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Abstract

Divertor detachment is a promising method to reduce heat loading and erosion in
tokamak devices or even in future magnetic fusion reactors. In this thesis, two de-
tachment regimes (increasing upstream density and seeding impurity) leading to the
decrease of the divertor ion flux is numerically studied through modelling the super-X
divertor in MAST-U like conditions. This thesis builds on previous work using the
original SD1D modules of BOUT++, which is established to simulate parallel trans-
port process from upstream to the target.

We implement an upgrade in SD1D module by adding molecule-plasma interactions
and impurity seeding in order to making simulations more self-consistent. To un-
derstand the role of molecules in density ramp detachment process, comparisons are
made between the cases with different recycling conditions. It is found that if the
recycling in divertor is more likely to produce neutral molecule, the roll-over of ion
flux at the target occurs at a higher upstream density and a lower target tempera-
ture. We also find that molecule—plasma interactions are as crucial as atom—plasma
interactions during divertor detachment, both of which account for the main plasma
momentum loss. Molecule—plasma interactions can even cause a strong rise of Hal-
pha signal in the detachment process, which agrees with the measurement on other
devices (e.g TCV tokamak).

The divertor detachment induced by seeding impurity (e.g. neon) is simulated in
order to understand the difference between the two detachment regimes. It is found
that increasing the puffing rate of neon impurity cannot quickly reduce the target
temperature, thus the density of molecule species is small during detachment due to
the high molecule dissociation rate, while atom-plasma interactions become dominant
and account for the most of plasma momentum loss. Different from the density ramp

induced detachment, we cannot find the strong rise of Halpha signal in this case.
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Chapter 1

Introduction

1.1 Energy crisis and possible solutions

The industrial revolution in the past 200 years have significantly changed people’s
live. The massive technical progress provides an exponential economic growth and
an improving living quality. But the industrial revolution and the fast technological
development require massive energy use. TeraWatts of energy is needed to just main-
tain our living standards. As the most widely available energy source, fossil fuels such
as natural gases, coal and oil are the most important energy source for the current
day world. They are formed from the conserved remains of animals and plants over
a geological time span (millions of years). But due to the requirement of fast devel-
opment, fossil fuel resources are being consumed at an alarming rate, which leads to
the serious problem of energy scarcity. It is found that the oil, gas and coal reserves

will be used up within about 100 years [1][2].

What is more, the continuous use of fossil fuel resources have shown serious side
effects in our living world, climate change and environmental pollution. Greenhouse
gases exhausted in the air like carbon dioxide and nitrogen oxides, are largely pro-
duced by the use of fossil fuel resources. The fast exhaust of these gases have caused
global warming, which leads to extreme climate change. Floods, droughts, extreme
heatwave and sea level rise happen more often in densely populated regions. Some
other products of burning fossil fuel like particulate matters, sulphur dioxide and car-
bon monoxide are deteriorating the air quality and thus have already led to serious
public health issues [3], especially in the developing countries. In order to prevent

people from potential global catastrophes and pollutants in the air, it requires our
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immediate action to control the exhaust of harmful gases. So it is very urgent to
accelerate the transition of our social development from fossil-fuel based to more re-

newable or nuclear energy based.

Currently, there is only about 18% of all energy sources produced through re-
newable (about 13%) and nuclear energy sources (about 5%) (figure [L.1)[I],both of
which are mostly produced in developed countries. But a large part of total popula-
tion is still in developing countries, a much bigger energy consumption is needed to
improving quality of life and social development [1]. Therefore developing new
energy supply technologies and reducing the usage of fossil fuel have become a global
challenge. The renewable energy sources like solar, hydropower, wind and biomass
has been fast developed in the past 46 years. The total renewable energy produced
in 2019 is about triple of it in 1973[I]. But it has some disadvantages like a relatively
low power production and high cost of utilize renewable energy, it is more expen-
sive to use renewable energy. Energy generation is significantly based on the natural
conditions, such as weather and tide, thus a more complex energy storage technique
is needed to deal with the fluctuation of power generation. Furthermore, the power
plant must be built in a certain area in order to use renewable energy like coastal
areas for tidal power and sunny areas for solar power. It cannot be used anywhere.
So the renewable energy cannot replace fossil fuel currently, which is still the most

available and cheapest energy source.

Clean energy is not only obtained from natural phenomenon like wind and tide,
it can also be generated by capturing heat from atoms that split apart (or nuclear
fission) [4]. In figure , nuclear fission energy supply only provided 0.9% of the
global share of total energy supply in 1973, but it fast grew to 5% in 2019. Nuclear
fission-based reactor could generate sustainable and clean energy with a relatively
high energy production. The fast development in the past decades has made nuclear
fission energy supply technique mature, which largely reduces the safety risk and the
cost of energy production [5]. In some developed countries, nuclear fission energy has
already become one of the most important energy sources, such as France (69.9%),

Sweden (39.3%) and Korea (25%) [1]. In the future, the number of nuclear fission
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Figure 1.2: Regional share of total energy supply[I]
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plants is expected to largely increase in order to fulfil the requirement of low carbon
economy in Paris energy agreement [6].The development of nuclear fission energy in
such countries does help to reduce of usage of fossil fuel. While it has many advan-

tages, it also plenty of negative effects[7]:

(1) Environmental impact: Mining the uranium used to produce nuclear energy
would release arsenic and radon, which have a negative impact on the surrounding
area; Nuclear power plants cause thermal water pollution (Heated water is released

to an aquatic ecosystem).

(2) Water intensive: The water consumption in nuclear power plants is enormous,

which is more than what is used for coal processing.

(3) Risk of nuclear accidents: Although nuclear power plants have very strict
safety measure in place, the risk is always existing. Once accidents happen, it will

become a national or even global disaster.

(4) Radioactive waste: There is no harmful greenhouse gase emitted in the air
from nuclear power plants. But it produces hazardous radioactive waste, which con-
tinues to accumulate in nuclear power plants. It will become an issue once power
plants run out storage space. Any leak of the waste will lead to massive radioactive

pollution.

(5) Non-renewable: The fuel used in nuclear reactors like uranium is a limited
resource. It is estimated that the world’s uranium resources could provide sufficient

energy for about 200 years.

With the disadvantages, nuclear fission energy is still not an idea solution for the
energy crisis.

Theoretically the process of atomic nuclei combining to form a heavier nucleus (or
nuclear fusion) can also provide an energy source[§].Different from nuclear fission, it

is a clean energy and there is abundant fuels for nuclear fusion (i.e. hydrogen, deu-
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terium and tritium) that can be easily obtained from sea water. It is very safe. Only
a small amount of radioactive waste produced in nuclear fusion, and its lifespan is
much shorter than that of a nuclear fission[9][10]. Energy released during the fusion of
deuterium and tritium could be a thousand times greater than fission of uranium and
billions times the burning of coal. Therefore nuclear fusion is regarded by many as the
ultimate energy supply for humankind[I1].However, the technical challenge of how to
get energy from nuclear fusion is still a problem. In order to realize controllable nu-
clear fusion and achieve sustainable energy, scientists and engineers from 35 countries
including Europe, China, Japan, the US, Russia, India are working together to build
the largest fusion experiment ever conducted in France, called ITER(International
Thermonuclear Experimental Reactor). The goal of ITER is to operate at 500 MW
with less than 50 MW of input power, a tenfold energy gain, but no electricity will be
generated at ITER [12].A demonstration Power Plant, known as Demo, is expected
to demonstrate large-scale production of electrical power on a continual basis. The
conceptual design of Demo is expected to be completed by 2024, with the first con-
struction phase is to last from 2024 to 2033. The goal of Demo is to generate twenty

five times more energy. The first phase of operation commencing from 2033 [13][14]

1.2 Nuclear fusion and different plasma confinement meth-

ods

When two or more atomic nuclei come close enough for the strong nuclear force to
exceed the electrostatic force and pull them together, they could combine to form a
heavier nucleus. There will be a difference in mass between the products and reacted
particles. For instance, two protons and two neutrons is heavier than an alpha particle
(consists of two protons and two neutrons). According to Einstein’s mass—energy
equivalence, the difference in mass is manifested the release of energy, which leads to
a larger binding energy between the atomic nuclei after the reaction. A nuclear fusion
process that produces atomic nuclei lighter than iron-56 is exothermic and release
energy, while for nuclei heavier than iron-56 nuclear fusion process is endothermic
and requires an external source of energy. Thus nuclear fusion uses lighter elements

like hydrogen, deuterium, tritium and helium [I5].The elements heavier than iron-56
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are more likely used for nuclear fission, such as uranium, thorium and plutonium.
To achieve nuclear fusion, a substantial energy barrier of the Coulomb force must
be overcome. It is a force caused by nuclei containing positively charged protons,
which repel each other via the electromagnetic force. If the nuclei get close enough,
the nuclear force can be dominant over the Coulomb force and pull them together.
Most of the fusion occurs in the high energy tail of the Maxwellian distribution.In
figure [1.3] it lists the main fusion reactions and their fusion reaction cross-sections as
a function of the incident particle energy[15]. It is found that the fuel mixed by deu-
terium and tritium (D-T) has the lowest kinetic energy to fuse. It provides 14.1MeV
of energy. Although the D-T fusion reaction is the best option, it still requires a
very high temperature (10keV — 100keV) to achieve nuclear fusion. But such a high
temperature is still insufficient for obtaining net energy from fusion reactions, since
collisions between charged particles and radiation emission also cause significant en-
ergy loss. Thus it is a big challenge to confine the reacting fusion particles and their

energy.

102 T T T

Fusion cross-section (bamn)

1 10 100 1000 10,000
Centre-of-mass kinetic energy (keV)

Figure 1.3: Fusion reaction cross-sections as a function of the incident particle energy,
for the nuclear fusion reactions[15]

Lawson criterion gives the conditions of net energy generation [16]. This criterion

defines the energy confinement time 75 = W/ P, representing the rate at which a
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system loses energy. W is the energy density of the system and P, is the power
lost per unit volume. To operate a fusion machine in a steady state, the fusion
plasma temperature must be at a constant temperature (assume all species have the
same temperature and there are no impurities). Thermal energy must therefore be
added at the same rate of the plasma energy loss in order to maintain the fusion
conditions. This energy can be supplied by the fusion reactions themselves or by
external heating sources. For the case of a 50 : 50 mix of D-T (the same principle
can be applied to other fusion fuels), the energy density of both electrons and ions
together is W = 3nkpgT . The volume rate f(reactions per volume per time) of fusion
reactions is f = npny < ov >= 1/4n* < ov >, where o is the fusion cross-section (in
ﬁgur,v is the relative velocity,and <> represents an average over the Maxwellian
velocity distribution at the temperature. The volume rate of heating by fusion is
fE.,. Een is the energy of the charged fusion products. The Lawson criterion requires
that fusion heating exceeds the losses. So based on the discussion above, fr, > Pss.

1/4n* < ov > Eg, > % The equation can be written as:

12T
nrg=>L=——-— 1.1
Bz Eg <ov> ( )
The quantity <;‘Fv>in equation is function of temperature with an absolute

minimum. Replacing <UT—U> with its minimum value gives an absolute lower limit for
the product n7g. This is the Lawson criterion.

There are various nuclear fusion schemes which try to fulfil the fusion requirement.
Inertial confinement fusion (ICF) and magnetic confinement fusion (MCF) are two
main approaches for fusion research. ICF, which uses power laser pulses to compress
a small pellet of fusion fuel, aims at increasing the pressure nT as much as possible.
But only using the target’s inertia for confinement results in a relatively small 7.
It uses power laser pulses to compress a small pellet of fusion fuel. MCF utilise a
magnetic field in order to confine the ionised plasma fuel. This approach provides a
much larger energy confinement times, so a lower plasma pressure n1’ is needed for
achieving fusion reaction. In this thesis, we only discuss magnetic confinement fusion.

The temperature required for fusion (tens of millions of degrees) is too high for any

known materials to directly contact the fusion plasma. MCF provides a promising
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Figure 1.4: The configuration of a stellarator [I7] and a tokamak device[18]

approach to achieve a good plasma confinement, which uses magnetic fields to localise
the charged plasma. The magnetic mirror was the major research area in the early
years of fusion energy research. The devices with the mirror configuration consisted
of a linear tube with magnets around the outside. The magnets were arranged in
two sets, one set of small magnets spaced evenly along the length of the tube, and
another pair of much larger magnets at either end. The confinement mainly depends
on adiabatic invariance of the magnetic moment add total energy. But particles with
high kinetic energy still escape through the ends of the magnetic mirror. A toroidal
shape configuration, which connects both ends of the magnetic mirror, could well
solve this problem. Stellarators is one of the ways to achieve the toroidal shape
configuration. It uses unconventional coil shapes to generate a helical magnetic field
structure as shown in figure a) [I7]. Tokamak is another one, which uses more
conventional and simpler coils to generate a toroidal magnetic field configuration.
The plasma current along the field line could generate a poloidal magnetic field. The

poloidal and toroidal fields combine to form a helical magnetic field configuration,
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as shown in figure [L.4b) [I8]. Although stellarators do not need a current to be
driven, the coil system needs to generate the magnetic field is much more complicated
compared to that of the tokamakk. Tokamaks on the other side are easier in design

and maintenance, and have higher performance than stellarators.

1.3 The heat exhaust problem and tokamak divertor

Figure|l.5|a shows the cross section of a large-scale tokamak. The plasma current with
high kinetic energy is confined and flows circularly in the magnetic cage. However,
the confinement is not perfect. The massive power required by nuclear fusion leads to
significant collision rates within the plasma and causes large pressure gradients from
the core plasma to the edge area. A significant amount of heat will leak out from
the core into the edge. Additionally, the turbulence caused by pressure gradients can
accelerate the cross-field transport, which is the transfer of heat and particles across
magnetic flux surfaces. Therefore the wall of containing the vessel, which is close to
the edge area, will inevitably contact the leaked plasma. In this process, energetic
plasma particles strike the solid surface, dislodging atoms from the lattice [19]. These
atoms will sputter into the core of the plasma and result in plasma contamination,
which lowers the core plasma performance.

The divertor, a promising solution of heat exhaust problem, was developed in
order to extract heat and ash produced by the fusion reaction, minimize plasma
contamination, and protect the surrounding walls from thermal and neutronic loads.
A poloidal divertor configuration (figure [1.5pb) can be produced by using an external
conductor carrying a current /p in the same direction as the plasma current I,[19].
The thin region between the separatrix and the vessel wall is formed, called the scrape-
off layer (SOL) that largely reduces the direct contact between hot plasma and wall
surface. There is a null in the poloidal field, called X-point, at the point between the
two current centres. The magnetic flux surface passing through the X-point is the
magnetic separatrix. A solid plane cutting through the flux surfaces surrounding the
Ip is introduce to form a plasma sink. Plasma particles escaping through separatrix
will flow along a field line in the SOL and eventually strike on the solid surface,

which are call the divertor target. Different types of divertor have been designed,
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Figure 1.5: (a) The field cross section in the divertor configuration; (b) a poloidal
divertor configuration produced using an external conductor carrying a current Ip in
the same direction as the plasma current I, [19]
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Figure 1.6: Free boundary vacuum calculations of some of the achievable plasma
configurations in MAST Upgrade showing the conventional double-null diverted con-
figuration, a Super-X long divertor leg configuration and a snowflake configuration,
demonstrating the flexibility of MAST Upgrade for studying alternative exhaust
configurations[20]
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including toloidal divertor [2I] and poloidal divertor [22][19]. Currently the poloidal
divertor has become the first option for tokamak research. The design of magnetic
field configuration in divertor chamber can be flexible, as shown in figure [[.6] There
are tokamaks like MAST-U with the so called ‘super-X’ divertor, which extends the
divertor leg (or magnetic field configuration in the divertor) in order to spread the
arriving heat over a much larger area, increasing the distance the evacuating particles
have to travel to be exhausted. Tests at MAST-U, which began operating in October
2020, have shown at least a tenfold reduction in the heat on materials with the Super-
X system [23]. It would also allow components in future commercial tokamaks to last
for much longer; greatly increasing the power plant’s availability, and reducing the
cost of fusion electricity. The Snow-flake divertor is another creative design. The
general idea behind the snow-flake configuration is that, by a proper selection of
divertor (poloidal field) coils, one can make the null point of the second, not of the
first order as in the conventional divertor. The separatrix in the vicinity of the X-
point then acquires a characteristic hexapole structure, reminiscent of a snowflake.
The fact that the field has a second-order null, leads to a significant increase of the
flux expansion [24]. Since the heat flux normally flows along the magnetic field lines,
tilting the target plates for changing the angle between field lines and the material
surface can be another good way to reduce heat load on target [25].In ITER, the heat
flux on the target plates can obtain a factor of about 30 lower than the traditional
design.

The ‘closed divertor’ is currently used in tokamak devices like TCV, in order to
physically separate the divertor region from the plasma core region. This design im-
proves confinement of neutrals produced by recycling in the divertor volume, therefore
a larger neutral density is obtained in the close divertor than in the traditional one,
and helps to reduce the heat load in the divertor [26]. The impurities either from
impurity seeding or from plasma-surface interaction are also confined or accumulated
in the closed divertor, which lead to a higher radiation power than the conventional
divertor [27] . However this design will make diagnostic measurements in divertor

difficult.
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1.4 The possible solutions of heat exhaust problem

It is a big challenge to tame divertor power exhaust to an acceptable level. As dis-
cussed in section [I.3] the design of super-X and snow-flake divertors could help to
decrease heat load on plasma-facing materials. There are several other approaches

could help to address this problem:

(1) Tilting the target plates: make a larger angle between the field lines and the

material surface in order to increase the effective wetted area on material surface [2§]

(2) A stronger material needs to be used for the plasma-facing material, like Tung-

sten and Molybdenum.

(3) Divertor detachment: Seeding impurities or increasing the upstream den-
sity are the two most widely used approaches to reach the detached divertor regime

29119

In terms of divertor detachment induced by impurity seeding, the divertor is cooled
down mainly due to the radiation from impurities, which are generated by plasma-
material interactions (e.g. sputtering from plasma facing materials, leading to the
release of C, W) [30] or extrinsic impurity seeding (e.g. nitrogen, neon) [31]; In the
second regime, neutral gas (like hydrogen, deuterium or tritium) may be injected
through gas puffing, raising the density in the core and leading to an increasing
upstream density, which is able to cause a lower target plasma temperature according
to the Two Point Model (TPM) [19]. The increasing upstream density also intensifies
recycling at the target, which results in a larger neutral density. It accelerates the
interaction between neutrals and the plasma flux moving towards the target and thus
further cools the divertor. Divertor detachment is the topic of this work, which will

be specifically discussed in Chapter 2]
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1.5 Overview of the thesis

This chapter introduced different energy sources which could be the solution of energy
crisis, the advantage of fusion energy compared to other energy sources, and the
approaches to achieve divertor detachment in the tokamak fusion research.

In Chapter |2l we complete a literature review on atomic and molecular physics in
tokamak divertor, a simplified model (Two Point Model), the approaches to achieve
divertor detachment, and the experimental diagnosing and numerical modelling of
divertor detachment.

In Chapter [3| we introduce the BOUT++ framework and the newly developed
module SD1D. Then we implemented two upgrades in the original SD1D module: (1)
add the molecular model in SD1D and (2) add the impurity (neon) model in SD1D.
The upgraded physical model of SD1D is used in the rest of the thesis.

Next in Chapter [4] we use the upgraded SD1D to investigate the role of atomic
and molecular processes during divertor detachment with upstream density scan. The
effect of different recycling conditions on the target ion flux and target temperature
is analysed in this part.

To understand the difference of detachment induced by upstream density ramp and
by impurity seeding, in Chapter |5 we use the upgraded SD1D (with neon impurity)
to compare the atomic and molecular processes during two different scans (upstream
density scan and neon seeding rate scan), and we analyse the particle, momentum
and power balance during the two scans. In this chapter, we also investigate the effect

of force balance on the neon ions.
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Chapter 2

Literature Review

This chapter provides an overview of divertor physics. Section reviews the basic
physics of divertor for the understanding of particle and heat transport in divertor.
Section reviews atomic and molecular physics in the divertor volume, in partic-
ular the data analysis of collisional and radiative reactions, which is crucial to the
understanding of divertor detachment. An important analytical model for divertor
research, the Two Point Model (TPM), is reviewed in section [2.3] In the last sec-
tion, experimental measurements and numerical modelling of divertor detachment are

highlighted for understanding the motivation of this work.

