SOLPS-ITER-backward, especially in the core region.
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Figure 5.3 (a) Electron density ne and (b) electron temperature Te profiles at the outer mid-plane for fluid
neutral model. Electron density at the outer mid-plane separatrix ne,sep (~2.0 x 10" m3) is feedback-controlled
through neutral flux at the wall boundary.

Electron density n, and electron temperature 7, profiles at outer target are in

Figure 5.4. SOLPS-ITER-backward successfully reproduces SOLPS5.0 results,
except the m, profiles at outer target which have a ~15% discrepancy. Such

discrepancy might be from the discretization error induced by computational grid
[69][118]. SOLPS-ITER target profiles present stronger discrepancies with
SOLPS-ITER-backward. These will disappear in kinetic neutral cases, (see the
discussion of Figure 5.7 below), thus a reasonable explanation is that they are due
to the recommended physics/numerics related to fluid neutral models (e.g. flux
limits, parallel transport coefficients, fluid source terms etc.) implemented in
SOLPS-ITER.
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Figure 5.4 Targets profiles for fluid neutral model. (a) Electron density ne profiles at the inner target, (b)
electron density ne profiles at the outer target, (c) electron temperature Te profiles at the inner target and (d)

electron temperature Te profiles at the outer target.

The profiles of poloidal current density j, including contributions from the

classical parallel and anomalous radial currents projected onto the poloidal
direction, are shown in Figure 5.5. The parallel current is a strong function of

electron density n, and electron temperature 7, ; and the implemented radial

transport models are similar [118]. Furthermore, the parallel electron thermal

conductivity used to determine j; is slightly different [93] [113], so it is not

surprising to see that again SOLPS-ITER-backward can accurately reproduce
SOLPSS5.0 results, while the agreement with SOLPS-ITER is more qualitative.
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Figure 5.5 Profiles of the poloidal current density jx at (a) the outer mid-plane, (b) the inner target, and (c)
the outer target.

5.2.2 Kinetic neutral model

For kinetic neutral cases, both fixed gas-puff controlled and
feedbackcontrolled modes are considered. Outer mid-plane n, and 7, profiles in

fixed gas-puff controlled mode are presented in Figure 5.6. There is ~8% difference
in the core region between SOLPS-ITER-backward and SOLPS5.0, while the
difference between SOLPS-ITER and SOLPS-ITER-backward is ~5%. At the
targets, SOLPS-ITER-backward and SOLPS-ITER results match closely while
SOLPSS5.0 shows sensibly different results, as seen in Figure 5.7. The new version
of EIRENE is the main driver for the differences (~20%) between SOLPS-ITER
backward and SOLPS5.0; this can be deduced because in fluid neutral cases, such

differences are not observed.
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We also check the total particle source SNI, electron energy SEE and ion energy
sources SEI provided by EIRENE, which are given in Table 5.3, while Figure 5.8
shows the detailed 2D distributions in the divertor region (including also a zoom
near the outer target). Even if the total ion energy source in SOLPS5.0 is only ~60%
of the other two, the energy source is higher near the outer divertor target. For the
total particle and electron energy sources, the differences are small (~5%), so we
believe that the ion energy source calculated by EIRENE is mainly responsible for
the observed discrepancies between SOLPS5.0 and SOLPS-ITER-backward. It
should be noted that the sources distribution shown in Figure 5.8 are taken from
cases converged with the respective codes, so the sources are not calculated from
exactly the same plasma background. As a further check of our hypothesis, we also
run EIRENE99 in standalone mode in SOLPS-ITER-backward, with exactly same
plasma background, reflection models, atomic database and large trajectory number.
The results for the total source are also shown in Table 5.3, qualitatively confirming
our discussion. The reason of the lower ion energy source calculated by EIRENE99
is unclear now, in the future a full benchmark activity similar to is expected to
solve this problem.
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Figure 5.8 Distributions of ion source (SNI), electron energy source (SEE), and ion energy source (SEI).
From left to right are SOLPS5.0, SOLPS-ITER-backward, and SOLPS-ITER. From top to bottom are SNI,
SEE, and SEI. For SEI, only the region near outer target is shown.
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Table 5.3 Total particle source (SNI), total electron energy source (SEE), and total ion energy source (SNI)
provided by EIRENE. The values in parentheses are calculated with exactly same plasma background, atomic

database, and large trajectory number (100,000 in each strata).

Total Source SNI (s SEE (W) SEI (W)

SOLPS5.0 7.20E+22 -4.11E+5 6.59E+4
SOLPS-ITER-backward 7.66E+22(7.22E+22) |  -4.14E+5(-4.01E+5) 1.05E+5(9.67E+5)

SOLPS-ITER 7.59E+22 -4.07E+5 1.08E+5

We also compare the neutral flux density at dome and pump gauges in Table
5.4, the corresponding locations are marked in Figure 5.1. With the same gas
puffing rate, the neutral flux densities match within 4% differences. Thus, we
believe that SOLPS-ITER-backward successfully reproduced SOLPS5.0 results
about neutral flux density, even with different ion energy source.