2.1 The basic physics of tokamak divertor

Plasma particles and energy, escaping from the confined plasma, will be transported
along the magnetic field lines in the scrape-off layer (SOL) until they finally strike the
divertor targets (figure [I.5[(a)). As discussed in section the tokamak divertor is
primarily used to extract the heat and particles flowing out from the core plasma area.
The heat and particle flux flowing into the divertor plays a crucial role in determining
the temperature in the SOL region and the divertor. So, understanding the transport
of heat and particle flux in the divertor becomes a crucial area of study for divertor

power exhaust.

2.1.1 Particle flux flowing from plasma to the solid surface

Since the mass of an electron is much smaller than the mass of an ion, the thermal
velocity of the electrons can be much higher compared to the ions. Therefore, the solid

surface (e.g. the target) will receive a higher electron flux and becomes negatively
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charged. A narrow region close to the surface is therefore produced, called the sheath,
where the assumption of quasineutrality is no longer available and n; > n.. As a
result, the Coulomb force produced by this negatively charged surface will attract

the ions and push away the electrons. The width of the sheath can be defined as an

Eok’BTe
Ap = 2.1
b V. e2n, (2.1)

Typically, the width of the sheath is very small, e.g. just several micrometers

expression of 7, and n. [19][32]:

for the MAST tokamak [33]. The electrostatic potential V distribution given by the
Poisson equation is

d*V

= =) (2.2)

dx? €0
The electrostatic potential drop along the SOL to the target accelerates the speed

of ions, which can be written as:

v; = —+/2eV/m; (2.3)

Here it is assumed that the ion kinetic energy is produced by the potential dif-

ference. According to the continuity equation (the current j; = n;v; = const, we can
get v;/v; s and obtain:

)

V.
where s represents the sheath. v; 5, n; 5, V; s are ion velocity, ion density and the

potential at the sheath entrance (defined at a distance of sheath width from the solid

surface). The density of electron is defined by a Boltzmann distribution:

M} (2.5)

Ne = Np €T
S { kT,

If quasineutrality is still applicable at the sheath entrance (e.g. pre-sheath), n; s =
Ne,s = Ns. According to equation2.2] equation2.4] and equation2.5, we can obtain:
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Ty ] (V, = V) (2.6)

dx? €0

Here, a Taylor expansion at x = x, is used in equation [2.6] If the physical

e _ L
kgTe 2V

solution for V is non-oscillatory, the expression must be negative, so Vy >
— (kgT.) / (2e) [32]. Based on equation [2.3a constraint of ion velocity is given at the

sheath entrance:

kT,

my;

Vi, s > (27)

The simplest possible case is to assume the ion temperature 7; = 0 as done in
the above derivation. In this case, all the ions are assumed to start at a single
location upstream of the sheath edge with zero velocity. The ions are assumed to fall
collisionlessly through a pre-sheath potential drop. v;, is the ion sound speed marked

as ‘cs’ [19][32]:

C - \/ZkBTe + akgT; (2.8)
my;

Z is the ion charge number; o = 1 is for isothermal flow, o = 5/3 is for adiabatic

flow with isotropic pressure and a = 3 is for one dimensional adiabatic flow [34]. As

a result, ions can be at least accelerated to sound speed at the sheath entrance. This

constraint is called the Bohm criterion.

2.1.2 Hydrogen heat transport in the divertor

According to the different transports of heat in the divertor (e.g. convection and
conduction), there are two modes of divertor heat transport: sheath-limited heat
transport and conduction-limited heat transport [19].

In the sheath-limited regime, the SOL is characterized by:

(1) The electron temperature and ion temperature are constant along the flux

tube;
(2) Cross-field transport of particles from the main plasma is the only particle
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source in the SOL;

(3) There is no momentum and power losses in the SOL;

(4) The sheaths at the divertor target are the only particle and heat sinks;

(5) The SOL collisionality (e.g. ration of connection length to mean free path) is

weak.

This case implies the SOL collisionality may be too weak to maintain the electrons
Maxwellian in the sheath-limited regime. If it is not Maxwellian, the distribution will
still be constant along SOL, since the mean free paths for self-collisions is larger than
the system length (or connection length in this case). Therefore in this situation,
the heat transmission properties of the sheath determine the temperature along the
SOL[19][35] and heat transport along the SOL is mainly carried by parallel convec-
tion.

As the plasma density in the divertor increases, the mean free paths for self-
collisions will become smaller than the system length and will cause temperature
gradients along SOL. In the case of high divertor collisionality and a large connection
length, heat conduction will become the main heat transport process [19]. In such a
conduction-limited regime, the pressure determined by both temperature and density
is approximately constant along the SOL. If the density near the target increases, the
temperature in the same place may decrease in order to keep the pressure constant.
The density can be increased by raising the upstream density or by introducing a
particle source near the target (for example neutral hydrogen recycling or a gas puff),
which intensifies the ionisation and thus leads to an additional plasma flux near the
target that further accelerates the recycling process. When the solid surface becomes
fully saturated with neutrals (e.g. hydrogen atoms and molecules), a steady state
can be achieved that no external source of fuel is required. In this case, the plasma
outflow is automatically matched to the neutral inflow rate [36][19]. Consistent with
convection not being important in this case, the recycle ionisation is assumed to

be very close to the solid surface [19]. Additionally, incoming ions will recombine
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with electrons near the target to produce neutral atoms and molecules. This process
releases the potential energy as heat to the solid surface. For hydrogen, the ionisation
energy E;‘;’t‘ = 13.6eV and dissociation energy is E%s5 = 4.5eV. The total is E,n =

pot

E;,‘Z,’Z + Eggﬁs = 18.1eV. The power density deposited on the solid surface containing

the kinetic and potential energy is:

The strongly radiating regime is another important mechanism for reducing the
heat load in the divertor. As the electron temperature 7, decreases in the divertor,
the hydrogenic recycling becomes more intensive and produces more neutral atoms,
which increase the associated radiative losses [19][32]. It happens mainly because
more excitation occurs before ionisation at low electron temperatures and volumetric
recombination also provides the radiated power when 7T, becomes very low (below a
few eV). Furthermore, the plasma-surface interaction can produce low-Z impurities
(e.g. carbon) in both the SOL and the divertor. These intrinsic impurities, which
have a large radiation function at low 7, (about 10eV), can radiate a large fraction
of power entering the SOL [37]. If the radiating area is close to the targets, it can
effectively reduce the heat flux on the target. In this work, it is indeed studied that
for MAST-U conditions the intrinsic carbon radiation accelerates the reduction of
target temperature and target plasma flux (Chapter 4). ). In some tokamak with
a metallic first wall (e.g. tungsten), the radiation function of the intrinsic impurity
become larger at higher temperatures but smaller at lower temperatures. It may
cause a problem: unexpected core radiative losses. If the intrinsic impurity radiation
and hydrogen radiation still cannot reduce heat load to an acceptable level, extrinsic
impurity may be seeded into the divertor [35][38][39] [40] [41]. Section[2.2.5]will further
discuss the divertor impurity radiation caused by intrinsic and extrinsic impurities.

Although a reduction of the temperature leads to a lower heat flux density on
solid surface, it may still be not sufficient for safe operation in large scale devices,
such as ITER and DEMO [12][13][14][42]. The particle fluxes reaching the surface
are predicted to be very high such that the potential power deposited on the surface

becomes crucial. As a consequence, both the temperature and the particle flux to
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the surface needs to be decreased for a safe operation. Understanding the mechanism

leading to the reduction of target particle flux is also the main purpose of this work.

2.2 Atomic and molecular physics in tokamak divertor

Understanding the role of the atomic and molecular processes in divertor is crucial to
study divertor detachment. This part specifically discusses the atomic and molecular
physics, including atomic and molecular databases (section , reaction rates of
crucial plasma-atom and plasma-molecule collisional reactions (section , hydro-
gen excitation radiation (section [2.2.3]), hydrogen photon emission (section and
divertor impurity radiation (section [2.2.5).

2.2.1 Atomic and molecular databases

The reaction rates and emission rates for the analysis of atomic and molecular pro-
cesses in divertor conditions can be obtain via several databases, such as ADAS,
AMJUEL, HYDHEL and YACORA [43][44] [45][40]

ADAS is a general collisional radiative mode that calculates the population den-
sities (or the population coefficients) of the energy levels of various particle species.
ADAS models the population densities through solving a large system of equations
representing a differential equation of the populational densities that are relevant to
the various reactions including electron collisional transitions; radiative decay[43][35];
collisional ionisation and recombination (radiative, dielectronic and threebody are all
included). The atomic reaction rates (e.g. ionisation (named SCD in ADAS) and
recombination (ACD)) can be calculated by applying certain groupings of terms in
the differential equation, which takes a collection of processes into account to make
up the reaction rates[43][30]. ADAS is also able to determine the line emission co-
efficients (PEC for photon emission) and emissivities for the most energetic lines in
the spectrum, thus it can be applied to provide radiation power loss (PLT for exci-
tation and PRB for recombination and Bremsstrahlung) [47]. These parameters are
functions of temperature and density. ADAS accounts for the atomic collisional and
radiative reactions in detail, which could help understanding of atomic processes in

the detachment research. But it cannot be used to analyse the molecular process.
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YACORA is another collisional radiative mode, which can be used to determine
these population densities of excited states of specific atoms or molecules in the
considered plasma (e.g. hydrogen and helium)[46]. YACORA solves a system of
equations that describes how the density of each excited state evolves in time as a
consequence of processes that populate or depopulate such excited levels [46]. The
collection of processes in the equations includes spontaneous emission, electron col-
lision excitation, two-body recombination, three-body recombination and ionisation.
Similar to ADAS, the population densities obtained by YACORA are functions of
temperature and density. The advantage of a generalised collisional radiative model
is that both ground and metastable populations are tracked, which is important for
impurity studies. But YACORA only includes one impurity (Helium) in its model, it
will no longer be available for the study of other impurity species.

HYDHEL [45] and AMUEL [44] are two important databases containing data rel-
evant to plasma-atom and plasma-molecule interactions. In the HYDHEL database,
the cross-section and reaction rate coefficient are calculated by a single polynomial
function of electron temperature [45]. A double polynomial function of energies of
the two collided particles are applied for calculating charge exchange rate coefficients.
It means the rate coefficients of crucial reactions (e.g. ionisation, recombination and
dissociation) have no dependency of electron density, which should play a crucial role
in the collisional and radiative reactions. Taking into account the density dependence
of the plasma-neutral interactions is important because the electron density in the
divertor can significantly change depending on the operating conditions and is sensi-
tive to the variation of the upstream density, heat and particle flux. When divertor
detachment is triggered by increasing the upstream density, the peak electron density
in divertor will be several times larger than during attached conditions, while the
divertor electron density can decrease when the divertor is fully detached. Thus it is
essential to consider electron density variation in the calculation of rate coefficients
and hydrogenic radiation loss.

The AMJUEL database contains extensive information on the cross-sections, rate
coefficients, cooling rates and population densities, which have a dependency of both
electron temperature and density. Its reaction list covers the crucial atomic and molec-

ular processes for detachment research, including electron-impact and ion-impact re-
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actions, hydrogenic excitation radiation and hydrogenic photon emission [44][48][49).
Thus using the AMJUEL database for the numerical modelling of divertor detachment
could avoid the huge error caused by the missed density dependency in HYDHEL and
could provide the details of molecular processes for detachment research that ADAS
cannot give.

In this work, ADAS is employed to provide impurity radiation (e.g. carbon and
neon) in numerical simulations, while the reaction rate coefficients and the population

coefficients are obtained from Amjuel.

2.2.2 Rate coefficients of plasma-atom and plasma-molecule collisional

reactions

To understand the complex hydrogenic atomic and molecular processes, AMJUEL
database predicts the rate coefficients for the collisional reactions for both hydro-
gen atom and molecule, which are shown as a function of electron temperature in
figure [2.1], figure and figure 2.3l Each reaction has three curves, which repre-
sents the rate coefficient at three different electron densities (e.g. n. =5 x 10'%/m3
, ne = 5 x 10¥/m? and n, = 5 x 10%°/m?). In figure 2.1} the ionisation, charge
exchange and recombination rate coefficients present the basic processes occurring

during divertor detachment [19][35]:

(1) Ionisation and charge exchange are the dominant atomic processes at higher

T., and few neutral atoms could exist without any external neutral sources;

(2) Once T, drops (T, < 10eV ), the ionisation rate coefficient drops, and charge

exchange becomes the most significant atomic process;

(3) if T, goes down further in a deeply detached case, recombination becomes more

significant at T, < 1leV

The effective volume ionisation and recombination rates, which are important for
describing detached plasma, are affected by both the rate coefficients. One should

note, however, that these are reaction rate coefficients and not volume rates (which
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needs to multiply the reaction rate coefficients by the density of one reacted particle).
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Figure 2.1: Hydrogen atom effective ionisation, charge exchange and recombination
rate coefficients as a function of electron temperature for electron density n. = 5 x
10'8/m3n, =5 x 10" /m? and n, = 5 x 10%°/m? [48]
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Figure 2.2: Hydrogen molecule effective charge exchange, dissociation, and non dis-
sociative ionisation rate coefficients as a function of electron temperature for electron
density n, =5 x 10" /m?n, = 5 x 10" /m? and n, =5 x 10°/m? [48]

Hydrogen molecules (Hy and HJ) may also play an important role in momentum
losses in the divertor, especially in the detached case with high recycling rates or exter-
nal neutral sources [48][49]. The elastic collisions or charge exchange between neutral

molecules and plasma ions may effectively reduce the plasma ion momentum near the
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target [38]. As shown in figure , molecular charge exchange HT + Hy, — Hy™ + H

is the main molecule sink at low temperatures 7, ~ 3.0eV. But when 7, increases to
about 10eV, both dissociation e + Hy — H + H + e and non-dissociative ionisation
e+ Hy — 2e + Hy' gradually become the more important molecule sink over charge
exchange. Once T, > 10eV, the rate coefficient curves shows that non-dissociative

ionisation is the main molecule sink.
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Figure 2.3: Rate coefficients of effective dissociative ionisation (purple), dissociative
excitation (red), dissociative recombination (blue) and molecular activated recom-
bination (MAR) via H™, as a function of electron temperature for electron density
ne =5 x 10%/m3 n, =5 x 10'/m? and n, = 5 x 102°/m? [4§]

The charged molecule (HJ) is an important product of molecule collisional re-
actions (primarily via non-dissociative ionisation and molecular charge exchange)
[38][48][46]. There are three channels for the dissociation of Hj: dissociative exci-
tation (e + Hy™ — e + H* + H), dissociative ionisation (e + Hy™ — 2e + H* + HT )
and dissociative recombination (e + Hy™ — e + H + H), which contribute to recom-
bination and ionisation [50])[51]. Through comparing the rate coefficients in figure
to the coefficients of non-dissociative ionization and molecular charge exchange
in figure , the rate at which HJ is dissociated is generally larger than the rate at
which Hj is produced, therefore the density of Hy should be small. Both Hj and
H~ are the channels for molecular activated recombination (MAR), which may lead
to large momentum losses in detached cases [38][52] [53][54].But the rate coefficient of

MAR via H™ is small compared to the Hj reactions.
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A comparison (figure can be made for investigating the density of different
particle species at which systems with different electron temperatures reach a thermal
equilibrium (Hy, Hy , H, H"). AMJUEL databse provides the reaction rate coefficients
of atomic and molecular reactions (shown in figure , and for this comparison
and the total density is fixed at Nyzr = 1 x 102**m~3. The result shows that the curves
of ion density and atom density cross at about 1eV, which matches the cross of the
rate coefficients of ionisation and recombination in figure [2.1l This result matches
the result of the SAHA ionisation equation [55]. The density of molecular species
(Hy, Hy) is found much smaller than the density of atomic species, even though their

sinks (e.g. dissociation, non-dissociative ionisation and molecular charge exchange)

n

" s about 0.02 at the electron

decrease at lower temperatures. The density ratio =
2

temperatures lower than 5eV (figure . But in a detached divertor, molecules
can be injected into the divertor volume by localized gas puffing or can be produced
through recycling at the target. As the molecular density increases, more Hj will
be produced and thus the HJ collisional and radiative reactions will become more
important. As a result, in such conditions this charged molecule plays a bigger role

in the dynamics of detachment (e.g. influence particle balance).

1020

1018 L.
1016 L
1014 fos
1012 [ ]
1009 NN ,,,,,,,,,,,,,,,,,,,,,,,,,,, g ,,,,,,,,,,,,,,,,,,,,,,,,,,, ,,,,,,,,,,,,,,,,,,,,,,,,,,,,
108 |-
10%
104

102

— on .
—— molecule ||
— H2+
— S H’

10°

107

lon and Neutral Density in steady state [m-3]

10™

10% i i
4] 5 10 15 20

Temperature [eV]

Figure 2.4: The density of different particle species at which systems with different
electron temperatures reach a thermal equilibrium (H,, HJ , H, HT)
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2.2.3 Hydrogen excitation radiation

Besides collisional reactions, the hydrogen atom radiation caused by atom-plasma or
molecule-plasma interactions is also crucial for divertor physics[38][56][57]. It con-
tributes a significant energy loss from the plasma in divertor volume, and greatly
affects the target flux in terms of particle and power balance. Summing the radiation
arising from line emission according to the photon emission coefficients (PEC) from

ADAS can provide information on the hydrogenic radiative power loss.

dissociative
recombination
4
recombination Hz Gissociative
l recombination

H 2 Pla’
nF'
H ¢
direct dissociative
excitation H- excitation
mutual

neutralization

Figure 2.5: The channels to generate excited hydrogen atoms. Figure from [46]

According to the collisional and radiative models in YACORA [46], there are 6
channels to generate excited hydrogen atoms (figure . Direct electron-impact
excitation (via H) and electron-ion recombination (via HT) are atomic excitation
channels. Dissociation (via Hs), dissociative recombination (via Hy and HJ) and
mutual neutralization (via H™) are molecular excitation channels, since they generate
excited atoms after molecular break-up. However, the ADAS cannot be used to
analyse the contribution of different excitation channels to the total radiative power
loss.

The AMJUEL database provides another way to model the hydrogenic radiative
power loss by using the population coefficients of the different channels (section
[44][48]. Thus, this approach can be used to analyse the radiation power loss though

different channels separately.

41



The emissivity L = £,4ap/n7eNo (erg * cm®/s ) corresponding to the low-n and
medium-n Lyman lines (e.g n=2-6 — 1) are shown in figure for the excitation
channels at three different electron densities. €44, is the radiation power by the
excited atom transiting from state p to q. Ny is the density of the reacting species
(e.g. H for direct excitation and H* for recombination). Since the density of Hy is
tiny in divertor conditions, it is ignored in this part. As the channel’s names imply,
the radiative reactions always happen together with the corresponding collisional
reactions. Qualitatively, the curves of the ionisation rate coefficient and recombination
rate coefficient shown in figure [2.1| are similar to the corresponding emissivity curves
in figure (a)-(c). Similarly, the curves of emissivity coefficient via dissociation
channel (Hy) and dissociative recombination channel (HJ) correspond to the rate
coefficients of dissociation in figure 2.2 and dissociative recombination in figure 2.3
respectively. For the mutual neutralization excitation channel (H™), its emissivity
curve is similar to the rate coefficient of reaction 7.2.3b (H* + H- — H* + H + 2e)
in Amjuel [44]
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Figure 2.6: Hydrogen emissivity of the hydrogen excited atom at different energy
levels (Lyman lines n=2-6 — 1) as a function of electron temperature for the electron
density n. = 5 x 10"®/m? n, = 5 x 10?/m?® and n, = 5 x 10*/m?®. Two atomic
excitation channels (direct electron-impact excitation H and recombination H™) and
three molecular excitation channels (dissociation via H,, dissociative recombination
via Hf and mutual neutralization via H™) are shown here [48].
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According to the emissivity produced by hydrogen excited atoms at different en-
ergy levels (n=2-6) , it can be seen that the deviation between the curves via direct
electron-impact excitation is much larger than the one between the recombination
emissions. Therefore, the intersection of emissivity for the two excitation channels is
located at a larger T, for a higher-n Lyman line [48][35]. Once the electron density in-
creases, the direct electron-impact excitation emissivity is slightly reduced, while the
emissivity via electron-ion recombination emission increases. Thus, the emission via
recombination channel tends to be more significant at higher densities. Moving now
to molecular emission, in figure 2.6(d)-(f), the emissivity variation between different
Lyman lines is generally large for the three excitation channels considered [4§]. Only
the emissivity of the Lyman line n = 3 via Hf and H~ does slightly decrease with
increasing electron density, while the others change little. Two things should be noted
for the molecular excitation channels: (1) due to the small densities, the excitation
via Hj and H~ is less important at high temperatures, even though the emissivity via
Hj and H~ is greater than the other channels. They may become important in the
divertor as their densities greatly enhance with the drop of temperature T, < 3eV or
with external fuelling (gas puffing). (2) Having one channel dominates over the other
channels does not imply that its reaction rate dominates over the other’s reaction

rate [35].