Table 5.4 Neutral flux density at dome and pump gauges locations measured by EIRENE

Flux density at dome gauge (m™s™!) | Flux density at pump gauge(m?2s)

SOLPS5.0 7.54E+22 4.54E+22
SOLPS-ITER-backward 7.73E+22 4.64E+22
SOLPS-ITER 7.52E+22 4.48E+22

The outer mid-plane profiles in feedback controlled mode are shown in Figure
5.9. At the core boundary, the electron density in SOLPS-ITER-backward is ~5%
higher than SOLPSS5.0. In order to get the same n, ., , a little higher gas puffing

rate 1s required which is consistent with Figure 5.6, showing that with same gas
puffing rate, the electron density n. mid-plane profiles in SOLPS-ITER-backward

are lower than SOLPSS5.0. With similar upstream conditions, the targets profiles of
SOLPS-ITER-backward and SOLPS5.0 match better than in fixed gas-puff mode:
only ~10% discrepancies in Figure 5.10, as opposed to ~20% differences in Figure
5.7. The discrepancies of electron temperature target profiles between SOLPS-
ITER-backward and SOLPS-ITER in Figure 5.10 are mainly from the different
puffing rate due to different version of EIRENE. In SOLPS-ITER, the gas puffing
rate (Ipuse ~ 4.17x10%' D/s) is ~9% higher than SOLPS-ITER backward (I'putr ~
3.82x10%! D/s) to achieve the prescribed 7, .., value. With a higher gas puffing rate,

the targets are more detached and have lower electron temperature. This can be
deduced from Table 5.5 which presents the pressure ratio between inner/outer
targets and upstream. The values of SOLPS-ITER are lower than SOLPS-ITER-
backward and SOLPSS5.0, hich means the divertor targets are more detached in
SOLPS-ITER.
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Table 5.5 Pressure ratio between inner/outer targets and upstream

Inner target to upstream Outer target to upstream
SOLPS5.0 0.67 0.73
SOLPS-ITER-backward 0.64 0.73
SOLPS-ITER 0.60 0.64

5.2.3 Detachment characteristic

We also test the capacity of the various code versions to capture detachment
through an upstream density ( 7m,., ) scan, varying it from 1.0x10'%/m’ to

3.6x10"/m* in feedback controlled mode. In Figure 5.11, the roll-over of the
integrated ion flux at the targets, which is the characteristic of detachment, has been
observed in all cases. SOLPS-ITER-backwards results in ~10% higher peak ion
flux at the targets, compared to SOLPS5.0 from attached to detached state, but it
can capture the roll-over detachment characteristic as predicted by SOLPSS5.0. For
SOLPS-ITER-backward and SOLPS-ITER, the discrepancy in the ion flux at the
targets is smaller than SOLPSS5.0. For the heat flux, there is a good agreement
between SOLPS-ITER-backward and SOLPSS5.0 at targets. However, SOLPS-

ITER shows slightly lower values. This is because, in order to get the same 7, .,
value, a higher gas puffing rate in SOLPS-ITER is needed, which is to compensate
the effect of recommended physics/numerics that leads to the differences of targets
density and temperature profiles associated with the calculation of the heat flux.
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The lower heat flux of SOLPS-ITER compared to SOLPS5.0 and SOLPS-
ITER-backward is consistent with the input power scan in Figure 6.12, where
SOLPS-ITER-backward 1s closer to SOLPS5.0 than to SOLPS-ITER. The
maximum electron temperature at the outer target in SOLPS-ITER is ~10% lower
than SOLPS-ITER-backward and the pressure ratios of target to upstream in
SOLPS-ITER are lower than SOLPS-ITER backward, which means that the outer
target is tlsmore detached.
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In this chapter, in order to use SOLPS-ITER to continue SOLPSS5.0 modelling
about ASDEX Upgrade L-mode detachment discharges, SOLPS-ITER has been
instructed to mimic SOLPSS5.0 physics to examine SOLPS-ITER backward
compatibility including both fluid neutral and kinetic neutral models.

There is good agreement within ~5% of the simulation results between SOLPS-

ITER and SOLPSS5.0 with the neutral fluid model, except for the n, profiles at outer
target. For kinetic neutral models, in fixed gas-puff mode, there is ~20% difference
in the n, and 7, target profiles. In the feedback-controlled mode, with the same
N, s, the differences of targets profiles are reduced to ~10%. Such discrepancies

are similar to previous benchmark activities [7] and are much smaller than the
discrepancies between the modelling results and the experimental measurements;
thus we believe that SOLPS-ITER has good compatibility with SOLPS5.0 from a
practical point of view. Through a detailed comparison of the simulation results



between SOLPS-ITER-backward and SOLPS-ITER, we trust that the added
SOLPS-ITER physics does not introduce unwanted spurious effects for pure
deuterium simulations. For the kinetic neutral model in the fixed gas-puff mode,
the recommended physics/numerics only produce ~5% differences of outer mid-

plane and target profiles. A scan in upstream density (7. ., ) covering from attached

to detached conditions produced closely matching results within ~10% differences
in all cases, and the roll-over of ion flux happens at about the same upstream density.



Chapter 6

SOLPS-ITER modelling results

6.1 Selected ASDEX Upgrade discharges

In this section, we briefly describe two selected ASDEX Upgrade L-mode
discharges (#27100 and #34821), which are used to validate SOLPS-ITER
modelling results.