2.2.4 Hydrogen photon emission

Similar to hydrogen emissivity in section [2.2.3 the photon emission coefficient can
also be obtained using the population coefficient of the different excitation channels
[48]. Figure shows photon emission coefficients of the hydrogen excited atom at
different energy levels (Balmer lines 3-6 — 2) as a function of electron temperature
for the electron density n. = 5 x 10'°/m®. compared to figure 2.6} it is found that
the Balmer lines have a similar behaviour of the emissivity, for both atomic channels
and molecular channels.

Hapna emission (Balmer lines 3 —2), the brightest hydrogen line in the visible
spectral range, is crucial for tokamak experiment diagnostics, and conveys information

on neutral density and neutral-plasma interactions. The blue curves in figure
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present that the emission coefficients of Hyjpha photon emission coefficients via Hj and
H~ are larger than the other channels. But due to their small densities, Hj and H~
channels are less important than the direct excitation channel at high temperatures.
The photon emission via Hj and H™ channel may also become important in that case
with a high recycling rate or with external fueling. In particular, for H,jpn, photon

emission, Hy and H™ are expected to be the dominant excitation channels.
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Figure 2.7: Photon emission coefficient of the hydrogen excited atom at different
energy levels (Balmer lines 3-6 — 2) as a function of electron temperature for the
electron density n, = 5 x 10*/m3. (a) Two atomic excitation channels and (b)three
molecular excitation channels are shown here [4§]

2.2.5 Divertor impurity radiation caused by intrinsic impurity (carbon)

and extrinsic impurity (neon)

As discussed in section 2.2.1, ADAS can be used for analysing impurity radiation,
including excitation radiation (PLT'), recombination (PRB) and charge exchange be-
tween hydrogen and the impurity (PRC). In general, PLT could be the dominant
radiation coefficient for carbon, thus some works just focus on the PLT coefficient
to calculate the carbon radiation loss. Figure considers all these coefficients and
investigates the radiative power loss rates (Wm?) of carbon as a function of plasma
temperature. It shows that the peak of the radiative power loss rate is located at
temperatures around 10eV, where powerful carbon radiation is most possibly to be

produced. But carbon radiation may be less important at low temperatures due to the
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Figure 2.8: Radiative power loss rates (wm?®) of carbon as a function of plasma tem-
perature (electron density is fixed n, = 1 x 10' /m? ). The collisional-radiative result
for P,,q from ADAS is marked as ADAS-CR, while results with different refuelling
rates are marked by the n.7,..,; The collisional-radiative equilibrium is compared to
the result from Post’s work [58][59]. The error-bars are given as the mean and stan-
dard deviation across the models. The empirical result given by Hutchinson is also
presented [59][60]

small radiation loss rate. Figure [2.8] also compares the results obtained by different
approaches. It is found that the ADAS and the Post’s work provide similar radiative
power loss rates when 7, > 10eV while Hutchinson’s result is much higher. When
T, < 10eV the ADAS result becomes lower than Post’s work. Hutchinson’s result
is similar to the ADAS result between 2e¢V and 10eV and then gradually becomes
higher than the ADAS result with the decrease of temperature. Thus Hutchinson’s
empirical result might overestimate the radiative power loss of carbon, and might
significantly influence the power balance in divertor.

As discussed in section [1.4] there are two approaches to achieve divertor detach-
ment, raising the upstream plasma density or seeding impurity in divertor. But the
approach of increasing upstream density to reach detachment can be detrimental to
core confinement [62] and is subject to the Greenwald density limit in tokamak [63],
particularly in metal wall protected machines. Seeding impurity in the divertor could
be a possible solution, which leads to volumetric radiation of the power in the edge

region, the SOL and the divertor, and thus a reduction in the power reaching the
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Figure 2.9: Charge resolved radiative power loss rates (wm?) of neon as a function

of plasma temperature (n, = 1 x 10'?/m?). The collisional-radiative result for P,.q
from ADAS [61].

divertor targets, which in turn facilitates access to a detached regime [64]. The main
candidates for this task are the noble gases (e.g. neon) since the radiative proper-
ties of noble gasses are close to those of carbon, with a high radiative efficiency for
the range of temperature typically encountered in the divertor region, yet remaining
relatively low in the plasma core [65][65]. Neon as an important extrinsic impurity
can be injected in divertor for reducing the heat flux through radiation and trigger
the divertor detachment. In order to better understand the expected neon radiation,
one not only needs to know the overall content but more specifically the charge-state
resolved content. Figure presents the radiative power loss rate of neon at different
charge states as a function of electron temperature. It shows that the coefficients of
Ne3* — Ne™ are located around the peak of total radiative power loss rate (at about
30eV). Ne?™ — Ne™ could be the main cooling species in divertor conditions [66].
Similar to carbon impurity, neon may also become less important when Te < 10eV.

In order to get a rough idea of the general radiation curves, it usually assumes
that there is no transport in the data analysis (e.g. Atomic++ in section . It
means that the fractional abundance (the ratio of neon density in a certain charge
state by the total neon density) can be calculated by using the rate coefficient of

ionisation, recombination and charge exchange recombination (see figure 2.10)). How-
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ever, transport could significantly influence the temperature regime in which a certain
charge state can be found [35]. Thus, transport effects can be extremely important
in modelling the radiation expected of a particular impurity [41][29]. In Chapter
we specifically analysed the parallel transport of the neon cooling species and effect

of parallel force balance on their density profiles.

" Neon reaction rates at n. = 2.5 x 102m 3
10~

— Ne'*
— Nel*
10712 {|=—— Ne?*
T — Ne3*
o
£ — Ne**
A 10-14
5
v
JH
o
S qp-164
c 10
S
&8
u
]
&
107t T

10—2ﬂ T
10°

Figure 2.10: Reaction rates for Neon (charge state from n = 0 to n = 5+) at a density
ne = 2.5 x 102 /m3. The Solid represents ionisation, the dashed is recombination, and
the dotted is charge exchange recombination.

2.3 The simplified Two Point Model of the divertor SOL

The two point model is a simplified analytical model for divertor research. The model
is simple, but it is able to explain general trends and help build insight in the divertor
SOL physics [19][36][67]. As figure shows, the divertor SOL can be straightened
out as a 1D linear structure, since the parallel gradients are usually small at locations
far from the targets. Some assumptions need to be made for the straightened SOL: (1)
Toroidal curvature is neglected; (2) Parallel transport is much more important than
perpendicular dynamics. The upstream (denoted by ‘u’) is the location where the
heat flows into SOL from the confined plasma. It could be taken at any place along
the sepratrix and there is little change when the upstream is located at a different

Y

place. The target is denoted by ‘t” at the end of field line. Three equations are used

in the Two Point Model which represent pressure balance, parallel heat conduction
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Figure 2.11: For purposes of simple modelling, the poloidal divertor SOL is straight-
ened out in a 1D model [19)]

and the target sheath conditions, in order to construct a set of analytic relationships

linking the upstream and the target. It is usually assumed that [19][32][35]:
1. The divertor SOL is straightened out to be a 1D structure.
2. lTon-neutral friction is ignored along the SOL.
3. There are no viscous effects.
4. Radiation losses along the SOL are neglected.

5. The neutrals recycling from the targets are immediately ionized in front of the

target.

6. The influence of ionisation on the flow profile is ignored.
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7. Parallel heat conduction is the only heat transport process.

8. The total pressure (including static pressure (nkT, + nkT;) and dynamic
pressure(mnuv?)) is constant along a field line. n, = n; = n and v is the sound

speed of ion.

9. There is no cross-field particle and momentum transport.

2.3.1 The basic two point model

Based on the assumptions listed in the previous section, the total pressure (includ-
ing static pressure and dynamic pressure) is assumed to be constant along a field
line. 7T, is assumed to be equal to ion temperature 7T;. So the static pressure

nekT. + nkT; = 2nkT and the dynamic pressure is mnuv?

. v is the sound speed
of ion based on T. The total pressure is 2nkT + mnv?. Since the total pressures at

the upstream and the target are the same, we get:

ny (2th + mvf) = 2n,kT, (2.10)

Here, we assume no dynamic pressure at upstream. In an isothermal fluid mode
with a particle source proportional to the plasma density n, the plasma fluid velocity
could not exceed the isothermal sound speed, without singularities arising. Thus

based on the Bolm criterion in section , Cs = 4/ fn—T . The dynamic pressure at the

target is equal to 2n,T}, so equation [2.10| can be rewritten as:

n.T, = 2n,/T; (2.11)

According to the assumption of no power losses along the SOL, the heat flux un-
changeably flows from upstream to the target. The power density transmitted to the

target can be writtern as:
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q = YLy o< ntTtg/Q (: ptTtl/2> (2.12)

v here is the sheath power transmission coefficient, which represents the inten-
sity of the accelerated plasma hitting the target through the sheath. Equation [2.12
indicates that the heat flux reaching the target is determined by the pressure and
temperature at the target. Since it is assumed that parallel heat conduction is the
only heat transport process, the parallel heat conductivity is written as k), = Vih e Te
where the thermal velocity of electron is vy, . o Tel/ 2 and the electron collision time
is defined as 7, Te3/ 2 resulting in Kle o< T, 65/ 2. Thus the classic (Spitzer) parallel

heat conduction density is written as [19][68][9)]

q = —lioTeng/de“ (2.13)

Here the thermal conductivity is defined as koT.”?, where kg is the electron paral-
lel heat conductivity coefficient. Then integrate the equation along the field line
from upstream to the target in order to obtain a relation between the temperatures
at upstream and at the target (shown in equation [2.14l

5 dT

— T
9 o dx

7 7z TqL
S TE =T+ —Qqﬁo (2.14)

L is the connection length (distance along the field line from upstream to the

target). The three equations of two point model are the equations [2.11][2.12| and [2.14]

which related four variables n¢, n,, T; and T, for a given heat flux ¢|.Thus if one of the
four variables is given, the other variables can be calculated from the three equations.
In conduction limited regime, the temperature at upstream could be much larger that

the temperature at the target. Therefore equation [2.14] could be simplified as
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The equation shows that the target temperature T; can be effectively reduced
by increasing upstream density n,, while n, must become larger in order to be con-
sistent with constant pressure along the flux tube. The heat flux at the target is
determined by both the plasma ion flux at the target and the energy of each ion:
I't = q/T% . So the plasma ion flux at the target can be written as:

I R B

T, = x 2.17
og 2m q (2.17)

Here it is assumed that both volumetric power loss and convective heat transport

are ignored [19][35]

2.3.2 Corrections to the Two Point Model using loss factors

According to the strong assumptions made in the previous section, various processes
(e.g. convection transport, radiation, and momentum losses) are excluded in the
basic two point model. However, these missing processes are usually crucial for the
divertor physics. This section will make an extension to the basics two point model
by adding correction factors in the equations, in order to provide estimates for the
effects of these missing processes. Volumetric power losses due to line radiation in
the SOL ¢59F [Wm~2] (either by impurities or recycled neutrals) and charge exchange

rad

collisions g2 [Wm~2] can be included in equation [2.18 fyower is a power loss factor

X
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representing the proportion of power loss in the total heat flux [19][32]

qrsa(()iL + ch)E)L = fpowcrqn (2].8)

As a result, ¢ and ¢; can be decoupled in equation [2.19

(1 - fpower) q = gt = ’Vkﬂ—;fntost (219)

Although parallel conduction is the dominant heat transport process in the SOL,
parallel convection still plays a role. Thus a convection factor (feony) that determines

the heat fraction carried by convection is introduced in equation [2.20] [19][32].

q||cond = (1 - fconv) q) (220)

Thus equation [2.14] can be rewritten as:

I L 7(1— conv L
T =17 + §< f/ﬁo )4 (2.21)

Strictly, it should be integrated from upstream to the entrance of the ionization
zone as the heat in this zone is then convected. But since convection is a very effective
transport process and the ionization zone is just a very thin layer, it is assumed that
the temperature at the entrance of the zone is equal to the target temperature, which
is much lower than the temperature at upstream [19][32]. Thus equation can be
simplified to:

Tu% ~ Z(l - fconv) CI||L
Ko

(2.22)

\)

When the temperature becomes very low near the target, momentum losses will be
significant. In order to account for momentum losses by frictional collisions between
ions and neutrals, viscous forces and volume recombination, a momentum loss factor
fmom is introduced [19][32]. With this, the pressure conservation (equation

should be revised to:

20,1y = (1 = funom) nu Ty (2.23)
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Depending on the corrected three equation 2.19] 2.22] and [2.23] the density, tem-

perature and plasma flux reaching the target can be give as below:

6 6
ng = n_z (7(]”L)7 ’7263 (1_fmom)3 (1_fconv)7 (2 24)
Qﬁ 2/{0 4mZ (1 - fpow)2
2 -2 2
T, = ﬂ (7QI|L) 2m, (1 - fpow) (2‘25)
i\ 260 ) P (1~ fn)” (1= from)
Ft _ n_i <7qL) 7 762 (1 - fmom)2 (1 - fconv)7 (2 26)
q 2Kg 2m; (1 - fpow)

When the upstream density increases, the hydrogen recycling becomes more in-
tensive due to the increased particle flux. This high recycling will remove power from
the SOL through line hydrogenic radiation. Thus, the power loss factor fyower i N0
longer negligible, which directly leads to a reduction of the target heat flux (equation
2.19). However the intensive recycling near the target can produce more neutrals,
which are fast dissociated and then ionised to be plasma ions, thus the target particle
flux may increase as well. Another commonly used method to increase the radiated
power in the SOL is impurity seeding such as neon and nitrogen [19][32]. A further
effect of the radiation losses is to decrease the target temperature and to increase
the target density and particle flux. In order to reduce the target flux, the ratio of
conducted to convected heat flux must change f..,, > 0 or the momentum losses

must occur in the divertor fuom >0 .

2.4 Understanding of divertor detachment

2.4.1 The detached regime

In general, divertor detachment is characterized by (1) the reduction of the surface
heat load, (2) the reduction of plasma ion flux at the target and (3) a pressure drop at
the target [19][69]. As discussed in the basic two point model, increasing collisionality
(or conduction) and radiative losses is able to reduce both the temperature and the
heat flux at the target. However it is insufficient to reduce the plasma ion flux

reaching the target. According to the equation [2.26] momentum losses, power losses
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or a changeable ratio of conducted to convected heat flux are required to achieve
the divertor detachment. Although the pressure at upstream is still constant, the
reduction of plasma ion flux at the target requires decreasing the target pressure,
therefore a pressure gradient near the target will be developed along the field lines
[68][19].

The main mechanisms which remove momentum are ion-neutral collisions (e.g.
charge exchange) and recombination. These two processes dominate with respect to
the ionization at temperatures about 5eV and 1.5eV respectively. These low temper-
atures can be achieved by a further increase of upstream plasma density, as Ty o< n;, 2.
In this case with such low temperatures, the potential energy (the energy for hydrogen

atomic ionisation and molecular dissociation) is no longer negligible and the equation

[2.19 can be revised to be:

(1 - fpow) q = gt = ('YkBTt + Epot) Iy (2.27)

The total potential energy released per hydrogen ionisation and dissociation is

Epor = Eon + Fdiss — 18.1eV. When the temperature in front of the target is low

pot pot

enough, the recycling process at the target will become intensive to produce a large
amount of the neutrals (hydrogen atoms and molecules). In this case, a cloud of
neutral gas will cover the region in front of the target and undergo several elastic
collisions with hydrogen ions which flow to the target [T0][32]. As the masses of
the neutral atom or molecule and the ion are approximately equal, the momentum
transfer is very efficient and the ions will rapidly cool down to the neutral temperature.
After the collisions, the neutral will either reach the surface, where it deposits its
momentum, or enter the hotter recycling zone, where it will ionize and flow back to
the surface, removing no momentum. After the first collision, however, the neutral
will travel at approximately the ion sound speed and the following collisions do not
efficiently remove momentum [19][32]. In order to maximize momentum removal, the
neutral must reach the surface after each collision. The number of effective collisions
is given by the mean free path for ion-neutral collisions \;, and the divertor dimension

(or connection length) L. Most collisions would be efficient if both lengths are of the

same order and small compared to the ionization mean free path:
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Ain & Laiv < Aion (2.28)

The reduction of the particle flux with respect to the flux entering the gas target

at the recycling zone, I',. is roughly:

Ft —~ )\in
T, Ly

(2.29)

Ly is the length of the neutral cloud area. If the temperatures are below 5eV over
a sufficient large area and the neutral density is high enough, ion-neutral collisions can
provide an effective sink for momentum and particle flux [19][32]. If the temperature
in the elastic collision zone falls below 1eV then electron-ion recombination (EIR)
becomes important [71][72][73]. The ions flowing to the target can recombine with
the electrons, directly decreasing the particle flux to the target. With constant power
entering the elastic collision zone, the plasma ion flux at the target can be reduced
by an order of magnitude due to recombination processes dominating [74][32]. Volu-
metric recombination can also arise from molecular activated recombination (MAR)
[52][38][75] [76], which can play a role at low temperatures during divertor detachment.
MAR can be obtained through several combinations of molecular reactions[50], which
is discussed in section 2.2.21 Tt should be noted here that recombination is a volu-
metric process. If the plasma flow velocity towards the target is high, the probability
for recombination to occur can be low even if the temperature is reduced. Therefore
in order to produce more neutrals by recombination, ion-neutral collisions are needed

in order to slow down the plasma.

2.4.2 The transition from attachment to detachment

Generally, plasma density ramp (e.g. increasing upstream density) and impurity
seeding are two widely used approaches to achieve divertor detachment [19][66][38].
Either the atomic and molecular processes or the impurity radiation can lead to
dissipation of the intense heat flux before it reaches the divertor surface. As figure
2.12) shows, the peak divertor heat flux is significantly reduced by detachment in the
experiments of DIII-D tokamak [77][78]. The general processes during the divertor

transition induced by a core density ramp or impurity seeding ramp is shown as follow.
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Figure 2.12: Divertor power loading in DIII-D before and after detachment [77]

Plasma density ramp or impurity seeding increases the radiation in the divertor,
while the peak of radiation power is located near the target where the temperature
is relatively low. When the temperature decreases below the optimum temperature
for radiation (e.g. 10eV for carbon), the radiation front would move away from the
target to the region with the optimum temperature for radiation (or towards X-
point). The spread of neutrals or impurities towards X-point also promotes the move
of radiation front. When radiative losses and the electron density further increase,
the temperatures and the power reaching the target will be further reduced. The
ionisation region starts to move towards the x-point and charge exchange becomes
more dominant over ionisation near the target [70][35].

When the temperature at the target drops below a few eV (typically about 5eV)
and the ion flux to the target starts to decrease, divertor detachment occurs. After the
transition, the radiative losses/divertor densities further increase, the ionisation region
moves further away from the target and the area where charge exchange dominates
over ionisation increases while ultimately volumetric recombination starts to occur
near the target. In the strongly detached phase, the target density may decay and
thus the density front may start to move towards the X-point. When the density/core
radiation is further increased, strong radiative losses in the core may occur and the

plasma could disrupt due to a radiative collapse. The expansion of detached area has

been found in detachment experiments, such as TCV [79][80][81][82][L0].
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Some efforts have been dedicated to controlling the divertor detachment. In the
ASDEX-Upgrade tokamak, diagnostics which are able to characterize the detached
area in real-time, have been used for active control of divertor detachment. It was
found that the detachment could be controlled through maintaining total plasma ra-
diation at a fixed fraction of input power through injection of impurities like neon,
argon and nitrogen [83][84]. Through experiments with alternative magnetic geome-
tries in TCV, it was found that the angle of divertor plate tilt, poloidal flux expansion
and major radius of the strike-point location greatly influence the detachment front

location[28].Even so, it is still a big challenge to fully control the detachment process.

2.4.3 Divertor design and neutrals

As discussed above, increasing neutral pressures in the divertor is an effective way to
achieve detached plasma operation. It can be achieved by either plasma fuelling or
a high recycling regime (by increasing upstream density). But there is a correlation
between the best plasma performance in tokamak devices and the low fuelling of the
main plasma [85]. Although plasma fuelling (e.g.gas puff) results in a highly radiation
and collision region and thus reduces the plasma temperature, it may also cause the
confinement degradation [86][87].

To obtain a large value of the neutral compression ratio (ratio of neutral pressure
near the targets to neutral pressure near the main plasma), the ITER incorporates a
deep, well baffled divertor in order to retain neutrals created when the SOL plasma
strikes the targets. As discussion in section[1.3]a closed divertor may be a good design
for this purpose. It can produce higher main chamber neutral pressures than an open
geometry. The first tokamak that applies geometrically closed divertors was ASDEX
[88] and PDF [89]. Now it is used in modern tokamak devices (e.g. MAST and
TCV). Apart from tokamak geometry, the design of the magnetic field configuration
in the divertor chamber can influence the production of neutrals. Different field
configurations have been used in divertor in order to increase the plasma-wetted area
and reduce the heat flux, e.g.Super-X’ and ‘Snowflake’ configurations [23][24]. More

neutrals can be produced through surface recycling than the traditional divertor.
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Figure 2.13: The particle reflection coefficient of hydrogen on the carbon-material
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As mentioned in section [I.3] tilting the target plates is an effective way to reduce
heat flux, but it can also significantly affect the particle reflection coefficient of neu-
trals, which determines the recycling rate on the target. Figure|2.13|shows the particle
reflection coefficient of hydrogen on carbon-material surfaces, which becomes smaller
at lower incident polar angles [90]. But different plasma-facing materials will cause
different reflection coefficients. According to figure and figure 2.14] it is found
that the particle reflection coefficient of hydrogen becomes larger on tungsten-material
surfaces [90]. It means tungsten materials may produce more neutrals through recy-
cling process. Additionally, the ratio of recycled atom flux and recycled molecule flux
can be different on different materials [91]. These differences will affect the atomic
and molecular processes in the divertor, which significantly influence the divertor
performance.

To understand the effect of plasma recycling on different walls and target materi-
als, it motivates me to investigate the role of atomic and molecular processes during
divertor detachment with different recycling rate, which will be discussed in Chapter
dl

Flux expansion
Since the heat flux and particle flux mainly flow along the magnetic field lines to the
target, expanding the field lines can obtain a larger plasma-wetted area on target as
shown in figure [2.15|(a)[28]. It is called poloidal flux expansion obtained by decreasing
the ratio of the poloidal field and the total field Bpoloidal/B [92][93][94]. As the figure
2.15|(b) shows, the flux expansion can also be obtained by expanding the distance
from divertor entrance to the strike point on the target (toroidal flux expansion).
It is found that the low-R, configuration may lead to enhanced neutral trapping
compared to the high-R; configuration [95]. But there are some limits, including
limited poloidal spreading due to the limited area of the divertor chamber. What
is more, expanding the flux poloidally or toroidally needs a larger distance of the
toroidal field coils from the centre of the plasma, due to the divertor chamber fully
enclosed by the toroidal coils. Therefore, in order to achieve an acceptable heat load
on the target, the divertor design may apply multiple of these configurations (e.g.

designing a Super-X divertor with the flux expansion)[90]
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Figure 2.15: The divertor magnetic field configuration of (a) poloidal flux expansion
and (b) toroidal flux expansion [2§)]

2.4.4 Experimental diagnosing and numerical modelling of divertor de-

tachment

Divertor detachment involves a large collection of different processes having different
effects on the plasma and target parameters, such as the ion target flux, target tem-
perature and target heat flux. Therefore, various ways and methods could be used
to define and characterise detachment [19][85][97]. A large range of diagnostics have
been used to observe and measure the different aspects of detachment, in order to
present and analyse the complete detachment process.
Experimental diagnostics

Meassuring with different probes is an efficient way for divertor diagnostics. For ex-
ample, Langmuir probes [08] are usually used to measure the plasma density and
electron temperature and plasma potential by inserting one or more electrodes (seg-
mented Langmuir probe) into the plasma. The plasma ion flux reaching the target
can be routinely obtained by measurements of Langmuir probes [99][19][100][I0T].
However, Langmuir probes can be inaccurate (e.g. overestimating plasma tempera-
ture and underestimating plasma density in detached divertor conditions). Especially
in a detached divertor with dense and cold plasma, Langmuir probes cannot be used

for the measurements in the divertor[35]. Reciprocating probe has been installed
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in the scrape-off layer of some tokamaks (e.g. TCV) [102][103] to measure the up-
stream plasma parameters, including plasma density, plasma temperature and heat
flux at upstream. But typically only two plunges per discharge can be done, repeated
discharges are needed in order to obtain more snapshots.

As discussed in section the variation of upstream parameters (e.g. upstream
density ramp) can lead to a change of heat flux, plasma ion flux and temperature at
the target. It needs more reliable measurement ways for monitoring these parameters
at upstream. Thomson scattering systems contain multiple lasers which can either
be interleaved or fired simultaneously for either higher temporal resolution or higher
signals [35]. They can be applied to monitor plasma density and temperature in core,
upstream, SOL and divertors depending on line of sight. Recently, a new divertor
Thomson scattering system has been developed for the MAST-U tokamak to measure
electron density and temperature profiles along the Super-X strike leg [104]. The
existing polychromator design has been adapted for low temperature measurements,
thus it can provide more reliable measured results during detachment.

In terms of the detachment induced by impurities, diagnosing through imaging
spectroscopy can be an effective approach to monitor impurity concentrations, elec-
tron densities, neutral populations and more [105][73][106][107][108][32]. Although
these parameters are crucial for investigating detachment, detached divertors are
most often investigated by measuring the hydrogen Balmer lines (section in the
spectrum [73][75] [109].

Since different diagnostics are used to investigate the different aspects of detach-
ment, it is important to obtain a coherent picture between the different diagnostics
in order to account for the individual short-comings of each diagnostic. For instance,
the high spatial resolution data of reciprocating probes can be combined with the
lower spatial resolution Thomson data in order to combine the strengths of both di-
agnostics, in order to achieve high spatial and high temporal resolution. There is
another case of this combination, a Multi-Wavelength Imaging (MWT) diagnostic has
recently been designed and built on the MAST-U for studying the impact of ma-
chine’s Super X divertor design [110], which can simultaneously capture 11 spectrally
filtered images of the visible light emitted from divertor plasmas and can provide

crucial knowledge for the interpretation of observations. For obtaining the inferred
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map of plasma parameter, it combines with localized measurements from Langmuir
probes/Thomson scattering systems and 1D emission-weighted plasma profiles from
spectroscopy, will provide crucial knowledge for the interpretation of observations.

Although various diagnostic systems have been used for divertor research, diag-
nosing the full effects of neutral processes is still a technical challenge for current
diagnostic approaches. Molecular processes are often too complicated to diagnose,
since molecules can undergo a large subset of different reactions [52][35].It requires
more advanced diagnostic approaches with both a high resolution (sub-angstrom) and
a large spectral coverage (40 nm)[35]. The effects of molecular processes are always
ignored in experimental research, and thus it may lead to a large difference between
the measurement and modelling results, especially in detached cases. To better un-
derstand the divertor physics and to study the role of molecular processes, it requires
the efforts of numerical modelling with molecular physics and validations between
measurements and modelling results.

Modelling

Although the actual detachment dynamics are complicated, the Two Point Model
is often used for quick experimental comparisons. But the Two Point Model ig-
nores cross-field transport and complex atomic and molecular physics. Even though
the correction factors (section could be considered, it is still insufficient to
study these problems. To address this problem, 2D codes such as SOLPS, EDGE2D,
SOLEDGE2D [1T1][112][49][113] have been developed for edge plasma simulations in-
cluding divertor detachment. SOLPS-ITER, as one of the most often used suites for
advanced divertor modelling, combines B2.5 (a fluid code in order to solve the Bragin-
skiil equations for ions and electrons together with EIRENE) [58][114]. EIRENE is a
Monte Carlo neutral code which also includes several atomic, molecular and chemical
physics databases (e.g. HYDHEL and AMJUEL presented in section. The data
such as the rate coefficients of collisional and radiative reactions for divertor physics
can be conveniently fetched and analysed by this code. The simulations of SOLPS
code provide plasma and neutral parameters such as the electron density, tempera-
ture, neutral density and charge-resolved impurity densities. Target parameters (such
as the ion target current) are also provided by the model. Such parameters can be

compared to measured parameters in experiments [90].
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Sophisticated 2D edge plasma transport codes are often too complex for easy
interpretation of the physics involved. It is inefficient to use them for getting an
idea of the different scalings in detachment. Some 1D computational models (e.g.
[TT][IT5] [IT6][36])[117] can provide more details of the underlying processes in the
edge plasma, despite some simplifications and omissions, such as simplified geometry
and treatment of cross field transport. Therefore making reasonable assumptions is
crucial in 1D simulations.

A newly developed 1D divertor plasma code in BOUT++ framework, named
SD1D, has been used to investigate the detachment dynamics [36][48]. The databases
like ADAS and Amjuel are used to provide atomic and molecular data for SD1D
simulations. With its good applicability, SD1D can be used for studying different
types of divertor in different tokamaks and it can provide insight into the detachment
physics (e.g. the role of momentum and power losses in divertor, atomic and molecular
processes, the feedback control of detachment and more) [36][48]. As an efficient
numerical tool for divertor research, SD1D can be used to provide guidance for the
divertor experiments on different devices.

The physical model and important code upgrades in SD1D will be presented in

next chapter.

2.5 Conclusions

Dviertor has been widely used in tokamak devices in order to extract the outflow-
ing heat flux and ash produced by the fusion reaction. However, the heat load on
plasma-facing material of the divertor target could be higher than the material limit
and thus damage the target plates. It is the tokamak exhaust problem, which is
a crucial problem for tokamak fusion research and even the construction of future
magnetic confinement fusion devices. Divertor detachment is a potential solution to
this problem, which can effectively reduce heat load on the target plates. Generally
increasing the plasma density at upstream or seeding impurity in the divertor can
achieve divertor detachment, but the process involves complex atomic and molecular
physics, which significantly affect the particle, momentum and energy balance in the

divertor volume. The role of atomic and molecular processes in the two detachment
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regimes may be different, and the divertor configuration and the target materials play
a crucial role in the production of neutrals through recycling near the target, which
may also influence atomic and molecular processes and thus affect the detachment
process. The complex atomic and molecular processes make divertor detachment
difficult to be controlled. Thus we need to implement experimental diagnostics and
numerical modelling to investigate the effect of these process in the two detachment
regimes.

Although various diagnostic systems have been used for divertor research, it is
still a technical challenge to fully measure plasma-atom and plasma-molecule interac-
tions. In this work, the atomic and molecular processes in MAST-U super-X divertor
are modelled by a newly developed code ‘SD1D’ in order to investigate the role of

molecular species in the particle, momentum and energy balance in divertor.
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Chapter 3

Physical model of SD1D

Material in the section of this chapter was published as part of the paper: Inves-
tigation of the role of hydrogen molecules in 1D simulation of divertor detachment,

Yulin Zhou et al 2022 Plasma Phys. Control. Fusion 64 065006 [4§]

The new 1D divertor plasma code, SD1D, is a plasma simulation model built
on BOUT++, developed mainly for numerically studying divertor physics, especially
the mechanism of divertor detachment. In this chapter we present the numerical
implementation, starting with an introduction of the BOUT++ framework in Sec. [3.1}
Then the basic physical model of the SD1D module is presented in Sec. [3.2] and
the Atomic++4 module which is used to calculate the impurity radiation power is
introduced in section[3.3} In order to study the role of molecular processes, a molecular
model is added in the SD1D module, which will be detailed in Sec. 3.4l Finally in
Sec. , the impurity (neon) transport is added in SD1D module to investigate the

difference between density ramp detachment and impurity seeding detachment.

3.1 Introduction of BOUT++ framework

BOUT++ (Boundary Turbulence in C++), which was developed from the older
BOUT code [I18], is a software framework for solving arbitrary numbers of non-
linear partial differential equations in curvilinear coordinates in parallel[I19]. Since
BOUT++ was developed, it has been upgraded with different solvers options and

pre-conditioners[120] and verified with the method of manufactured solutions [121].
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BOUT++ is a fully open-source code with a variety of numerical methods and
time-integration solvers, which can be used to solve quite general sets of time-dependent
equations on grids with various geometries, different plasma configurations, different
coordinate system and different topologies. The geometry is specified by providing
the coordinate spacing between grid points dz; ;, dy; ;, and dz; ; in three directions.
The distance between grid points is 4/ gmd:cida:j . gij is the components of the metric
tensor. BOUT++ is intended to be quite modular, enabling fast testing of numerical
methods. It provides an efficient platform for users to design their fluid and plasma
simulation codes. For instance, writing simulation code for tokamak plasma research
is a complicated process which needs to solve problems, including communication
between multiple processors, spatial differentiation, time integration, curved geom-
etry and more. However BOUT++ has helped users to complete all these works,
which have be written as operators and functions, thus largely simplifying the code
development within its framework.

Now various modules have been built in BOUT++, such as SD1D, STORM,
ELMpb and more [122] [36] [123], aiming to numerically study the physics of edge
plasma region in the geometry of different devices, such as MAST-U, JET, TCV,
DIII-D and the future devices (e.g. ITER, DEMO). Here is a brief introduction for
BOUT++ code. An in-depth description of the code can be found in BOUT++

documentation[124].

3.2 The original SD1D module

3.2.1 Equations for plasma and neutral atoms

A 1D time dependent fluid model[I9)[117] is used in SD1D module, which evolves the
plasma density n, parallel momentum density mg+nv| and static pressure p = 2enT'.

The plasma equations are shown below [36]:

0

S ==V bunl+5,-$ (3.1)
0 3
5=V atydp+Sp—E-R (3.2)
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0
a(meL/n/U”) = =V - [mg+nyby)] = Op - F (3.3)

Where 9y = b -V, the heat flux is q, = gpbz}” — k) 9)T. and the Braginskii
thermal conduction coefficient is k = koT%. The constant ro = 2293.8]MW /m?/ eV%]
and my+ is the mass of the main ions. v) is the parallel velocity of the main ions. The
ion and electron temperatures are assumed to be equal and isotropic: T'= T, = Ty+,
while their densities are equal as well: n, = ng+.

In equation B.I S, is the external particle source evolved by a proportional-
integral (PI) feedback controller, therefore a specified upstream plasma density can
be achieve. S shows the particle sources and sinks caused by collisional reactions like
ionisation and recombination. In equation [3.2], Sg represents an external source of
power that keeps injecting energy with a fixed rate into a volume above X-point, as
the red arrows are shown in figure E represents energy exchange due to plasma-
neutral interactions; R is radiation power generated by hydrogen atom radiation and
impurity radiation. The particle sources and sinks (.5), friction force (F'), and energy
sources and sinks (F and R) caused by collisional reactions can be found in the
Appendix [A]

The equations of atom density ny, atom parallel momentum nyvjy and atom
static pressure nyTy are similar to equation [3.1], equation [3.2] and equation3.3] But
the reaction rate in the source, sink and force terms of atomic equations is calculated
differently. Recycling is considered in SD1D model, which converts the plasma ion
flux arriving the target to neutral atom flux at a fixed rate (section .

To implement simulations for studying divertor detachment (e.g. density ramp
detachment), Sg, S, and upstream plasma ion density are the crucial controllable

quantities to achieve detachment in simulations.

Flux tube expansion As discussed in [2.4.3] flux expansion can be crucial for
the reduction of heat load at the target. In SD1D module, the effects of gradients

in the total magnetic field (the total flux expansion) have been included. The flux
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Figure 3.1: The geometry for SD1D simulations [125]

expansion is presented using the different flux tube area at different grid points from
the X-point to the target as shown in figure(3.2)). The flux tube area at different grid
points S is written as equation (3.4)).

Y — YXpoint
S - ’S(Xpoint(1 + (fexpansion - ]-) X #) (34)

YXpoint
Sxpoint 18 the flux tube area at X-point. y is along the parallel direction and yxpoin
reprents the position at X-point. fexpansion 18 the area expansion factor, the ratio of

the total field at the X-point to that at the target (Bx_point/Btarget )- Oy, = T X (2 —

V (2—dunin)2—4x (1—dumin x Z2))
]-7dmin

Amin — . The parameter L, is the length from upstream/(or
midplane) to X-point, L is the total connection length (from upstream to the target)
dpmin = 0.1. All the evolving quantities are constant on a flux-tube cross-section, as
shown in figure 3.2

Since the magnetic field cannot confine the transport of neutral particles, the
atoms will be transported across the magnetic field and they will also migrate up-
stream. 1D codes usually ignore the effects of cross-field transport, which may be
crucial for the diveror detachment. To model this process, SD1D provides an effec-
tive parallel velocity to atoms which is the sum of a parallel flow and parallel projec-

ﬂ)2a\l

tion of a perpendicular diffusion [36]: vp=v),u — (35 f . The total atom collision
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frequency is calculated by the sum of charge exchange rate, ionisation rate and
neutral-neutral collision rate. Since the poloidal flux expansion can affect cross-field
neutral diffusion, the cross-field neutral diffusion multiplier (field-line pitch) (Z—j)z is
used in this equation.

Although a similar cross-field diffusion could be added in the plasma equations,

an unknown diffusion coefficient would be produced in simulations. So the parallel

projection of the cross-field diffusion is not considered in the following works.

Area changes

/% 7
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Figure 3.2: Flux tube expansion

3.2.2 Boundary condtions

Sonic (Bohm) boundary conditions are set at the target, where the parallel plasma
velocity v > c¢,. The plasma sound speed is ¢, = % The plasma parallel
velocity should be greater than or equal to the sound speed. Boundary conditions are
imposed on the boundary between cells. If the velocity of plasma flow in the last cell
is supersonic then a Neumann boundary condition will be set for the velocity [36].
The plasma density and pressure boundaries are ‘free’, so that they are extrapo-
lated into the boundary. If an additional boundary is imposed on plasma density and
pressure, the system of equation will be over-constrained. The temperature gradient
at the sheath entrance is set to zero, replacing the heat conduction with the energy
flux corresponding to a sheath heat transmission of ¢ = ynTc, [36]. The sheath

transmission coefficient v is equal to 6 in this work.

For recycling processes at the target in this work, the recycling fraction of ion flux
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to the target is set to fiea = l;ffd = 0.99, such that 99% of the plasma ion flux to

ion

the target I, is recycled and converted to the neutral flux I',e¢ (made up of neutral
atoms) in the final grid point at the target. The temperature of recycled neutral atoms
are given based on the Franck-Condon energy (e.g. 3.5eV for hydrogen atom)[36]. The
neutral velocity is equal to zero at the target and the neutral temperature boundary
and density boundary are free.