Discharge #27100 is an L-mode density ramp discharge of ASDEX Upgrade,
including three distinct detachment states: the onset of detachment, the fluctuating
detachment state and the complete detachment state as mentioned in sections 2.3
and 2.4. In the phase of fluctuating detachment state of discharge #27100, the
HFSHD region is observed in the inner divertor volume; A detailed description of
detachment states in discharge #27100 is in references [35] [108]. Discharge
#34821 is an L-mode discharge with fuelling steps aiming at repeating #27100
detachment states. Both discharges are in lower single null divertor configuration.
The plasma currents I, of the two selected discharges are 1IMA. The toroidal

forward magnetic field of the two selected discharges are 2.5T, so that the direction
of Bx VB points towards the X-point and lower divertor. The time evolution of

edge averaged electron density, gas puffing rate, radiation and heating power of the
two selected discharges are shown in Figure 6.1.
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Figure 6.1 Time evolution of (a) edge line averaged electron density, (b) gas puffing rate, (c) radiation of
main plasma (d) heating power for dischages #27100 and #34821.



Time points of #27100 and #34821 with corresponding electron density at the

outer mid-plane separatrix 7, ,, and detachment states are summarized in Table

6.1. The experimental data at such time points within 0.1s time window are selected
to validate SOLPS-ITER modelling results.

Table 6.1 Divertor detachment states with corresponding electron density at outer mid-plane separatrix
nNesep and time point for #27100 and #34821.

Divertor detachment states Nesep (10" m?) | Time point for #27100 | Time point for #34821
Onset of detachment 1.0 2.3s 2.3s
The fluctuating detachment state 2.0 2.8s 2.8s
The complete detachment state 2.2 3.05s 3.2s

SOLPS code package provides stationary solutions. For discharge #27100, we
assume that plasma are steady state at the time points with 0.1s time window and
ignore the changes of gas puffing value. For #34821 discharge, the gas puffing rate
is constant at the time points with 0.1s time window; the plasma are steady state. In
the fluctuating detachment state in #27100, the fluctuation band of radiation power
near X-point is 5.5 kHz . There are also oscilations of plasma parameters on divertor
targets in experiments [108], which means plasma is not a truely steady state in the
fluctuating detachment state. In order to compare experimental data with SOLPS
modelling results, the particle fluxes at divertor targets and electron density in inner
divertor volume measured by Langmuir probes, which are used in section 6.3, are
averaged values within 0.01s similar to [42]. The timescale of 0.01s is much larger

than the timescale of fluctuating radiation ( =2x10"*s ), thus the

1
5.5kHz

measured particle fluxes and electron temperature at divertor targets are
approximate to steady state.

6.2 Modelling setup

In this chapter, SOLPS-ITER is used to model the onset of detachment state
(OS), the fluctuating detachment state (FS), and the complete detchment state
(CDS). The 96x36 computational grid of SOLPS-ITER used in this section is the
same as the one in chapter 5. In order to validate against experimental data, the sub-
divertor structures, including turbopump, cryopump and neutral baffles as [62][42],
are considered. The pumping speed for cryopump is 100 m’/s and 14 m?/s for
turbopump. The corresponding albedos of the pumping surfaces are 0.92 and 0.987,
resepectively. The kotov-2008 model of atomic reactions [66] are used in EIRENE.
It is impossible to simultaneously match the SOLPS-ITER modelling resutls and

the experimental data about gas puffing rate I',,;, pumping speed I’,,,, and
electron density at the outer mid-plane separatrix n.,, . Thus, the feedback

controlled mode in SOLPS-ITER is used to exactly reproduce the experimental
value of n. 4, [119]. Similar to [64], a perpendicular outward convective transport

component in the low field side of scrape-oft layer is used to mimic the convective




transport by filaments. The perpendicular transport coefficients are shown in Figure
6.2.
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Figure 6.2 (a) Particle diffusive transport coefficient D, , (b) electron and ion heat diffusive transport

coefficient x,;and X,., and (c) convective pinch velocity V. at the outer mid-plane for the modelling of the
three detachment states. OS is for the onset of detachment, FS is for the fluctuating detachment state and the
CDS is for the complete detachment state.

The £ X B and diamagnetic drifts and all currents (parallel electric current,

anomalous current, diamagnetic current, inertial current, ion-neutral current,
current due to perpendicular and parallel viscosity, current due to viscosity tensor)
in SOLPS-ITER are considered. The speed-up scheme of particle flux surface
averaging method [122] is used to reduce CPU running time. The drifts-compatible
boundary conditions [123] are used. The input power across the core boundary is
estimated to be 0.8 MW according to the total heating power substracts the radiation
power in core plasma which is in Figure 6.1, and is equally distributed to ions and
electrons. The particle flux across the core boundary is 5x10%° s! to mimic neutrals
penetrating deep in the core, ionizing and then coming back towards the plasma



edge. Sheath boundary conditions at the targets and leakage wall boundary
conditions with a factor of 0.01 both for density and energy are used.