Only atomic processes were considered in the original SD1D module, while volu-
metric processes involving molecular species were not directly calculated, being only
included indirectly in the effective radiation rate. Since molecules play a crucial role
in divertor plasma dynamics, it is necessary to create a molecular model in SD1D
(section . Additionally the hydrogen reaction rate (except recombination) and
excitation radiation power in the original SD1D are obtained by semi-analytic ap-
proximations [126][127]. The reaction rate coefficients of atom-plasma interactions
and hydrogen emissivity from those approximations are only a function of 7T, and

have no n, dependence. As discussed in section and section [2.2.3] a large error

may be produced if n, changes.

3.3 Impurity radiation: Atomic++ module

The radiation of either intrinsic impurities (e.g. carbon) or extrinsic impurities (e.g.
neon, nitrogen) plays a crucial role in the boundary plasma power dissipation. To
include the impurity radiation, the SD1D is coupled with the Atomic++ module in
BOUT++ framework. Generally, Atomic++ is developed to fetch and analyse data
from the ADAS database. Through evaluating a set of balance equations based on
ADAS rate coefficient data, the model is able to determine the population and mo-
mentum dynamics of impurity at each charge state. The absorbed and radiated power
can also be calculated by the model. It can be coupled with other BOUT++ mod-
ules and provide its calculations for simulations [59]. The following part will present

Atomic+-+ module in detail.

Data from the ADAS database
The ADAS data files are supplied with accompanying Fortran-77 reader functions
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[43]. Since the BOUTH+ framework is a C++ based code, the use of Fortran is disal-
lowed in the BOUT++ project. To address this problem, the data functions of ADAS
rate coefficients and emissivities (such as effective ionisation, effective recombination,
charge exchange, line emission and continuum emission) are wrapped in Python3 by
using functions adapted from the atomic project in [128]. Then the functions are ex-
ported to JSON-formatted text. A separate Github project to automate the ADAS

fetch, SI-unit conversion and JSON-save routine is provided at [59][43].

Particle, momentum and energy balance equations

The rate coefficients and emissivity obtained from ADAS can be used to construct
a set of balance equations for the density, momentum and energy of each charge state
of the specified impurity. Firstly, balancing the sinks and sources of the particle at a
certain charge state ‘Z’ can achieve a particle balance equation for the particle ‘part’,

as shown in [59):

on?
part Z—1—-7Z 7Z—1 Z—7Z+1 Z—7Z—1 Z ZH1—Z  Z+1
at - [ i,part part - (( i,part + Krec ) npart) + Krec npart] X M
Z4+1—-7Z,  Z+1 Z—7Z-1, 7
+ [ch npart - ch npart] Nn (35)

Here K is rate coefficient < ov > of a certain reaction type, including ionisation
i’ recombination 'rec’ and charge exchange ’cx’. n. and n,, are electron density and
density of neutrals. Tonisation from the state below(Z’=Z-1) is the source of the state
above and recombination (including charge exchange with neutrals) from the state
above (Z’=Z+1) is the source of the state below. The sinks are the inverse situations.
One thing needs to be noted here: The ground state and the highest state only have
one reaction direction.

Similarly, the forces imposed on the particle of each charge state can be achieved

by the reaction rate coefficients. The momentum balance equation is [59]:
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The momentum density of a certain particle species is pg,.c = MpartMpar Vpars [N 8]

The energy balance equation gives the rate at which energy is absorbed through ion-

isation, dissipated through recombination or radiation. Therefore it represents the

cooling rate of a particle species. The equation can be written as below[59]:

Pcool = Prad

Zmaxf

1
+ D (9w [
Z=0

1,part rec

RZ—)Z+1 o RZ+1—>Z

J = ({9

> _ ¢n) RCZX-H—)Z [Wm—?)}

(3.7)

In equation , the raidation power of the particle species 'part’ is [59]

The ionisation and recombination rate are RZ 241!

Z+1—=Z,  Z+1
Krec,part npart Ne.

Ionisation potential for the state 7’ is ¢

Density of stage (m—3)

Zmax

Prad - Z ngart [(Ll?ne + Lg)nt.

Z=0

Z
i,part

lel?7

The rate of charge exchange with neutrals is R’ .t

) ne + chnn} [Wm_?’}
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cx,part npart Ty

Power (kW m~3)

Figure 3.3: Density of charge states and radiation power as a function of time for the
case with 1% carbon impurity, 7, = 50eV and n, = 1 x 10"m~3. Diagram from [59]
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Based on the equation, the density and cooling rate of an impurity at different
charge states and the force imposed on them can be simulated if T,, n. and the initial
density of the impurity are given. As figure [3.3] shows, the density, radiation power
and cooling rate of carbon at different states eventually reach a thermal equilibrium
after a time evolution of the system. So if Atomic++ receive T,, n. and the total
impurity density (including all charge states) from other codes, inversely Atomic++

can provide its calculations back to their simulations.

3.4 Code upgrade: the molecular model in SD1D

In the original version of SD1D (section , only atomic processes were included,
while molecular processes were not. To investigate the role of atomic and molecular
processes in divertor detachment physics, an important upgrade was carried out in
SD1D module by adding a molecule model, including an explicitly evolved hydrogen

molecule model labelled ‘Hy” and a charged molecule model labelled ‘Hj .

3.4.1 Equations for Hs and H;

The molecule model is established in a similar way to the atom model. The equations

of molecule including density ny,, pressure py, and parallel momentum ny, vy, are

written in the form of equations and [48]:

on

8?2 =-V- [bUH,HQnHz] — SH, (3.9)

o (3
5 \ oPz ) = =V di, + U 0pu, — E, (3.10)

0
E (mHan2U||7H2) ==V [mH2nH2bU||aH2] + aHpH2 — Fy, (3‘11)
5

qu, = §PH2b0||,H2 (3.12)

The terms of the sources, sinks (Sy, and Ey, ) and friction force Fy, are generated

by the recycling and collisional reactions listed in table|3.1, including non-dissociative
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1. e+ H—2e+H" Tonisation

2. HH+H—>H+HT Charge exchange

3. Hf +e—H Electron-ion Recombination
4. e +Hy — 2e + HJ Non-dissociative Ionization
5. e+Hy e+ H+H Dissociation

6. H" +Hy, —» Hy + H Molecular charge exchange
7. e+ Hy e+ H"+H Dissociative excitation

8. e+ Hy — 2 +H"+HT Dissociative ionization

9. e+Hy - H+H Dissociative recombination
10. H* +Hy+e —-H+H+H | MAR via H™

Table 3.1: List of collisional reactions (1-3) in the atom model and the reactions (4-
10) in the molecule model

ionisation, dissociation, molecular charge exchange and molecular activated recombi-
nation (MAR) via H™ (see Appendix. In equation m d, 1s the energy convection
flux of neutral molecules. Following the effective parallel velocity of atoms, a parallel
velocity vy, with the cross-field neutral diffusion (%)2 = 10. The total molecule
collision frequency is calculated by the sum of molecular charge exchange rate, non-
dissociative ionisation rate and neutral-neutral collision rate [36][48].

The equations of the charged molecule Hj are consistently with the equations of
atomic species and the equations of neutral species. A similar set of three equations for
H; is also added in SD1D: the sources, sinks (SH2+ and EH;) and friction force (FH;) in
the equations of density ny+, pressure py+ and momentum ny+ vyt are determined
by dissociative excitation, molecular ionisation, dissociative ionisation, dissociative
recombination and molecular charge exchange shown in Table (reaction 4, 6, 7, 8

and 9) [48].

3.4.2 Boundary conditions and important assumptions for Hy and H;

The boundary conditions for Hy are listed below:

FHQ ,recl
It

ion

I'n, rec 18 the flux of Hy produced by recycling in the final grid point at the target.

where

(1) The recycling fraction of ion flux to the target is set to fi,, rea =

The temperature of recycled neutral molecules is given based on the temperature of

the facing material (Set 0.1eV in this work), but the velocity of recycled H, is equal
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to zero.

(2) The temperature boundary and density boundary of Hy are free.

Two neutral species (atoms and molecules) are now contained in this version of
SD1D. According to experimental observations in divertors, both atoms and molecules
are important plasma recycling channels, their relative ratio depending on the target
material (e.g. carbon and tungsten) [91][129]. In Chapter [4] a comparison is made to

study divertor detachment with different proportions of recycled atoms and molecules.
The boundary conditions for Hj are:

(1) Bohm boundary conditions are used for Hy at the target. So the parallel

2XT, +
. . o Hy
plasma velocity at the target is vyt > ¢y, Where ¢yt = 4/ m
2

(2) The density and pressure boundaries of Hy are ‘free’.
(3) The temperature gradient of Hy at the sheath entrance is zero.

(3) The energy flux is related to a sheath heat transmission of Gy = Vg Trg Gy

where v = 6.

Important assumptions

To compare the simulations of the upgraded SD1D to the previous work, the as-
sumptions made in the original version are still used in the upgraded SD1D, including
equal isotropic ion and electron temperatures Ty+ = 7T, and quasineutrality ng+ = n,

Since Hj is a changed particle species together with H*, introducing Hy in simu-
lation may change the quasineutrality assumption, which should be ny+ + Nygf = Me.

Mgt
H2

+ : '
But the Hy density nyy is small (”H; o

- < 0.022 when T, < 7eV ) and is only
distributed in a very narrow area in front of the target (discussed in section [£.3).
Therefore, a trace assumption is used for HJ, which means Nyt does not affect
the quasineutrality assumption ng+ = n.. Since the upgraded SD1D aims to study

the divertor detachment (related to low target temperatures), it is expected that the
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trace assumption will not affect the main physics of divertor detachment (e.g. the
rollover of target flux, momentum loss and photon emission).

However during attachment T, in the recycling region is high (e.g. T, > 15eV),
such that T:LHTi can be over 7% and ﬁ

will no longer be negligible in front of
the target. So if future studies focus on the cases with high target temperatures, the
trace assumption on Hj may not be suitable. In this case, it requires changes to the

electron equations.

3.4.3 Hydrogen reaction rate coefficients and hydrogen emissivity

As mentioned in section [3.2.1] the reaction rate coefficients used in the original SD1D
only depend on the electron temperature T, (electron-ion recombination rates in-
cluded density variation), but it was not very precise since rate coefficients have a n,
dependence as well.

As discussed in section 2.2} the n. dependence of the plasma-neutral interactions
is crucial, because the electron density in the divertor can greatly change in different
operating conditions and is sensitive to the variation of the upstream density, heat and
particle flux. Once divertor detachment is achieved by increasing upstream density,
the peak electron density in the divertor will be several times larger than during
attachment, while the divertor electron density can decrease when the divertor is
fully detached. As a result, it is crucial to consider electron density variation in the
calculation of rate coefficients and hydrogenic radiation.

In order to solve this problem, the ‘Amjuel’ database is now been used in SD1D
module. Amjuel uses a double polynomial fitting expression as a function of electron
temperature and density to calculate the rate coefficients of electron-atom, electron-
ion and electron-molecule interactions (i.e. ionisation, dissociation, recombination
and the reactions related to molecules as shown in table . For the ion-atom,
ion-molecule interactions (i.e. charge exchange), its double polynomial expression is

a function of energies of the two collided particles [44].

Hydrogen excitation radiation

Apart from collisional reactions, the hydrogen atom radiation caused by atom-
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plasma or molecule-plasma interactions is also crucial for divertor physics [38]. It
contributes a significant energy loss from the plasma in the divertor, and it greatly
influence the target flux in terms of particle and power balance.

Although the original SD1D considered hydrogen electron-impact excitation ra-
diation and electron-ion recombination, the hydrogen emissivity was an empirical
function of T, which leads to a large error if the electron density is varied. Same as
the rate coefficient discussed above, hydrogen emissivity should also have a depen-
dence of both T, and n.. Additionally just obtaining the total hydrogen excitation
radiation power cannot know enough details to fully understand the mechanism of
hydrogen excitation radiation and the effect of atomic and molecular radiative re-
actions, which may play a critical role in a detached case. According to figure 2.5
in section 2.2.3, there are 6 excitation channels to produce excited hydrogen atoms

including:

(1) Direct electron-impact excitation (via H)

(2) Electron-ion recombination (via H')

(3) Dissociation (via Hj),

(4) Dissociative recombination (via Hj)

(5) Dissociative recombination (via Hj ) (ignored in SD1D pysical model)

(6) Mutual neutralization (via H™)

The channel (1) direct electron-impact excitation and channel (2) electron-ion
recombination are known as the atomic ezcitation channel, while the channels (3)-(6)
are the molecular channels since hydrogen atoms are excited after molecular break-
up. In order to calculate radiation power though the different channels, it requires

the population coefficient of excited atoms produced through different channels.

Amjuel databases can be used to solve this problem. The hydrogen radiation
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power as a function of 7, and n. can be modelled by the population coefficients
obtained from Amjuel. The radiation power produced by every channel is obtained
by the following steps:

I, is the emission intensity from state ‘p’ to ‘q’ and is defined as

Ly = neNox5l! (3.13)

Xl = RopApg (3.14)
N,

Rop = —2 3.15

Op neNO ( )

where XZ{;f is the effective emission rate coefficient and Ry, Einstein coefficient or
rate of transmitting from state ‘p’ to ‘q’ [130]; Ny is the density of the reacting species
which collides with electrons to generate atoms in the excited state ‘p’ (e.g for direct
electron-impact excitation Ny represents the density of hydrogen atom). Depending
on equation [3.13] [3.14] and [3.15], we can get the emission intensity of the excited atom
from state ‘p’ to ‘q’ in equation [3.16] [46][48].

g = neNoXsl! = neNo x X Apy = NpAy, (3.16)
neNg
Then multiplying the emission intensity I,, by the energy gap between any two

states E,, [130], the radiation power density W/m? produced by the excited atoms

in a certain state ‘p’ is obtained by equation |3.17|

Erad,pg = Epg X Ipg (3.17)

Through summing the radiation power density over energy level transitions (only
Lyman series of p= 2-6 — 1 is considered), the radiation power density of an excitation

channel can be written as [131]

Egﬁrgfl - Z —>1NpAp—>1 (318)
Repeat the calculation for all the 6 excitation channels, and we can get the total
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hydrogen atom radiation power per volume (e.g in the unit W/m?) by summing the
radiation power density of all channels [48]. The hydrogen emissivity through different
channels is shown in section 2.2.3]

Since the upgraded SD1D ignores the dynamics of Hi due to its negligible density
and limited contribution to the energy loss in experiment [38][132], the excitation
channel via Hy is also ignored. Therefore in the upgraded SD1D, 5 excitation channels
have been considered in the physical model including H, Hy, HT,H3 and H~.

One thing need to be noted: the calculation of the hydrogen photon emission
coefficient is similar to hydrogen emissivity. For example, the intensity of Hajpha

photon emission (Balmer lines 3 —2) through the different excitation channels is

[channel , = N3A3_>2 (319)

photon,3—

3.4.4 Concludion

After the code upgrade in this section, there are some highlighted changes compared

to the original version:

(1) SD1D includes five particle species: H, Hy, HT, Hj and H~. But H~ is only

considered in the hydrogen radiation model.

(2) The empirical functions used in the hydrogen collision and radiation model
have been replaced by Amjuel database, which provides reaction rate coefficients and
hydrogen population coefficients (has the dependence of both T, and n.) to the up-
graded SD1D.

(3) The radiation model includes 5 hydrogen excitation channels: Direct electron-
impact excitation (via H) and electron-ion recombination (via H') are atomic excita-
tion channels. Dissociation (via Hs), dissociative recombination (via Hy ) and mutual

neutralization (via H™) are molecular excitation channels.

The upgraded SD1D module is able to numerically simulate the molecular pro-
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cesses and to investigate the role of atomic and molecular processes during the de-

tachment achieved by a density ramp (see Chapter {4)).

3.5 Code upgrade: the impurity model in SD1D

Seeding impurity (primarily neon in this work) is another effective way to achieve
divertor detachment. To investigate the atomic and molecular processes during impu-
rity seeding in divertor, another upgrade has been made by adding impurity dynamics

and impurity radiation into the physical model with molecules (section

3.5.1 Equations for Neon

The dynamics of neon impurity at all charge states (from the ground state to the
charge state 10+) has been considered, thus all of them have their own density equa-
tion, momentum equation and pressure equation in the upgraded SD1D.

First the neutral neon Ne’" model is established in a similar way to the neutral
hydrogen atom and molecule models. As shown below, the equations of neutral neon

include density ny.o+ (equation [3.20)), pressure py.+ (equation [3.21) and parallel
momentum nyeo+ V) ne+ (equation [3.22)

anNe()+

8t - —V . [bvll’Ne0+nNeo+] - SNeoJr (320)
0 (3
BN §pNe0+ = =V - qyeo+ + U\|,Ne0+aupNe0+ — Eneo+ (3.21)
0
E (mNe°+nNe0+U||,Ne0+) =-V- [mNe0+nNeO+bUH7NeO+} + 8HpNeo+ — Fyeo+ (3.22)
)
ANeO+ = §pNeO+va,NeOJr (323)

The terms of the sources/sinks Sy.o+ in density equation are produced by the im-
purity seeding, recycling and collisional reactions. The sources/sinks Fy.o+ in pres-

sure equation are mainly caused by collisional reactions and radiation. In this work,
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Atomic++ (section is used to model the radiation power caused by neon impu-
rity. The force term Fy,o+ in the momentum equation is imposed by friction forces,
thermal force, collisional reaction and the force due to a parallel electric field. qyeo+ is
the energy convection; v) ne(o4)is the effective parallel velocity. However the parallel
projection v yeo+of a perpendicular diffusion is not considered in the current neutral
neon model, since an unexpected infinity error will be generated in simulation. Thus

in the future work, we will find a reasonable way to simulate cross-field transport.

In terms of the neon ions NeZ™, the equations can be written as below:

0
% - _v N [bUH,NeZJrnNeZ*} - SNeZ+ (324)
0 (3
& §pNeZ+ =-V_. Anez+ 'U||,NeZ+8HpNeZ+ — ENeZ+ (325)
0
a (mNeZ+nNeZ+UH7Nez+) =-V. [mNeZ+nNeZ+bUH,NeZ+] - 8HpNez+ - FNeZ+ (326)
)
dneZ+ = §PNeZ+bU||,NeZ+ (3.27)

The sources/sinks of density and pressure Sy.z+ and Ey.z+ for the neon ions are
primarily produced by collisional reactions, while the force Fy.z+ imposed on these
neon ions is due to friction force, collisional reactions, thermal forces (section
and parallel electric field ().
The parallel electric field is calculated using the electron force balance [133][134] [135] [136],
which balances all the forces on electron Fg sota1, including the electron pressure gra-
dient, collisional friction and thermal force. It can be written as =V - p. + F total =
nel). Thus the force due to the parallel electric field on all charged particles are
Fop, =2 ng E

b ‘p’ represents ion species and Z is the charge number.

Impurity seeding
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In experiments, neon gas is injected with a constant inflowing flux localized within
a region in front of the target. To model this process, a constant particle flux I'y.o+
localized in parallel direction is set for neutral neon density. To avoid numerical
instability caused by the sharp gradient in parallel direction, the inflowing flux is set

as an exponential function:

Tneot = oot et XD (—C (0—01)"/ (o.5wﬂux)2) (3.28)

where I .. neo+ is the peak value in the inflowing flux profile and C is a constant
for adjusting the exponential distribution. The injection flux is localized in a parallel
range 0y < ¢ < 6, in parallel direction and the centre of the flux is 6, = 0.5 (6 + 6).

Waux = 601 — 6y is the parallel width of the inflowing flux.
Boundary conditions
The boundary conditions for neutral neon are listed below:

(1) The recycling fraction of neon ion flux (for any charge state) to the target

FNC0+ ,recl
t
FNeZ+

recycling in the final grid point at the target. Similar to the neutral molecules, the

is set t0 fNeo+ pea = , where I'y, el is the flux of neutral neon produced by

temperature of recycled neutral neon is given by the temperature of the facing mate-

rial. The velocity of recycled neutral neon is equal to zero.
(2) The temperature boundary and density boundary of neutral neon are free.
The boundary conditions for the neon ions are:

(1) Bohm boundary conditions are used for Ne”™ at the target. So the parallel

. . 2xT: Z+
— N
plasma velocity at the target is v) noz+ > €, Noz+, Where ¢ yoz+ = 4/ Tt

(2) The density and pressure boundaries of neon ions are ‘free’.
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(3) The temperature gradient of neon ions at the sheath entrance is zero.