6.3 Modelling results

The modelled and measured electron density 7, and electron temperature 7,

profiles at the outer mid-plane during three detachment states are shown in Figure
6.3. Measured electron density comes from Thomson scattering (TS) and Integrated
data analysis (IDA) and measured electron temperature are provided by Thomson
scattering (TS) and Electron cyclotron emission (ECE) measurements. In feedback

controlled mode, the electron density at the outer mid-plane separatrix 7, ., 1S
prescribed to exactly match the experimental values. Through adjusting the
transport coefficients, especially in the core region near separatrix, there is a
reasonable match of n, between modelling results and experimental data. For the
onset of detachment and the fluctuating detachment states, the modelling results of

T, in the core region near separatrix is higher than the ECE measurements but

within the range of TS mesurements.
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Figure 6.3 The measured and modeled electron density ne and Te profiles at the outer mid-plane. (a) and
(b) are for the onset of detachment state, (c) and (d) are for the fluctuating detachment state, (¢) and (f) are the
complete detachment state. Measured electron density are taked from Thomson scattering (TS) and Integared
data analysis (IDA) , measured electron temperature are from Thomson scattering (TS) and Electron Cyclotron
Emission (ECE).

In SOLPS-ITER, the radial particle flux is

- 1 . - (in, ~(vis *(vis ~(vis
Loy= (V) + V) n, + = (G5 + 4 + 3570 + 402 + 40

5.2
1 On, (5-2)

_ - Yla M(dia)
D,, h, Oy + ey

ViPn, and T@* are due to EXB and diamagnetic drifts.

| (i T (wi (i (vi . .
p; (G52 4 gl jlvsh o jlist) 4 j0i0) are the contributions from the currents. In



SOLPS-TER, the particle flux due to currents is only considered in the radial

1 9n,
" h, Oy

direction, not in the poloidal direction. —-D is the diffusive term and

V{#n, is the convective transport part which we employ to mimic convective

transport by filaments similar to published work in [42]. The profiles of radial
particle fluxes along the outer mid-plane are presented in Figure 6.4.
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Figure 6.4 Modelled radial particle fluxes along the outer mid-plane for (a) the onset of detachment state,
(b) the fluctuating detachment state and (c) the complete detachment. We show total particle flux, and the
individual contributions: particle flux due to conduction, particle flux due to convection, particle flux driven by
drifts and particle flux due to currents.

For all three detachment states in our modelling, the radial particle fluxes due
to drifts and currents are minor compared to convection and diffusion. The
convection particle flux for the three detachment states modelling are ~1x10%° m"
257, ~4x10%° m?s! and ~8x10%° m™s! in the far SOL region, respectively. For the
modelling fluctuating and the complete detachment states, the convective transport



is dominant in the far SOL region, resulting in an increase of particle flux across
wall boundary and a decrease of particle fluxes to the divertor targets.

The modelling results of particle flux [, and electron temperature 7, profiles
at the inner and outer targets are compared with Langmuir probe measurements.
Results without considering drifts are also presented to investigate their effect close
to the targets. For the onset of detachment state, there is a good agreement of peak
value of particle flux at inner targets (with drift) which is shown in Figure 6.5.

While for the value of I, at inner target between -10cm ~ -5c¢m, the modelling

result are lower than the experimental value by a factor of 2. The discrepancy of
particle flux profiles at the inner target between modelled and measured values in
previous study [63] are reduced.
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Figure 6.5 Comparison between measured and modeled value of (a) ion flux I'ion at the inner target, (b)
electron temperature Te at the inner target, (c) ion flux I'ion at the outer target, (d) electron temperature Teat the
inner target for onset of detachment state. Both #27100 and #34821 are presented. Solid lines are for cases with
drifts, and dashed lines are for cases without drift.

For the peak value of particle flux at the outer target, the modeling result is

lower than experimental data within a factor of 2. The drifts results in the integrated
particle flux I7,, at the inner flux increase and decrease at the outer target at the

onset of detachment state for the onset of detachment as shown in Table 6.2.



Table 6.2 Modelling result of integrated particle flux Tin (x10%? s') with and without drifts at the inner
and outer targets for the onset of detachment state.

'int at the inner target i at the outer target
With drifts 24 1.5
Without drifts 1.5 1.9

Electron temperature 7, profiles at the targets for the onset detachment state
are in Figure 6.5. With drifts, the observed in-out asymmetry of 7, in experiments

is reproduced in our modelling that the peak value of 7T, at the inner target is ~10eV
at about A20cm, while at the outer target it is ~20eV near strike point. A physical
explanation is that the radial £ X B drift transports particles from the outer divertor

region to private flux region and from private flux region to inner divertor region
[63][120]. As the increase of ion density, a recombination front is formed close to
the inner target strike point. Thus, the electron temperature at the inner divertor near
the strike point decreas below 2eV. There is still discrepancy between modelling
results and experimental data at AS from 0 to Scm at the inner target, whose reason
is still unclear now.

For the modelling of the fluctuating detachment state, there is a good agreement

between modelling results and experimental data for particle flux I3, profiles at

the inner target, as shown in Figure 6.6. The discrepancy shown by SOLPS 5.0
modelling results of particle flux at the inner target in previous study [63] are
reduced. As for the particle flux at the outer target, both the total and peak value of
modelling results are lower than experimental data by a factor of ~3, similar to
previous SOLPS5.0 results [63]. By comparing the modelling results between with
drifts and without drifts, it can be found that the drifts do not change dramaticaly
the particle flux profiles at both inner and outer targets for the fluctuating
detachment state.

For electron temperature 7, profiles at the inner target in Figure 6.6, the

modeled value are about ~2 eV and lower than experimental data especially near
the strike point, where the measured value is ~15eV in discharge #27100. This
shows that modelling predicts the inner divertor to be detached, while experiments
in discharge #27100 shows a region attached close to the strike point; this is unlikely
to be a measurement error and we cannot explain it at the moment. At the outer
target, there is a good agreement of electron temperature 7, profiles. In the
fluctuating detachment state, the inner divertor is detached and the outer divertor is

in the high recycling regime. This is successfully reproduced by SOLPS-ITER
modelling.
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Figure 6.6 Comparison between measured and modeled value of (a) ion flux I'ion at the inner target, (b)
electron temperature Te at the inner target, (¢) ion flux I'ion at the outer target, (d) electron temperature Te at the
outer target for the fluctuating detachment state. Both #27100 and #34821 are presented. Solid lines are for
cases with drifts, and dashed lines are for cases without drifts.

For the complete detachment state modelling, both inner and outer targets are
detached in experiments. There is a good agreement of particle flux proflies at both

the inner and outer targets as in Figure 6.7. For electron temperature 7, profiles,

similar to the modelling of the fluctuating detachment state, the modelled electron
temperature are lower than experimental data near strike point at both the inner and

outer targets. The modelled peak value of particle flux I, at the outer target is

lower the value in fluctuating detachment modelling. The modelled peak value of
electron temperature is ~8 eV in the far SOL region. The complete detachment
states are succeffully reproduced by SOLPS-ITER. Comparing the modelling
results between with and without drifts, it can be found that the changes of particle
flux Tion due to drifts are ~within 5%.
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Figure 6.7 Comparison between measured and modeled value of (a) ion flux I'ion at the inner target, (b)
electron temperature Te at the inner target, (¢) ion flux I'ion at the outer target, (d) electron temperature Te at the
outer target for the complete detachment state. Both #27100 and #34821 are presented. Solid lines are for cases
with drifts, and dashed lines are for cases without drifts.

Based on the modelling of the fluctuating detachment state, a parameter scan

of electron density at the outer mid-plane separatrix n. ., 1s performed for both
with and wihtout drifts under same perpendicular transport coefficients. First, for
drifts cases, feedback-controlled mode is used to ensure the 7, ., are from 1.0x10"”
m> to 3.0x10' m? with 0.1x10" m™ interval. Then the corresponding gas puffing

rates are used for without drifts cases to eliminated the effect due to different
deuterium fueling rate. The results are summarized in Figure 6.8.

As the gas puffing rate increases, 1, ., increases similarly both for with and
without drifts cases. However, for drifts cases the increase of n. 4, 1s a bit steeper,

so that at low puffing rates it is lower than the corresponding without drifts runs,
and becomes slightly higher at high puffing rates. The turning point is at a puffing
level of 4.35x10°! s°!,
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Figure 6.8 Modelling results of a upstream density scan based on the modelling of the fluctuating
detachment state. (a) Electron density at the outer mid-plane separatrix nesep as a function of gas puffing rate,
(b) integrated ion flux at inner target I'in as a function of gas puffing rate, (c) integrated ion flux at the outer
target [out as a function of gas puffing rate. (d) integrated heatflux at the inner target gin as a function of gas
puffing rate, (e) integrated heat flux at the outer target qou as a function of gas puffing rate, (f) presurre drop at
inner and outer targets as a function of gas puffing rate. Both with and without drifts are considered.

For the integrated particle flux at the inner target I, , with drifts, the roll-over

occurs when the gas puffing rate is 4.35x10?! s!. Without drifts, the roll-over occurs
when the gas puffing rate is 5.6x10?! s”!. At the outer target, the roll-over of

integrated particle fluxes I, occurs at the same level of gas puffing rate for both

with and without drifts cases, but the particle fluxes with drifts are ~10% lower than
without drifts cases. This is because drifts shift particles from the outer divertor
region to the inner divertor region. As a consequence of the increase of the particle
flux at the inner target, the inner target detached ‘earlier’ than the outer target, when
the outer target is in the high recycling regime. This is consistent with the electron
temperature distribution in Figure 6.9. With drifts, in front of the inner target,
electron temperautre is about 2~5 eV means that a recombination front exists.
Without drifts, the distributions of electron temperature at the inner and outer
targets are similar.
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Figure 6.9 Distributions of electron temperature in the divertor region for the modelling of the flutuating

detachment state: (a) is with drifts and (b) is without drifts.

The poloidal and radial particle fluxes due to £ X B drift are
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The poloidal and radial effective fluxes driven by diamagnetic drift are
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The radial particle flux due to currents is
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The distribution of contributions from E X B drift, diamagnetic drift and

currents to the radial particle flux in the modelling of fluctuating detachment are in

Figure 6.10. Compared to the contribution from the £ X B drift, the contributions

of diamagnetic drift and currents can be neglected. We believe that the main



mechanism shifting plasma from outer divertor region to inner divertor region is
the £ X B drift [].
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Figure 6.10 Distributions of radial particle fluxes in the divertor region for the modelling of the flcutuating
detachment state. (a) is the contributions due to EXB drift, (b) is the contributions due to diamagnetic drift and
(c) is the contributions due to currents.