(4) The energy flux related to a sheath heat transmission (v = 6) is:

dNeZ+ = VTNeZ+ TYNeZJr Cs,NeZJr
Important assumptions

Since neon ions are included in physical model, the trace assumption used in
section [3.4.2| will not be available any more. Therefore the quasineutrality assumption
ne = np+ cannot be used in the new SD1D. In this upgrade, it is assumed that
Ne = Nu+ +Nyy —1—;0 Znyez+ thus the HT temperature of and electron temperature

are different in the ngw model.

3.5.2 Collision model

In the collision model, (1) the collision between charged particles, (2) the collision
between charge particles and neutrals and (3) the collision between neutral particles
are included.

Based on the collision model in the Hermes module of BOUT++ [136][135][19],

the force on a charged particle ‘a’ due to collisions with particle species ‘b’ is

Fa,b == Cmvabmana (Ub - va) (329)

The energy exchange is also caused by the collision. For instance, the energy
transferred from species ‘b’ to ‘a’ due to the temperature difference can be written

as:

3mang (Ty, — T,)
Mg + My

Qap = Vab (3.30)

In these two expressions, C,, is the coefficient for parallel flows. For most situation
it equals 1, but for electron-ion collision C,, = 0.51. V,,;, is the collision frequencies,

which is:
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1 Z2Zn,InA (1 + ?T)
Vi = o 2o ” (3.31)
33260 (1,2 + 1,2)*? mg?

The Coulomb logarithm In A is different for ion-ion collision and electron-ion col-

lision.

(1) For thermal electron-electron collisions:

1 5
I Aee =304 = SIn (ne) + 7In (T2) \/1075 + (InT, — 2)* /16 (3.32)

(2) Electron-ion collisions have four situations:

In\,; = 10 if T, < 0.1eV or n, < 10"%m 3 (3.33)
1 3 . 2
InA,; =30 — aln (ne) —In(Z) + 5 In(T,) if Time/m; <T,<10Z° (3.34)
1
In )\ =31 — 51n (ne) +In (T,) if Tyme/m; < 102 < T, (3.35)
1 3 2 .
In)\,; =23 — 5111 (n;) + 3 In (T;)—In (Z mz) if T. <Tyme/m; (3.36)

(3) Ion-ion collisions:

In\=2991—In

/ ! 1/2
727 (mi+my) (m22 02"
(m; +my) <n n, > (3.37)

mij"i/ —|— my E E + T./

(2

More details of its definition can be found in [I36][135][19].
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In terms of neutral-neutral collisions, the collision rate is defined as

, T, el
Vi, =1/ 5%+ Zo (3.38)
s my

where 4/ % + % represents the mean relative velocity of species ‘a’ and ‘b’. The
cross-section o = (@)2. where d, and d, are the kinetic diameters of the two
particle species.

The collision between neutrals and neon ions is also considered in the new model.

But for simplicity, just take a value 5 x 107'9m? from the NRL formulary [136][137]

3.5.3 Thermal forces

Based on the thermal force used in the Hermes module of BOUT++ [136][19], the

thermal force induced by electron temperature gradient is defined as:

Fine = 0.71nyg,2+ Z°V | T. (3.39)

For the thermal force induced by ion temperature gradient, it can be written as:

Fth’H‘F = ﬁnNeZ+V||TH+ (340)

3(u+5\/§z2 (1-1u% —0-35u%)—1)

where = 2.6— 2015452

and p = myyz+/ (Myez+ + mu+). The force

on the light ion fluid is equal and opposite.

3.6 Conclusions

Based on the upgraded SD1D in section we added neon impurities in the SD1D
physical model including its parallel dynamics and radiation. To model neon parallel
transport which is mainly determined by the parallel force balance, the friction force,
electron- and ion- thermal force, the force due to a parallel electric field and the
force due to collisional reactions have been included based on the Hermes module in
BOUT++ [136],

After the code upgrades, the density, momentum and pressure of all neon species
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can be simulated by the new SD1D, which can be used to study the divertor de-
tachment induced by neon seeding in different divertor configurations. In Chapter [5
we implemented simulation to investigate the detachment process during neon seed-
ing scan and compare the role of atomic and molecular processes during detachment

caused by the upstream density ramp and neon seeding.
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Chapter 4

The role of atomic and molecular processes during
divertor detachment

Material in this chapter was published as part of the paper: Investigation of the role
of hydrogen molecules in 1D simulation of divertor detachment, Yulin Zhou et al 2022

Plasma Phys. Control. Fusion 64 065006 [48]

4.1 Motivation

The MAST-U tokamak was the first to be designed with a so-called ‘super-X’ divertor,
which extends the divertor leg in order to spread the arriving heat over a much larger
area [I38][139]. Tests at MAST-U, which began operating in October 2020, have
shown at least a tenfold reduction in the heat on materials with the Super-X system
[23]. To understand the divertor performance and to design divertors for the future
devices, it is essential to understand the complex atomic and molecular processes in
divertor conditions, to explain and extrapolate these results. The surface recycling
process, which significantly affects plasma-neutral interactions near the target, is
much different on different plasma-facing materials. The ratio of recycled atoms and
recycled molecules that depends on the target material can be varied on different
materials [91]. Since the future reactors will probably have metal walls and many
current devices including MAST-U have carbon walls, it is important to investigate
the effects of the different recycling conditions on the divertor physics, especially
divertor detachment.

Most detachment experiments are implemented to study the macroscopic processes

such as heat flux, target temperature, volumetric radiation. Less attention has been
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put on the underlying atomic and molecular reactions, which play a crucial role in
the particle, power and momentum balance [35]. In this work, we numerically study
the role of atomic and molecular procresses during detachment in MAST-U super-X
divertor conditions. The newly developed code ‘SD1D’ (section is used to model
the individual atomic and molecular processes and can provide deeper insight in the

detachment physics.

4.2 Setup and initial parameters

Investigating the variation of the plasma flux reaching the divertor target is a useful
way to define the plasma detachment in both numerical simulation and experimental
research. In this chapter, the rollover of the target plasma flux I';4,4¢; is studied in the
scans of upstream density. We compare the target particle flux and target temperature
to investigate the effects of atomic and molecular processes during detachment with
1% carbon [48]. The simulations in this chapter are implemented using the upgraded
SD1D code (without impurity seeding) described in section

To set up the simulations, the expected MAST-U Super-X divertor conditions are
applied for the following work in this chapter: [48][36][140]

(1) The parallel heat flux is 50MWm™2 at the X-point;

(2) The connection length is 30m (20 m from X-point to target);

(3) The upstream density scan is from 1.5 x 10*m=3 to 4.5 x 10m=3.

(4) The effect of gradients in total magnetic field is considered with an area ex-

Total field at X —point
f D

pansion factor (the ratio o Total field at target

) ) of 2 between X-point and target.

(5) Recycling fraction equals 99%, which means 99% of plasma ion flux arriving

at the target is recycled for neutrals.
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Since ions can be converted to neutral atoms or neutral molecules at the target,
their relative ratio depending on the target material (and to a lesser extent, condi-
tions) can be varied [91]. Here we include both recycling channels by changing such a
ratio in a way that either atoms or molecules prevail. We have approached the prob-
lem by choosing three cases: one with just molecules as the recycling output, another
with just atoms and a third with ions recycling as atoms or molecules with equal
probability [48]. As mentioned in section [3.4] the recycling temperature of neutral
molecules and neutral atoms are Ty, recycle = 0.1€V (based on the temperature of the
facing material) and Ty yecycle = 3.5eV (based on the Franck-Condon energy [115]) in

our simulations.

4.3 Study of the divertor detachment with different recycling

conditions

In this section, we implemented a comparison of the target plasma rollover and tar-
get temperature in the three recycling regimes: (1) only neutral atoms produced by
recycling (labelled "H™—H’), (2) only neutral molecules produced by recycling (la-
belled "HT—H,’) and (3) recycled atoms or recycled molecules with equal probability
(labelled *50%(H"— > H)&50%(HT— > Hy)’). In the case with a larger recycling
fraction for hydrogen molecules in figure 4.1} it is found that the flux rollover occurs
at a higher n,, (varied from 1.67 x 10m™3 to 1.92 x 10""m~3) with a larger peak tar-
get flux, and the target temperatures at rollover gradually become lower. It indicates
that using the target material that produces more recycled atoms may reduce the
requirements for achieving divertor detachment. The reason is that the generation of
hydrogen molecules from recycled ions reduces the atom source and thus atom den-
sity decreases. It leads to a lower direct electron-impact excitation radiation power
loss and weaker the atom-plasma interactions, which are the main energy sinks and

momentum sinks before rollover in the divertor (more details can be found in section

. As shown in figure 4.2 ), the ratio of total amounts of molecules to atoms fff:j\‘//

in the divertor can be up to 50% when all recycled plasma ions become molecules.
Thus the plasma-atom collisional and radiative interactions are mitigated due to the

smaller atom density.
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Figure 4.1: Upstream density scan for the cases (a) with 1% carbon impurity
and without molecules labelled ‘recycling (Ht—H)’, (b) with 1% carbon and hy-
drogen molecules (All recycled ions becomes molecules in this case), labelled ‘re-
cycling (H"—H,)’, and (¢) with 1% carbon and hydrogen molecules (half re-
cycled ions becomes molecules and half becomes atoms in this case), labelled
B50%(H*T— > H)&50%(H— > Hy)'.

The density profiles of H*, H, Hy and Hy™ in figure indicate that the plasma
ion flux moving towards the target first interacts with neutral atoms, resulting in a
strong ionisation source which leads to a ramp of ion density in front of the target.
But the ion density dramatically decreases before hitting the molecule cloud (H and
H3) near the target because the ionisation source becomes small in the recycling
region. Since the plasma density and electron temperature near the target (where
molecular species are located) are relatively lower compared to the other regions, the
hydrogen radiation from excited atoms after molecular break-up involving (Hs, H™,
H3) is found to be much smaller than the direct electron-impact excitation radiation.
Thus direct electron-impact excitation radiation power loss is larger than the power
loss produced by molecular excitation channels.

After the target ion flux rollover in figure [4.1] the plasma ion flux reaching the
target starts dropping with the increase of upstream density. Since the recycling
flux is proportional to the target ion flux, the molecule density is found to quickly
rise at the beginning of detachment and then decreases with the drop of target ion
flux in deep detachment phase. When 7T, < 1eV, more atoms can be produced by

recombination in the divertor.
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Figure 4.2: Density profiles of HT, H, H,, Hf and temperature profile of elec-
tron in the case with (a) all the recycled ions converting into atoms (HT—H),
(b) 50% recycled ions becoming atoms and the other half becoming molecules
(50%(H*— > H)&50%(HT— > Hy)), and (c) all the recycled ions converting into
molecules (H*—H,). The upstream density is n,, = 1.92 x 10m=3 for all the
three cases, corresponding to the three cases at n,, = 1.92 x 10"m~3 in figure [4.1]
The target is located at the position of 30m.

In figure , the Hy™ density is small compared to other species, but it cannot
be ignored and it even plays an important role during divertor detachment. Hy" is a
crucial intermediate product of molecular activated recombination (MAR) and it is
also an important excitation channel which affects the hydrogen excitation radiation,
both of which can affect the particle, momentum and power balance in the divertor.
Additionally Hy" is a crucial channel for photon emissions, which will become strong
during the detachment phase.

To further understand the role of atomic and molecular reactions, section 4.5
discusses the region of the different reactions along parallel direction and the effects

of different reaction types on plasma momentum loss.

4.4 Power and particle balance

Our calculations also allow us to gain insight into the dissipation mechanisms at play.
According to the pressure balance in the Two Point Model [19], the upstream and

target static pressures can be written as p,, = 2Piarger if N0 momentum losses are
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considered. If the plasma-neutral interactions are considered, the plasma momentum
will be varied along the SOL. According to equation [2.23] a momentum loss factor is

defined as:

fm =1- 2ptarget/pup (41)

The studies using the original SD1D in the same MAST Upgrade like conditions

[36] found that this momentum loss factor could be written as an exponential function:

Wrarger _q _p g1 - ] (4.2)
Pup

To make quantitative comparison, the momentum loss factor is estimated by
the Self-Ewald model, which uses charge exchange to ionisation ratio measurements
[36][141][19]. The momentum loss factor calculated by the Self-Ewald model can
be written as a function of ionisation and charge exchange rate coefficients [141]:
1— fn = [QLH} (aH)/Q? where o = < 0V >0/ (< 0V >0n + < 00U >;). It assumes
that the atom-ion charge exchange imposes a drag force on the plasma ions, while
ionisation produces plasma ions. This momentum loss mechanism is determined
by ionisation and charge exchange, but it ignores many other factors, e.g. molecule-
plasma interactions. In figure[d.3] it is found that the simulation result is qualitatively
similar to the Self-Ewald result, both of which show that the ratio of 2”;“7;"” is about
flat when T, > 10eV at the target and steeply drops when the target temperature
is lower than 10eV. But the Self-Ewald solution overestimates the momentum loss
factor f,, leading to a lower ratio of%;“T;g” compared to the simulation results. The
reason could be that it is assumed momentum loss in the Self-Ewald model is due to
charge exchange events, which have the higher reaction rate coefficient compared to
the other reactions. The Self-Ewald also assumes that every charge-exchange event
completely removes that ion’s momentum from the system. In the SD1D the momen-
tum is transferred to the neutral species, and may be transferred back to the ions by

another charge-exchange event. The rate of momentum loss is therefore much less

than the Self-Ewald would predict.
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In the upgraded SD1D, the main atomic and molecular processes have been sig-
nificantly improved, such that the momentum loss factor obtained in simulations is
based on a more complete collision model compared to the Self-Ewald model. As a
consequence, we can plot %;“T”:” from the SD1D simulations in figure with the

data well fitted by an exponential expression for the momentum loss factor (the black

solid line) [4§]

zptm‘get
Pup

(4.3)

Tta'rget 1.65
zl—ﬁn:0%9b—5_2wq

Taking the target pressure from the expression above, we can now calculate the

target ion flux: I'iarger X Niarget\/Ttarget = Prarget/\/Ttarger- Using the static pressure
at the target piorget,static = % from equation , we can obtain the target

ion flux I'y,ger Written as (static pressure at the target is Prarget static = 2Marget T target =

2pta7"get :

Ciaret = P tt.M
arge up,sazc\/m

(4.4)
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Figure 4.3: Ratio of 21);1& as a function of target temperature achieved

up

from the simulation cases without molecules (labelled ‘H (no carbon)’ and

recycling(Ht—H)’ and with molecules introduced by different recycling conditions
(50%(HT— > H)&50%(HT— > Hy) and recycling(H"— > H,))

To complement the upstream density scan in figure [4.1] it is interesting to visu-

alize our results in a I'y,,4e¢ Versus target temperature plot at fixed p,, for the target
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Figure 4.4: Target flux as a function of target temperature for the upstream den-
sity scan in the cases: 1) without impurity and molecules labelled ‘H (no car-
bon)’, 2) with 1% carbon and without molecules labelled 'recycling(HT—H)’, 3)
with 1% carbon and with hydrogen molecules labelled 'recycling(Ht— > Hy)’ and
50%(HY— > H)&50%(HT— > Hy)’ . The celeste and black solid curves show the
target flux calculated with equation [£.4] by using equation .2 and equation The
upstream density is n,, = 1.97 x 10'?/m? for the black and celeste solid lines, while
Nup = 2.35 x 10" /m? for the black dashed line.

ion flux. We compare the simulations to the analytical calculations (equation
obtained using the expressions of momentum loss factor (1 — f,,,) in equation and
equation [£.3] We found that the detachment roll over occurs for all simulations at
around 5eV regardless the specific recycling conditions. We could see that equation
equation together with the exponential expression in equation gives a curve
for I'tqrget that rolls over at a fixed target temperature as long as p,, does not vary
much with the target temperature. To be more specific, we observe a small variation
of the plasma temperature at rollover, with higher values (6.7eV) for recycling of pure

atoms and smaller values (5.3eV) for pure molecular recycling [48].

According to the Two Point Model in section the input power P, can be
dissipated by (1) impurity radiation P,p, (2) ionisation in the target region P, and
(3) the rest of the power arriving the target Pigger. According to [68][36], we define

the power entering the recycling region as:
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Precl = Pion + Ptarget = (Eion + fynarget) Ftarget (45)

where YT}qrgetl'targer Tepresents the heat flux at the target and Ei, is the effec-
tive ionisation energy, which includes the energy loss by hydrogen ionisation (e.g.

13.6eV) and by net hydrogen excitation radiation. Together with the equation ,

the detachment parameter £ (p,, represents upstream pressure) could be obtained

Precl
[142]:

1
pup . \/ 8miTta7“get v Elon 2 ( 1on> (4 6)

Precl B (1 - fm) (Eion + ’Yﬂarget) B (1 _ fm) <1 + 'VTt >

1011

As shown in equation 1—fn = 2’);“& is a function of target temperature.
up
Thus, both the target temperature and the effective ionisation energy FEj,, when

rollover occurs determine the detachment threshold %. When T, < 10eV, it

up

steeply drops to zero. If a fixed ionisation energy is used in calculation, Pp“” grows
as the target temperature decreases (dashed line in figure . We can absorb the
effect of neutral radiation in the ionization energy in an ad hoc way, which is an
approximation that is sometimes used to capture both effects. If we do so, FEion
becomes a function of the target temperature, which now would represent the total
energy loss of ionisation plus net hydrogen atom excitation radiation divided by the
ionisation rate. This assumes that all ionisation occurs directly at the target (e.g.
occurs at a target temperature T;). We have shown this quantity as a red solid line
in figure [4.5] by using our numerical results from the simulation with pure molecular
recycling. We have found that the other simulations with different recycling conditions
produced similar results. Using this in (equation [4.6, we find that the ratio of Pp:; is
about 9.5N/MW at high temperatures, and it quickly decreases when T; < 10eV, as
the blue solid line shows in figure 4.5l Generally, the target flux rollover, indicating

onset of detachment, occurs when a critical value of the gradient of Ej,, with respect

to T, is achieved [36][131][48][68][19]),

a Eion
0T,

< —v (4.7)
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For the sheath transmission coefficient v used in this paper (7 = 6), we find
T, = 5.6eV and the corresponding effective ionisation energy FE;,, = 82.23eV. This
corresponds to the value of the detachment parameter given below

L g1 N/MW (4.8)

recl

The simulation results of the original SD1D provide a smaller value of the detach-
ment parameter, which is about 12.6 N/MW [36], while it is 17 N/MW in SOLPS4.3
simulation on DIII-D like equilibria [142]. The different results obtained in the up-
graded SD1D and the original version may be due to different effective ionisation
energy Ei,, = 60.8eV in the previous version). Variations in this quantity with model
assumptions and inputs are expected: The ratio % is not a universal quantity
though it has a physical basis. This quantity is however experimentally measurable,

and is an important metric that can be used for comparisons between simulation and

experiments [48].
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Figure 4.5: Iglil as a function of target temperature and effective ionisation energy Fj,
(equation. g:;’c’l is calculated with fixed Fi,, = 13.6eV,30eV and with the Ej,,(7})
as a function of target temperature (which is the total energy loss of ionisation and
hydrogen atom emission divided by the ionisation rate as the red solid line shows).
The threshold in equation is marked by the vertical red dashed line.
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4.5 Study of the role of atomic and molecular processes in

divertor detachment

Plasma-atom and plasma-molecule interactions play a crucial role in the divertor,
which significantly affect the divertor particle, momentum and energy balance and
thus influence the divertor detachment process. As discussed in section[4.3] a recycling
process producing fewer molecules leads to a smaller molecule density. In order to
better study the role of molecular species, cases with just molecules as the recycling
output are used in this section, including an attachment case n,, = 1.55 x 10" /m?,
a case at about rollover n,, = 1.92 x 10'/m3, and a case at about detachment

Nyp = 4.0 x 1012 /m?3.