For the integrated power flux at the inner target ¢;, in Figure 6.8, it decreases

first from 0.152MW to 0.12MW, then stays almost constant until the roll-over of
integrated particle flux, and finally decreases. Without drifts, there is no such trend,
and the value is much higher than drifts cases. For the power flux at the outer target
Gout » DOth with and without drifts decrease as the gas puffing rate increases. It looks

like the drifts ‘transfer’ power from inner divertor to outer divertor which is
opposite to particle flux. Unfortunately, we cannot explain it now. In the future, the
effect of drifts to the power flux will be presented. For the pressure drop ratio
without drifts, the value is almost the same at both the inner and outer targets. With
drifts, the pressure drop ratio at the inner target are lower than at the outer target,
which means the inner target is more detached than the outer target and can be
responsible for the in-out asymmetry of electron temperature.

We also compared the neutral flux density at dome and pump gauges as in Table
6.3. For the neutral flux density at dome, it can be seen that the discrepancy between
modelled and measured value are within ~30%. For the neutral flux density at pump
gauge, the modelled value are ~30% higher than experimental value. The
discrepancy of neutral flux density and neutral compression ratio in previous
publication [63] is also reduced.

Table 6.3 The measured/modelled values of neutral flux density ( x102'm%/s™") at dome and pump gauges
and the ratio of neutral flux densities between these two value. The experimental data are from discharge
#34821. The value at dome are measured by F04 gauge and the value at pump are measured by FO5 gauge.

Detachment state Dome Pump Ratio
Onset of detachment 18/15 2.0/2.7 9.0/5.6
The fluctuating detachment state 60/45 6.3/7.8 9.5/5.8
The complete detachment state 90/53 7.5/9.8 12.0/5.4




6.3 Effect of radial convective transport

In this study, we assume that the convectivet transport by filaments is mimicked
through a radial convective velocity. In experiments, as the upstream density
increases, the perpendicular partcile flux density related to filaments transport
increases [124]. Thus, the radial convective velocity (pinch velocity) used in the
modelling of the fluctuating detachment and the complete detachment states are
higher than the value in the modelling of the onset of detachment. In order to
explore the effect of the radial convective velocity on the plasma parameters, a
parameter scan of the radial convective velocity is performed, where we vary it by
means of a scaling factor. Based on the modelling of the fluctuating detachment and
the complete detachment states, the scaling factor for pinch velocity ranges from 0
to 1.0 with 0.2 interval.
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Figure 6.11 Modelling results of radial convective velocity scan based on the modelling of the fluctuating
detachment state. (a) is the electron density ne profiles at the outer mid-plane, (b) is the electron temperature Te
profiles at the outer mid-plane.

The electron density 7. and electron temperature 7, profiles at the outer mid-

plane for the radial convective velocity scan are shown in Figure 6.11. As the radial

convective velocity increases, electron density n,. is increased in SOL region near

separatrix and decreased in the far SOL region. In the core region, strange
behaviour is observed which is unclear now. For electron temperature 7', profiles at

the outer mid-plane, as the pinch velocity increases, the electron temperature



decreases. For the complete detachment state, similar trends about density and
temperature profiles can be observed, as shown in Figure 6.12.
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Figure 6.12 Modelling results of radial convective velocity scan based on the modelling of the complete
detachment state. (a) is the electron density ne profiles at the outer mid-plane, (b) is the electron temperature Te
profiles at the outer mid-plane.

For the peak value of particle flux profiles at both the inner and outer targets in
the fluctuating detachment state, as the radial convective velocity decreases,
particle fluxes increase about ~30% as shown in Figure 6.13. This is because the
decrease of the radial convective velocity leads to the decrease of integrated particle
flux through the wall boundary that increases particle fluxes at targets from a view

of particle balance. For the peak value of electron temperature 7, , it decreases at
the inner target and increase at the outer target. For the complete detachment state
which is shown in Figure 6.14, there is similar behaviour: the particle flux at the
inner and outer targers increase as the radial convective velocity decreases.
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Figure 6.14 Modelling results of radial convective velocity scan based on the modelling of the complete
detachment state. (a) is the particle flux I'ion profiles at the inner target, (b) is the electron temperature Te
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The electron density in the inner divertor volume is measured through the
spectroscopic line-of-sight (LOS) which is shown in Figure 3.3. The corresponding
modeled and measured volume electron density for the fluctuating detachment and
the complete detachment states are shown in Figure 6.15.

For the fluctuating detachment state modelling, the modelled electron density
matches qualitatively the experimental data within a factor of 2, except the value
along RIV group of divertor spectroscopy, which the LOS index is 1~5. The
discrepancy in previous SOLPSS5.0 study [63] is reduced. For the measurements of
Z1V group of divertor spectroscopy (LOS index 6~12), it can been seen that as the
scaling factor increases, the modeled value decreases about ~20% and matches
better with experimental data.