4.5.1 The particle sources and sinks of H" and H;

First we investigated the parallel profile of sources and sinks of the main plasma ion

(H"). In SD1D simulations,

(1) The sources include ionisation (e + H — 2e + HT), dissociative ionisation (DI)
(e+HJ — 2e+ H™ + HT) and dissociative excitation (DE)
(e+Hy - e+H"+H)

(2) The sinks include electron-impact recombination (EIR) (H™ 4+ e — H), molec-

ular charge exchange (H" + Hy, — Hy + H)

Figure 4.6| shows the profile of the different reactions along parallel direction to
the target (at 30m), indicating that ionisation is the main source of H" during attach-
ment and detachment, while DE contributes a small part of the ion source in figure
[.6(a) and figure [4.6(b). All sinks are small in the attachment case, and then at
rollover molecular charge exchange significantly increases and becomes the main sink
during detachment. The ionisation region is located away from the target, further
than the regions of molecular reactions since molecules are mainly concentrated near
the target due to recycling at the target. With the increase of upstream density, the

ionisation region starts moving upstream, while the plasma-molecule reactions still
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Figure 4.6: Parallel profile of sources and sinks of H* in the case with (a) n,, =
1.55 x 101 /m? | (b) ny, = 1.92 x 10'/m? and (¢) ny,, = 4.0 x 10" /m?

occur mainly near the target. It is also found that the peak of all the reactions (except
DI) becomes higher at larger upstream densities. Together with Hy , H™ is another
intermediate product of MAR. It is found that MAR via H™ accounts for a small part
of ionisation sink in deep detachment phase (figure [4.6{c)), while it is negligible in the
attached case and the rollover case. According to the electron-impact recombination
reaction rate coefficient (in section , this process may become intensive when
T, < 1eV. In our simulation, a growth of recombination sink can be found in the
deep detachment case, but it is still small compared to the main ion sink (molecular

charge exchange) since T, at the target is not low enough.

Compared to figure [4.2(c), the plasma-atom and plasma-molecule reaction region
in figure [4.6|b) corresponds to the density profile of the neutral atom and the neutral
molecule. The ionisation region is primarily determined by the neutral atom profile,
thus it is found that the parallel range of ionisation region and atom density profile
are distributed in a similar region (from about 29.7m to 30m). The ionisation source

can significantly affect the ion density profile. The ramp of ionisation source near the
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target contributes to the ion density ramp in front of the target. The steep decrease
of plasma ion density is caused by the drop of ion source near the target. The same

for molecular reactions, the density profile of molecular species (primarily Hy and HJ)

determines the location of plasma-molecule interactions.

le25

le25

=¥ Non-diss ion(source)
—*- Molecular CX(source)

B

w

(@)1.55 x 101%/m~3

-

w

=>& Non-diss ion(source)
=& Molecular CX(source)

(b)1.92 x 101?/m =3

0\

/\
\
0 0 /S’A
29.8

29.9 30.0 29.8 29.9 30.0

Position [m] Position [m]
le25

H} Sources [m3s71]
N

-

H Sources [m™3s71]
~N

-

=& Non-diss ion(source)

~>¢ Molecular CX(source)
(€)4.0 x 1019 /m~3 /

H; Sources ]m‘i"s‘1 |
~ w B

[y
—

Y

N
o
-]

29.9 30.0
Position [m]

Figure 4.7: Parallel profile of sources of Hy in the case with (a) n,, = 1.55 x 10'?/m3
, (b) nyp = 1.92 x 10" /m? and (c) ny, = 4.0 x 10'?/m3

As discussed in section and section m HJ is an important particle species
in divertor plasma. Although the density of Hj is small compared to the main ion
density, investigating the sources and sinks of HJ is crucial to understand its effect
on particle, momentum and energy balance during divertor detachment. As shown in
figure the sources of Hy , including non-dissociative ionisation e + Hy — 2e + Hj
and molecular charge exchange HY + Hy — HJ + H (see table are located in
the region close to the target. In the attached case, non-dissociative ionisation is the
dominant Hj source compared to molecular charge exchange in figure (a), while
molecular charge exchange becomes stronger at rollover figure (b) and dominates
over the HJ source in the detached case figure (C) In terms of the sinks in figure
, dissociative excitation is always the main Hj sink from attachment to detach-

ment, but it does not increase much at different upstream densities, while dissociative
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recombination slightly increases in the detachment case. With increasing upstream
density, the reaction region of the H sources and sinks do not vary, remaining in a
narrow region in front of the target. It indicates that the interactions with HJ (e.g.

MAR via Hj) mainly affect the atomic and molecular process within this narrow

region.

When T, < 3eV the dissociation process (e + Hy — e + H + H) will become weak
due to the steep decrease of its reaction rate coefficient in figure in section
while the most neutral atoms near the target are produced by interaction with Hy and
H~ (e.g. dissociative recombination, dissociative excitation and MAR via H™) due
to their higher rate coefficient in figure in section 2.2.2] Although the density of
H3 (and probably H™) is small compared to the density of other species, interactions
with H and H™ may be important to determine the neutral density profile below the

ionisation region.
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4.5.2 Hydrogen excitation radiation through different channels

As discussed in section [3.4.3] there are 5 excitation channels considered in the new
SD1D physical model, including two atomic excitation channels: direct electron-
impact excitation (via H) and electron-ion recombination (via H*), and three molec-
ular excitation channels: dissociation (via Hy), dissociative recombination (via Hj)
and mutual neutralization (via H™). Figure shows the parallel profile of hydro-
gen excitation radiation power through the different excitation channels. It is found
that direct electron-impact excitation is the dominant excitation channel in the three
cases, while its profile moves up to the X-point with increasing upstream density.
The movement of hydrogen radiation profile strongly corresponds to the variation of
ionisation source profile in figure both of which are mainly determined by the
neutral atom density profile. Similar to the molecular reaction region, the profile of
radiation power produced by molecular excitation channels is primarily distributed
in the narrow region in front of the target and it does not move towards the X-point

with increasing upstream density.
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Figure 4.9: Parallel profile of hydrogen excitation radiation power though different
excitation channels in the case with (a) n,, = 1.55x10" /m? , (b) n,, = 1.92x10'? /m?
and (c) ny, = 4.0 x 101?/m?
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In figure (a), molecular channels provide a small part of the hydrogen excita-
tion radiation power and then the dissociative recombination (via Hj) and mutual
neutralization (via H™) becomes stronger in figure [4.9(c). Although they are still
small compared to the direct electron-impact excitation radiation which contributes
over 85% of hydrogen radiation power loss in the detachment case, the channel Hj
and channel H™ are the main excitation channel in front of the target. Together with
the discussion of particle sources and sinks, it indicates that the plasma and neutral
profiles in front of the target are primarily determined by molecular species during

detachment.

Although the density profile of HJ is small (less than 2% of neutral molecule
density when Te is about 2eV), it is found that dissociative recombination (via HJ)
and mutual neutralization (via H™) become the main molecular excitation channels
in the deep detachment phase. It is expected from their reaction rate coefficient
(section that the two channels will be stronger at lower target temperatures.
This result indicates that although the atomic and molecular processes depends on
their density which may be small near the target during the detachment process,
the reaction probability may become large at low electron temperatures. Thus the
effect of atomic and molecular processes on divertor physics depends on both their
density and the electron temperature. For instance, the density of neutral molecule
H, is much larger than HJ density, but the hydrogen excitation radiation via Hy is

negligible due to its small emissivity at low temperatures compared to Hj .

4.5.3 The role of plasma-atom and plasma-molecule in volumetric mo-

mentum loss and H,,;,, photon emission

The sources and sinks of the main ion shown in section 5.1 and section £.5.2] can
not only affect the divertor particle balance and energy balance, but also significantly
impact the momentum balance in the divertor. In the high recycling regime, the neu-
tral density becomes very high (the peak density of neutrals can be over 5 x 10?'m—3
during deep detachment) near the target, which can effectively reduce the plasma ion

momentum before the ion flux reaching the target. The momentum loss is primar-

ily through the plasma-neutral collisions, including plasma-atom change exchange,
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plasma-atom elastic collision, plasma-molecule charge exchange, and plasma-molecule

elastic collision.

The study in [38][I31] found that the molecular charge exchange between the main
ion and hydrogen molecules (H* + H, — Hy + H) may lead to a rise of plasma ion
momentum loss in the low temperature region. It will be interesting to compare the
momentum loss produced by the different collisions. In this work, we use a momen-
tum loss factor fromioss = <Zp fj;rget FH+_pdl) /Pup, Where 3 fj;rget Fy+_pdl is the
total pressure loss of HT by the collisions with other particle species ‘p’ (Fy+—p, rep-

resents collision force).
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Figure 4.10: (a) Decomposition of momentum loss factor fiomiss due to different
reaction types, labelled as ‘H — H"’, ‘Hy — H™, ‘H — H*’ collisions, and their total
fmomioss (the red dashd) when all recycled ions become molecules; (b) Decomposition
of finomioss caused by Ha — HT collisions.(c) decomposition of total Haph, photon
emission due to atomic and molecular channel, (d) decomposition of H,pn, photon
emission through molecular channels. Vertical dashed lines indicates the position of
[targer TolloOvVer.

In this section, all the relevant collision forces are obtained from the case (recy-

cling H" — Hy) with different upstream density. We found that plasma-molecule
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collisions account for a rapid rise of momentum loss at the beginning of upstream
density scan in figure [1.10|(a). At the beginning of detachment, the momentum loss
caused by plasma-molecule collisions grows faster compared to plasma-atom colli-
sions. The reason could be that the density of neutral molecule rapidly increases
near the target at the beginning of detachment due to the large recycling neutral flux
(when upstream density n,, < 2.2 x 10' /m?), resulting in the neutral molecule den-
sity nu, larger than the neutral atom density nyg. But when the n,, becomes larger,
the growth of momentum loss by plasma-molecule collisions becomes slower since the
molecule density is found to increase slowly and it even decreases at high upstream
densities (n,, > 3.5 x 10?/m?3 ) due to the decrease of recycling source (plasma ion
flux at the target [y get). With the decrease of target ion flux in the deep detachment
phase, it is found that ny, < ny near the target, such that plasma-atom collisions can
provide a larger part of momentum loss compared to plasma-molecule collisions in the
deep detachment phase. In figure M(b), it compares the momentum loss caused by
the two main plasma-molecule collisions, charge exchange and elastic collision. The
simulation results predict that the momentum loss mechanism via plasma-molecule
interactions is primarily due to plasma-molecule elastic collisions, instead of molecu-
lar charge exchange. The main reason is that the rate coefficient of plasma-molecule

elastic is about 10 times larger than molecular charge exchange when T, < 10eV [44].

Haipha Photon emission

As discussed in section there are 5 excitation channels considered in SD1D
physical model, including two atomic excitation channels: direct electron-impact ex-
citation (via H) and electron-ion recombination (via HT), and three molecular excita-
tion channels: dissociation (via Hy), dissociative recombination (via Hj ) and mutual
neutralization (via H™). The excited atoms produced via different excitation channels
can affect the Hyypn, photon emission (section [2.2.4)), which is crucial for tokamak ex-
periment diagnostics, and conveys information on neutral density and neutral-plasma
interactions. Since it is still a challenge to experimentally measure the molecular pro-
cesses, the part of Hapna photon emission attributing to plasma-molecule interactions

is usually ignored in experimental results. To fully understand the Hpna photon
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emission during detachment, we use the upgraded SD1D code developed in this work
to investigate the importance of different excitation channels in the case with dif-
ferent upstream density. In figure £.10|(c), simulations found that atomic channels
(primarily direct electron-impact excitation) dominate Hyjph, emission before I'ygpget
rollover and then change little during detachment, while molecular channels account
for the strong rise of Hyjpha signal, which grows to be about 5 times the H,pn, emis-
sion at [gger Tollover (n,, = 1.92 x 10'?/m?). This is mainly due to the fast growth
of molecule density near the target at the beginning of detachment and then due to
the increase of Hyjpn, emission coefficients via dissociative excitation ‘H;” and mutual
neutralization ‘H™’ (see figure with the decrease of T, when Te < 3eV. This re-
sult well matches the measured and predicted photon emission on TCV [143]. Further
analysis of the decomposition of molecular channels in figure [4.10)(d) shows the rise
of Hajpha signal is firstly due to Hj channel (1.92 x 10" /m? < n,, < 2.5 x 10'/m? )
and then H™ channel becomes more important when the target gets further detached

(Nup > 2.5 x 1012 /m?).

4.6 Comparison of SD1D simulations of divertor detachment
with SOLPS-ITER results

We use the SOLPS-ITER code to investigate divertor detachment in the MAST-
U super-X divertor configuration and compare against SD1D results. To make the
simulations of the two codes comparable, the set of particle species and their reactions
are same in the SOLPS-ITER and the SD1D, including both atomic and molecular
processes (all based on the Amjuel database). Since there are no drift effects in a 1D
code, the SOLPS-ITER is run with drifts turned off. All radial diffusivities are 1m?s—!
in the SOLPS-ITER code. The input power across the core-facing flux surface is set
to 2.6MW, while the radial SOL widths are \;, = 6mm, A, = 17mm and Ay, = 24mm.
The corresponding input power flux for SD1D simulations is set to 7T0OMW. In SOLPS-
ITER simulations, the strength of the Dy puff at the inner mid-plane is varied in order
to achieve an upstream density scan, which is from 0.5 x 10¥m=3 to 2.5 x 10*m=3. An
identical upstream density scan is carried out in SD1D simulations. Intrinsic impurity

(carbon) is considered in both SOLPS-ITER and SD1D simulations, with a chemical
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sputtering yield of 3% in SOLPS-ITER code and a fixed carbon concentration of 3%
in SD1D code. There are no extrinsic impurities in these simulations. The recycling
rate is fixed to 99%.

We analyse the third flux tube of the Super-X grids in the SOLPS-ITER code,
for which the target heat flux density is maximum in the attached regime. The

corresponding connection length from X-point to the target is set to 20m in SD1D

simulations.
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Figure 4.11: Parallel plasma flux density at the target along the 3rd flux tube in
the Super-X grid, as a function of the upstream density (dashed line obtained by
SOLPS-ITER). Comparison to the upgraded SD1D results (solid line) is also shown.

In figure [£.11, SOLPS-ITER results show that the target plasma flux quickly
ramps up at the beginning of upstream density scan, then rolls over at about 0.85 x
10”m™3 and fast decreases after rollover. A similar variation of target plasma flux in
the density scan can be found in SD1D results, but a higher upstream density (about
1.7 x 10m™3) is needed to achieve target flux rollover, while the peak value of target
flux is also higher. The cross-field transport and the difference of recycling conditions
in 1D and 2D simulations are probably the main reasons of causing this difference.
The comparison between the SOLPS-ITER and another 1D code (the DivlD) also
finds the cross-field transport leads to big differences between a 1D and a 2D code
[144]. In SD1D results, all recycled ions are converted into neutral molecules at the

target, while in SOLPS-ITER simulations the particle reflection rate for neutral atoms
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and molecules is determined by the TRIM database. As a result, more neutral atoms
can be obtained by recycling at the target in SOLPS-ITER cases, which are more
effective for causing plasma energy loss (discussed in figure and in section [4.5.2)).
Additionally, SOLPS-ITER simulations include recycling process on the wall, which
is caused by the radial transport of plasma ions, thus interactions with neutrals are

stronger such that it can further reduce threshold of achieving detachment onset.
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Figure 4.12: Decomposition of fomiess due to different reactions types, including
atom-plasma collisions, molecule-plasma collisions and charged molecule-plasma col-
lisions, obtained by (a) SOLPS-ITER and (b) SD1D.

In the SD1D and the SOLPS-ITER code, the same atomic and molecular pro-
cesses are considered, including atom-plasma collisions (elastic collision, ionisation,
recombination, charge exchange and dissociation), molecule-plasma collisions (elas-
tic collision, non-dissociative ionisation and molecular charge exchange) and charged
molecule-plasma collisions (dissociative ionisation, dissociative excitation, dissocia-
tive recombination,). The plasma momentum loss caused by different reaction types
has been studied using the two codes, which are compared in figure [4.12l We can
find that a similar variation of total momentum loss factor caused by the all collisions
(red line) can be found in figure [1.12f(a) and figure [4.12b), which shows that the

total momentum loss rapidly increases at around the rollover and then decreases a

peak
momloss,tot

little after reaching the peak ( is about 0.4). The momentum loss caused

by charged molecule-plasma collisions also varies similarly in the two code’s results.

The main difference between the results in figure [1.12|a) and figure 1. 12|(b) is that
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molecule-plasma collisions are the main plasma momentum loss factor in SOLPS-
ITER simulations, while in SD1D results both atom and molecule play a crucial
role at around the rollover and then after the rollover atom-plasma collisions become
the dominant momentum loss in deep detachment. The main reason is that the
dissociation of neutral molecules produces a large amount of neutral atoms in front
of the target in the detachment cases, but the cross-field transport of neutrals in
SOLPS-ITER simulations is able to mitigate the fast density ramp-up of neutral
atoms (which can be found in SD1D simulations) and obtain a lower peak atom
density in SOLPS-ITER simulations. Thus comparing to a 2D or 3D code, a 1D
code (e.g. SD1D) without the effects of cross-field transport may overestimate the

importance of atom-plasma collisions, especially in deep detachment cases.

4.7 Conclusions

First we implemented a comparison of the target plasma rollover and target temper-

ature in the three recycling regimes:

(1) only neutral atoms produced by recycling (H* — H)

(2) only neutral molecules produced by recycling (Ht — Hy)

(3) recycled atoms or recycled molecules with equal probability

(50% Ht — H &50% H* — H,)

It is found that molecules play an important role in the flux rollover, which oc-
curs at a higher upstream density and a slightly lower target temperature if a larger
proportion of Hy produced by the recycling process. It indicates that using the target
material that produces more recycled atoms may reduce the requirement of achieving

divertor detachment.

Generally the target flux rollover, indicating onset of detachment, occurs when a

9 Eion

critical value of the gradient ofEi., with respect to Tyurger is achieved: < 7

<=y
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[68][19][36]. In this work the sheath transmission coefficient v equals 6, thus the tar-
get electron temperature at rollover is found that T, = 5.6eV and the corresponding
effective ionisation energy Ej,, is 82.23eV. In the simulations, we also calculated the

momentum loss factor f,,, = 1—2piqyget/Dup and obtained Zprarget ;‘”’g” as a function of target
up
:| 1.65

Ttarget
temperature: % =1-— f, = 0.889 [1 —el-7252 ) . This corresponds to the

up

value of the critical detachment parameter (equation given as Iprl = 8.1 N/MW

which is smaller than the value found by the previous version of SD1D [36].

The density profile of neutral atoms and neutral molecules determines the source
of the main ion and charged molecules. With increasing upstream density, the source
of main ions moves towards the target, while the source of charged molecule remains
localised in a narrow region in front of the target. Corresponding to ionisation source,
the radiation power profile of the direct excitation channel is the dominant excita-
tion channel moving towards X-point during the density ramp, while the molecular
excitation channels corresponding to the plasma-molecule reactions remain located
in front of the target during detachment. It indicates that molecular species, which
concentrate near the target, determine the plasma and neutral profiles in front of the

target during detachment and thus play a crucial role in the target performance.

SD1D simulations predict that both molecule-plasma and atom—plasma collisions
account for the rise of plasma momentum loss at the beginning of detachment. The
part of total moment loss attributing to plasma-molecule collisions is larger compared
to the momentum loss by plasma-atom collisions, primarily due to the molecule den-
sity larger than atom density at around the flux rollover. The decomposition of
plasma-molecule collisions shows that the momentum loss mechanism via plasma-
molecule interactions is primarily due to plasma-molecule elastic collisions, not molec-
ular charge exchange, during the upstream density scan from attachment to detach-
ment. The main reason is that rate coefficient of plasma-molecule elastic is much

higher than the rate coefficient of molecular charge exchange when 7, < 10eV.