For the modelling of the complete detachment state, the measured electron
density along RIV group is about 5x10' m™, while the modeled value decreases
form ~4.5x10%° m3 to ~3.5x10?° m™ as the convective velocity increases. In
experiments, the electron density measured by RXV group (LOS index 19~25) of
divertor spectroscopy is almost an order of magnitude higher than the value
measured by RIV group (LOS index 1~5). This characteristic is not reproduced in
the modelling of the complete detachment state.
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Figure 6.15 Modelled and measured volume electron densities ne along line of sight for (a) the fluctuating
detachment state and (b) the complete detachment state.

6.4 Effect of boundary conditions



In SOLPS modelling activity, in order to solve the particle, momentum, and
energy conservation equations, boundary conditions are provided by users.
Boundary conditions are important to match experimental data. Some boundary
condidions can be derived from experiments, e.g. the input power across the core
boundary, which can be derived from the total heating power minus the radiation
power in the core plasma. Some boundary conditions are from previous experiences,
e.g. the leakage boundary conditions for particle and ion/electron energy at wall
boundary. In [32], the effect of different boundary conditions is disccuessed for
SOLPS5.0 H-mode modelling. Similar to that, in this section, the effect of different
boundary conditions to numerical solutions are presented which is based on the
modelling of the fluctuating detachment state. In this section, the modelling results
of the fluctuating detachment state is selected as a basis. This is because the
discrepancy of particle flux at outer target between experimental data and
simulation results are obvious. We want to explore whehter such discrepancy is
come from boundary condistions in our modelling or not.

6.4.1 Input power

In this study, the input power through the core boundary is 0.8MW as
mentioned in sections 5.1 and 6.2. On the one hand, in SOLPS modelling, the
computational grid include part of core plasma (5 cm), thus the indeed value should
be higher than 0.8MW. On another hand, due to the error of measurements, the
correct power is not exactly known. Thus, we perform a scan on the input power
from 0.96MW (20% higher) to 0.64MW (20% lower).
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Figure 6.16 Modelling results of input power scan based on the modelling of the fluctuating detachment
state. (a) is the electron density ne profiles at the outer mid-plane, (b) is the electron temperature Te profiles at
the outer mid-plane.



Figure 6.16 shows electron density 7, and electron temperature 7, profiles at
the outer mid-plane. The input power of 0.8 MW is coresponding to the modelling
of the modelling of the fluctuating detachment state. It can be seen that without any
other changes, as the input power increase from 0.64MW to 0.96MW, the electron
temperature at the outer mid-plane separatrix 7. .., increases from 37 eV to 53 eV

and the electron density at outer mid-plane separatrix n, ., decreases from

2.16x10*' m™ to 1.82 x10?! m3. The increase of electron tempearture is easy to
understand because of the increases of input power. In this study, the particle flux
is prescribed. The decreased density is due to the momentum conservation equation.
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Figure 6.17 Modelling results of input power scan based on the modelling of the fluctuating detachment
state. (a) is the particle flux I'ion profiles at the inner target, (b) is the electron temperature Te profiles at the
inner target, (c) is the particle flux I'ion profiles at the outer target and (d) is the electron temperature Te profiles
at the outer target.

Figure 6.17 shows the particle flux I, and electron temperature T, profiles

at the inner and outer targets. For the particle fluxes at the inner target, as input
power increases, the particle flux increases. For the particle flux at the outer target,
it also increases as input power increases. But, it can been seen, the particle flux
profiles expands with lower input power which is not observed at the inner target.
For electron temperature profiles at the inner target, even with different input power,
they are at same level: 2-3 eV. For the electron tempearture at the outer target, as
input power increases, the peak value decreases from 12 eV to 6 eV. This means



that the outer target are more detached as the power decreases. Even with 20%
higher input power, the peak value of particle flux at the outer target is almost the
same. This value is still much lower than the experimental value as mentioned in
section 6.3 (~2x10% m3s™).
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Figure 6.18 Modelled and measured electron densities ne along line of sight with different input power.

In Figure 6.18, the electron density in inner divertor volume with different input
power are shown. Compared to the basic fluctuating detachment modelling, the
differnces are within 30%. Even with lower input power, the discrepancy about RIV
group of divertor spectroscopy still exists.

6.4.2 Particle flux across the core boundary

In this study, the particle flux across the core boundary is 5x10%° s! to mimic
neutrals penetrating deep into the core, ionizing and then coming back towards the
plasma edge. The reason why not directly using ‘eirene_ionising_core’ swtich in
SOLPS-ITER is that this switch conflicts with the new drifts model in SOLPS-
ITER, with which we need to use drift-compatible boundary conditions. In order to
investigate the effect of particle flux acorss the core boundary, another two value
(1x10%s! and 1x10?!s™!) are considiered without any other changes. The cases with
1x10%% ! and 1x10*'s! are referred as low paticle flux and high particle in the
fowllowing.

The electron density 7. and electron temperature 7, profiles at the outer mid-
plane are shown in Figure 6.19. For the low particle flux case, the electron density
at the outer mid-plane separatrix n, ., is 1.7x10' m, for the high particle flux
case, the coresponding value is 2.2x10"” m™. For electron temperature profiles, as
particle flux across the core boundary increases, the temperature decreases in the
core region. In the SOL region, even with different value of particle flux cross the
core boundary, the electron temperature stays almost unchanged.
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density ne profiles, (b) electron temperature Te profiles.

The particle flux I3, and electron temperature 7, profiles at inner and outer

targets are shown in Figure 6.20, the differences of particle fluxes are within ~5%
which means the detached inner target is not sensitive to the particle flux across the
core boundary. Even with different value of particle flux across the core boundary,
the modelling results of particle flux is still lower than the experimental value. In
the low particle flux case, the peak value of electron temperature at the outer target
is ~10 eV near strike point (AS ~ Scm). In the high particle flux case, the peak value
is ~8 eV in the far SOL region (AS ~ 15cm). The volume electron density in Figure

6.21 presents the differences within 30%.
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6.4.3 Leakage boundary conditions

In this study, the drift-compatible leakage boundary conditions at wall
boundary are used with a leakage factor o of 0.01 for particle, ion energy and

electron energy. We consider them separately and another two values of leakage
factor (0.05, 0.02) are considered.
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Figure 6.22 shows the electron dentsity n. and electron temperature 7, profiles

at the outer mid-plane with different values of leakage factor about particle
boundary condition at wall boundary. It can be seen that even with different leakage
factors, the outer mid-plane profiles are almost the same. For inner and outer targets

profiles, the situations are similar: the particle flux I3, and electron temperature

T, profiles are almost coincident as shown in Figure 6.23.

For the ion and electron energy leakage boundary conditions at the wall
boundary, similar numerical test is performed. The electron density n, and electron

temperature 7, profiles at the outer mid-plane are shown in Figure 6.24, and the

particle flux I, and electron temperature 7, profiles at the inner and outer targets

are shown in Figure 6.25. Even with different leakage factors, both the outer mid-



plane and targets profiles are almost same. Thus, we belive that compared to input
power and particle flux through the core boundary, the particle and ion and electron
energy leakge factors are less important.
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In this chapter, different valude of boundary conditions are performed. Even
with different value of boundary conditions, the discrepancy of particle flux at outer
target in the fluctuating detachment state between simulation and experiments still

exist. And also the discrepency about volume electron density measured by RIV
group of divertor spectroscopy.



Chapter 7

Conclusions and perspectives

The divertor is an important part of a fusion reactor, located at the bottom of
the plasma chamber. It controls the exhaust of heat and helium ashes, and protects
the core plasma from impurity contamination. Transport along the open magnetic
field lines in the SOL is unimpeded, leading to the concentrated deposition of large
power over relatively small areas. Since from the engineering point of view there is
a limit of a few MW/m? on the peak steady-state heat load on the divertor, the
divertor target heat load becomes a critical issue for tokamak reactor devices. It has
been found that in the divertor detachment regime, the divertor target heat load are
significantly decreased.

The SOLPS code package has been widely used for studying edge plasma
physics, especially detachment. More recently, the ITER Organization started
developing, distributing, and maintaining SOLPS-ITER as the state-of-the-art
numerical tool for edge plasma modelling. In order to be confident about SOLPS-
ITER predictive modelling results, we validate SOLPS-ITER against ASDEX
Upgrage L-mode detachment discharges experimental data.

We firstly compare SOLPS-ITER simulation results with SOLPS5.0 without
considering the effect of drifts. This is because SOLPS5.0 has been used for
ASDEX Upgrade modelling more than twenty years. For kinetic neutral model, in

fixed gas-puff mode, there is ~20% difference in the n, and T, target profiles. We

trace these discrepancies mostly to the different ion energy sources provided by
different versions of EIRENE. In the feedback-controlled mode, with the same n,,

the differences of targets profiles are reduced to ~10%.

Then SOLPS-ITER is used to model ASDEX Upgrade L-mode discharge
detachment states including the onset of detachment, the fluctuating detachment
state and the complete detachment. The convective transport by filaments is
mimicked through a radial convective velocity in the low field side. Through
adjusting the perpendicular transport coefficients, the outer mid-plane profiles
match well the experimental measurements. The large discrepancy of particle flux
at inner target between modelling results and experimental data in previous
SOLPS5.0 study [63] is reduced. For the electron density at inner divertor volume,
which is associated with the HFSHD region, the modeled value also match well
with experimental data. A parameter scan of radial convective velocity shows that
as the velocity descreases, the inner divertor electron density near inner target
decreases and qualitatively matches the experimental data. The current discrepancy
between SOLPS-ITER modelling results and experimental data is the peak value of
particle flux at outer divertor target. In the onset of detachment state, the measured



value is higher than modelling results by a factor ~2. In fluctuating detachment state,
the measured value is higher than modelling results by a factor ~3. In the complete
detachment state, there is no such discrepancies. We also explored the effect of
drifts, radial convective transport to outer mid-plane and targets profiles. The
influence of different boundary conditions is also presented.

In this study, only the deuterium fuelling is considered. In the future, SOLPS-
ITER modelling of ASDEX upgrade impurity seeded L-mode discharge need to be
studied, because impurities have an important influence on the divertor power
exhaust problem. In this study, only the standard atomic reactions are considered.
The effect of neutral-neutral collisions needs to be considered in SOLPS-ITER
modelling. The EU-DEMO is considered to be the last step before a commercial
fusion power plant and is now in the conceptual design phase. In the future, the
SOLPS-ITER physical model will be used to predict the detachment scenario of the
EU-DEMO.
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