Haipha emission is also considered in SD1D simulations, which found a strong rise
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of Haipha signal when the upstream density is increased after rollover. The H channel
accounts for the most growth of H,pn, at the onset of detachment and then the H™
channel contributes more when the target becomes further detached [145][146][147].
In deuterium or tritium operation, the peak electron density and neutral density might
become higher in the divertor [145]. Divertor detachment is expected to be started
at a higher target temperature and a lower upstream density, due to the injection of
strongly radiating impurity species [68][146]. SD1D has a wide applicability, and is
able to simulate divertor detachment in different plasma conditions and in different
divertor configurations. In future studies, it will be interesting to investigate the
effects of molecular species on divertor detachment in other divertor configurations.
Another interesting avenue is to investigate the effect of mass rescaling on divertor

detachment.
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Chapter 5

Comparison of divertor detachment achieved by
density ramp and neon seeding

Divertor detachment can be driven by either an increase in the hydrogen plasma
density via core fuelling or divertor gas puff, or via seeding of neon impurities. We
implemented code upgrades in SD1D by adding a impurity (neon) model in the phys-
ical model (section [3.]), such that the new SD1D can be used to model atomic and
molecular processes during ether upstream density ramp or neon seeding. This chap-
ter presents simulation results which investigate divertor detachment induced by a
density ramp and neon impurity seeding. In the following content, the motivation for
doing this work is presented in section [5.1} the initial parameters are given in section
b.2} differences in atomic and molecular processes during the two detachment regimes
are presented in section and finally the parallel transport of neon impurities is
discussed in section [5.4, The simulations in this chapter are mainly carried out using

the new SD1D with impurity dynamics (see section [3.5.1)).

5.1 Motivation

Apart from increasing upstream density, seeding impurity in divertor is another ef-
fective way to achieve divertor detachment (section [2.2.5]). In recent experiments in
MAST-U tokamak [148][149], valves for seeding impurity gas have been installed in
the Super-X divertor volume (e.g. the position in front of the target). Helium impu-
rity seeding has been planned in the second MAST-U campaign (with relatively low
input powers) for reducing heat load in the divertor. However it will not be enough
when the double beam box is installed and more NBH (Neutral Beam Heating) power

is available in future experiments. In this situation the impurity leading to a higher
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radiation power loss will be used. As discussed in section , noble gases (e.g.
neon) are the main candidates for this task since the radiative properties of noble
gasses are close to those of carbon, with a high radiative efficiency for the range of
temperature typically encountered in the divertor region, yet remaining relatively low

in the plasma core [65].

In order to achieve divertor detachment by neon impurity seeding in the MAST-U
conditions, it is crucial to understand the transport of neon impurity and the role of
atomic and molecular processes during impurity seeding. Therefore implementing a
scan of upstream density and impurity seeding rate respectively from the same steady
state to detached cases can be helpful for understanding the mechanism by which the

two approaches achieve detachment.

5.2 Setup and initial parameters

The SD1D code (section numerically solves the equations for the main plasma
ions, hydrogen atoms, hydrogen molecules, hydrogen charged molecules, neutral neon
atoms and neon ions at all charge states. In this work, divertor detachment is achieved
by two approaches: a density ramp and neon impurity seeding. The initial parame-

ters in the two cases are detailed below:

Upstream density ramp

The MAST-U Super-X divertor conditions are also used for the simulations in this
Chapter. The initial parameters related to hydrogenic species are the same as the
parameters listed in section , including (1) the parallel heat flux at the X-point
(50MW/m?), (2) connection length of 30m (containing 20 m from X-point to target),
(3) area expansion factor of 2 between X-point and the target, (4) 99% of plasma
ion flux arriving at the target is recycled into neutrals, and (5) the scan of upstream
density is from 1.65 x 10¥m =3 to 4.0 x 10! m 3. However in this chapter it is assumed
that the recycling produces just molecules as the recycling output in the following

content.In this density ramp scan, there is no neon considered in the simulations.
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Therefore there is no effect of neon impurity.

Impurity seeding rate scan

In order to compare the two detachment approaches, the initial parameters related
to hydrogenic species are all the same as the case of density ramp scan presented above
(except upstream density which is not varied). In terms of neon impurity, the initial

parameters are listed below:

(1) The steady state with only hydrogenic species (the upstream density equals
1.65 x 10m ™3 to 4.0 x 10"m™~3 in the density ramp case) is used as the initial state

before impurity seeding.

(2) Neutral neon is injected in front of the target (located at 30m in figure
as an exponential distribution (shown in section [3.5.1)). To achieve the injection

rate scan, different peak injection flux I o+ is used in simulations. T',... neo+

peak, Ne
is varied from 0.1 x 10% to 13 x 10?° [particles/m?/s]. The figure shows the
neon injection flux profile for the case of attachment, rollover and detachment re-
spectively. The corresponding neon seeding rate is from 0.14 x 10?° [particles/s] to
1.81 x 10%! [particles/s], which will be shown in the following figures. The peak of
the flux profile is located at the target 01/2 = 0;4,4ec = 27 and parallel injection flux

width wy, = 0 The parallel profile of neon injection flux is shown below, including

a case of attachment, a case around flux rollover, and a case of detachment.

(3) The electron-impact reactions and charge exchange reactions are considered
as the sinks/sources in the density and energy equations and as the force in the mo-
mentum equation. The reactions include:

Tonisation (from Ne’™ to Ne?*): Ne?t +e — NeZ™ + 2¢

Recombination (from Ne™ to Ne'"): Ne?t + ¢ — NeZ™!
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Charge exchange (from Ne™ to Ne'®"): Ne?t + H — Ne? ™' + HT
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Figure 5.1: The profile of neon injection flux in three cases: attachment (I')... neot =
1.0 x 10% [particles/m?/s]), rollover (T'j.q; neo+ = 6.0 x 10%° [particles/m?/s]) and

detachment (I')..z neo+ = 9.0 x 10% [particles/m?*/s]).

5.3 The role of plasma-atom and plasma-molecule interac-
tions during detachment — differences between density

ramp and impurity seeding
5.3.1 The plasma ion flux and temperature at the target

Detachment induced by density ramp — Testing the trace assumption

The simulations in Chapter {4f are based on a trace assumption for Hf . However
this assumption will not be applicable if a non-negligible amount of impurities are
considered in the simulations (e.g. neon seeding in this section). This is due to the
extra electrons produced from the plasma-impurity interactions and thus the density
of electron and the main plasma ion will be different in this case. Here it is assumed
that n, = np+ + nyy + zi:():o Znyez+ - This section starts with a comparison between
the model with trace assumption and without trace assumption for Hy . As figure

shows, the result of upstream density scan for the target plasma flux and the target

temperature is similar in the two cases. The simulation shows that trace assumption
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for Hy does not greatly change the important results, such as the rollover of target flux
and the reduction of target temperature. This is primarily due to the small portion

N+

of Hj in the divertor. The ratio of is just about 0.022 when electron

Hy
H;" + Nu+

temperature is lower than 7eV. The electron density is still approximately equal to
the main plasma ion density. However if the molecule density greatly increases in
the divertor due to either external fueling or a stronger recycling process for neutral
molecules, the density Hy may quickly increase and therefore this assumption will
not be valid any more.
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Figure 5.2: A upstream density scan for plasma ion flux and electron temperature at
the target in the case with and without trace assumption.

Detachment induced by neon seeding

To make the two approaches comparable, the attached case with upstream density
1.65 x 10"m~3 in the density ramp scan is used as the initial state before impurity
seeding. Based on this initial state, cases with different neon seeding rates from
0.14 x 10?° [particles/s] to 1.81 x 10%° [particles/s| are simulated and eventually reach
a steady-state solution. Thus a scan of the neon seeding rate for the target plasma
flux and target temperature can be made as shown in figure [5.3] It is found that in-
creasing neon seeding rate can effectively reduce the target temperature and a rollover
of target plasma flux is achieved at a seeding rate between 2.5 x 10% [particles/s] and

5.0 x 10% [particles/s]. The target flux rollover occurs when the target temperature
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is about 6eV, slightly higher than the required temperature (about 5eV) for rollover
in the density ramp cases. Another difference is that the target temperature cannot
be further reduced by a larger seeding rate when it drops to about 2.8eV, while the

target plasma flux can still be effectively reduced.
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Figure 5.3: A neon seeding rate scan for plasma ion flux and electron temperature.
The upstream density is fixed at 1.65 x 10"%m=3

According to studies of the particle, momentum and power balance in the divertor

[T9][4][35], the target flux can be reduced through three ways:

(1) Reducing the heat flux entering the recycling region (e.g. though impurity

radiation);

(2) Increasing the energy cost of ionisation (e.g. through upstream density ramp);

(3) Reducing the ion density in the divertor (e.g. through volumetric recombina-

tion).

During a neon seeding rate scan the radiation power loss increases primarily in
the high temperature region (around 20eV, see figure [2.9)) such that the heat flux can

be effectively reduced by neon impurity radiation before entering the recycling region
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(see figure 5.5)). Although the ionisation and recombination (see figure [5.7(b)) do not
become more intensive at higher seeding rates, neon impurity radiation (see figure
5.9(b)) is powerful enough to achieve rollover of the target flux and even achieve a
deeper detachment phase. The different energy costs of ionisation in the two de-
tachment regimes may be the main reason that causes the different minimum target
temperature in the two detachment regimes. This will be studied in more detail in

next section.
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Figure 5.4: Density profile of HT, H, Hy and Hj, and the profile of electron density
and temperature in the case of neon seeding rate (a) 1.5 x 10?° [particles/s], (b)
7.2 x 10?° [particles/s] and (c) 12.2 x 10?° [particles/s]. The upstream density is fixed
at 1.65 x 10m=3. The target is located at 30m.

In figure [5.4] the parallel density profile of hydrogenic species gradually increases
in the cases with a higher seeding rate, but the increase is not as sharp as the in-
crease during the density ramp. It is mainly due to the plasma ion flux entering the
recycling region, which changes little during impurity seeding. The recycling process
at the target cannot produce a large neutral flux even using a high impurity seeding
rate. Additionally the ideal temperature for hydrogenic reactions like recombination

and molecular activated recombination (MAR) is generally lower than 2.8¢V (the
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minimum target temperature achieved in figure . Thus fewer neutrals are pro-
duced by recycling and recombination near the target compared to the density ramp
cases which has a larger ion flux flowing into the recycling region. The effect of some
hydrogen atomic and molecular processes during neon seeding may be not as crucial
as their effect is during density ramp detachment. The following sections will fur-
ther discuss the role of atomic and molecular processes during the two detachment

regimes.

5.3.2 Comparison of the plasma-atom and plasma-molecule interactions

during detachment induced by density ramp and neon seeding

The profile of sink and source of the main plasma ion H* and charged molecule Hj
during a density ramp has been discussed in Chapter [l That chapter primarily inves-
tigates the region of sinks and sources in the direction parallel to the magnetic field.
In this section, a comparison is carried out to study the role of atomic and molecu-
lar processes in the particle, power and momentum balance of the two detachment

regimes: density-ramp and impurity-seeded.

Parallel heat flux and pressure profile

The parallel heat flux and pressure profile are directly related to the power and
momentum balance in the parallel direction. In the simulations, it is assumed that
the recycled neutral flux is produced at the target (section , thus the plasma and
the neutral density profile increase in a relatively small region in front of the target.
The kinetic convection of heat therefore only affects the small ionisation region near
the target. If the recycled neutrals are redistributed evenly along the parallel direc-
tion, the kinetic convection may become stronger in the region away from the target.
Although the heat flux arriving at the target may also be affected by the convection
of the charged molecules and neon ions, their convection is small compared to the

heat conduction and the main plasma flux in the simulations.

Two cases of neon seeding (figure[5.5|(a) and figure[5.5(b)) and two cases of density
ramp scan (figure[5.5(c) and figure [5.5(d)) are studied in this section. It is found that
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Figure 5.5: Decomposition of heat flux profile in the case of neon seeding rate (a)
1.5 x 10% [particles/s| and (b) 18.1 x 10% [particles/s|, and in the case of upstream
density ramp (c) 1.98 x 10"m=3 and (d) 4.0 x 10m 3. The upstream density is fixed
at 1.65 x 10*m =3 for the cases of neon seeding. The target is located at 30m.

the heat flux is effectively reduced by neon impurity radiation before it approaches
the target (The neon radiation profile is discussed in figure in next section),
while in the density scan the heat flux mainly decreases in the narrow recycling re-
gion in front of the target. One thing needs to be noted that the heat flux is about
25MWm~2 at 29m if the volumetric power loss mainly occurs near the target, since
the flux expansion factor equals 2 (input heat flux at X-point is 50MWm™2 for all

cases).

Figure [5.6| shows the plasma pressure profile in the cases of attachment and de-
tachment. Similar to the heat flux profile, figure|5.6|(a) shows that the plasma pressure
can be effectively reduced by a higher neon seeding rate in the region apart from the
target, while in figure [5.6|b) it decreases in the narrow recycling region in front of the
target and the plasma pressure profile can be largely increased by a larger upstream
density (in the region in front of 29.6m ). Although the plasma pressure is approx-

imately constant from the recycling region to X-point, the plasma pressure at 29m
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is smaller than the pressure at the X-point due to the effect of neon radiation power

loss.
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Figure 5.6: Plasma pressure profile in the case of neon seeding rate 1.5 X
10%° [particles/s] and 18.1 x 10* [particles/s] (left), and in the case of upstream
density ramp 1.98 x 10m™3 and 4.0 x 10"m™® (right). The upstream density is
fixed at 1.65 x 10m=3 for the cases of neon seeding. The target is located at 30m.

The sources/sinks of H" and Hj during a density ramp and a neon seed-

ing

Divertor particle balance is related to the sources and sinks of the main plasma
ion (HT, which are determined by the plasma-atom and the plasma-molecule inter-
actions in the divertor. In the SD1D simulations, the source includes ionisation,
dissociative ionisation (DI) and dissociative excitation (DE), while the sink includes
electron-impact recombination (EIR), molecular charge exchange and molecular ac-
tivated recombination (MAR) (see table [3.1)). Figure [5.7 shows the decomposition of
H™* sink and source in the scan of (a) upstream density and (b) neon impurity seeding
rate. It is found that ionisation is always the dominant particle source of the main ion
in the two detachment regimes. In figure (a), a sharp increase of ionisation source
can be found with the increase of upstream density and it eventually becomes double
the source in the attached regime. The source produced by dissociative excitation is
varies in a similar way to the ionisation source in the density ramp case. It increases
quickly after rollover and eventually becomes a significant source in the deeply de-

tached cases. In terms of the sinks, molecular charge exchange leads to most of the
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main ion particle loss, while electron-impact recombination and MAR are negligible
at the beginning of the detachment and then gradually becomes important in the
more deeply detached phase. The result indicates the plasma-molecule interactions
can result in additional ion sources/sinks compared to just atomic processes. Both
atomic and molecular reactions are crucial for the particle balance during the detach-

ment induced by a density ramp.

During neon seeding (figure [5.7[(b)) the ionisation source slightly increases with
the enhancement of neon seeding rate and then slowly decreases after rollover. The
dissociative excitation source becomes smaller at a higher neon seeding rate. com-
pared to the density ramp case, the two ion sources (ionisation and molecular charge
exchange) are all much smaller than the source in figure [5.7(a). The volumetric ion
sink during neon seeding is tiny at the beginning of detachment, and even at high
seeding rates only molecular change exchange contributes to a small part of the ion
loss. It is primarily due to the minimum target temperature in the seeding rate scan is

about 2.8eV, which is not the ideal temperature for the electron-impact recombination

(< 1eV) and MAR (< 2.5eV).
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Figure 5.7: (a) The upstream density scan and (b) the neon seeding rate scan for
plasma ion sources/sinks. The vertical blue column represents the rollover of target
ion flux.

The main reason for the relatively high target temperatures in the seeded cases
may be the different intensity of ionisation in the two detachment regimes. According

to Two Point Model(see section [2.3.1)), the heat flux arriving the target is ¢ = yn;Tcs
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where n; and T} are the plasma density and temperature at the target. The sound

speed of ion is ¢; = , /HZ—T’;. Thus the heat flux at the target is ¢, = ypy, /mZTi and
H H

the target temperature can be written as:
2mp+ (@ ’
Tt == 2 - (51)
v Dt
Since the sheath transmission coefficient v = 6 in simulations (section |3.2.2)), the

target temperature is determined by the ratio of the heat flux and plasma pressure
at the target. According to two point model (section [2.3.2)) the heat flux and plasma
pressure at the target are affected by volumetric power loss and volumetric momen-

tum loss respectively, thus equation indicates that
(1) Volumetric power loss strongly decreases the target temperature;
(2) Volumetric momentum loss strongly increases the target temperature.

During the density ramp, a high recycling regime occurs and produces a high
neutral density near the target, which can effectively reduce the volumetric plasma
momentum. However increasing upstream density can increase the initial plasma pres-
sure at upstream (in figure [5.6|(b)), which increases up to 348Pa (n,, = 4.0 x 10'?/m?
) in simulations. As a result, the plasma-neutral interaction becomes more intensive
at higher upstream densities, but about 10% of plasma ion momentum can still reach
the target in the case of n,, = 4.0 x 10" /m?® (the corresponding plasma pressure at

the target is about 17Pa).

As discussed in figure [5.4] the recycling process during neon seeding is relatively
weak and cannot produce a large density of neutrals near the target, therefore the
plasma-neutral interaction in this case cannot effectively reduce the volumetric plasma
momentum. However in figure [5.6(a) increasing neon seeding can effectively decrease
the plasma pressure apart from the target, which can be significantly enhanced by
increasing upstream density (figure [5.6(b)). Thus we can still achieve a small plasma

pressure at the target during the scan of neon seeding rate. As shown in figure [5.6
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(a), the plasma pressure at the target is about 28Pa at the highest neon seeding rate
1.81 x 10*! [particles/s], which corresponds to a smaller volumetric momentum loss

(< 60%)

According to the volumetric power loss in figure [5.6] the heat flux entering the
target is just about 0.3 MW /m?n the case with a high upstream density (n,, =
4.0 x 10%/m3 ) and it is about 2.0 MW /m? in the case with the highest neon seed-
ing rate 1.81 x 10*! [particles/s|. Thus with the same input heat flux at X-point
50 MW /m? in the simulations, the upstream density scan achieves a lower heat flux
compared to the scan of neon seeding rate. The reason is: (1) The net hydrogen
excitation radiation power loss at high upstream density in figure (a) is close to
the total radiation power loss at high seeding rate in figure [5.9|(b); (2) the ionisation
source in figure [5.7|(a) is much larger than the one in figure [5.7[(b), thus the corre-
sponding ionisation energy cost is also much higher in the case with the density ramp.
Since hydrogen volumetric cooling process is related to power loss by ionisation en-
ergy cost and the net excitation radiation, the total volumetric power loss during the

upstream density scan is higher than the seeding rate scan.

Putting the parameters (p; dgensity ramp = 17P2, Gr.density ramp = 0.3 MW /m? for the
density ramp and the parameters (pyneon seeding = 28P2, Gt density ramp = 2.0 MW /m?)
for the neon seeding scan into equation [5.1} it is found that the density ramp can
achieve a lower minimum target temperature than the neon seeding scan in our sim-
ulations. Summarily, it is mainly due to (1) the higher energy cost caused by the
larger ionisation source (including net hydrogen excitation radiation power loss and
ionisation energy cost) during the density ramp, which can further reduce the heat
flux at the target, (2) both of the two approaches can achieve a low plasma pressure

at the target.

Although a higher neon seeding rate can further reduce the heat flux, it will lead
to some crucial problems such as the neon concentration in the core plasma larger
than the fatal fraction [I50]. The fatal fraction is the concentration above which the

total core radiation is more than the sum of fusion and input power. It could be
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different in different devices. Additionally, all the volumetric power sinks (including
ionisation in figure [5.7(b), hydrogen excitation radiation and impurity radiation in
figure 5.9(b)) and volumetric momentum loss (plasma-neutral interactions in figure
5.10(b)) tend to be flat in the simulations. Thus as shown in figure the target
temperature changes little in the deep detachment phase (> 1.0 x 10*! [particles/s])
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Figure 5.8: (a) The upstream density scan and (b) the neon seeding rate scan for Hy
sources. The vertical blue column represents the rollover of target ion flux.

The charged molecule Hy play a crucial role during divertor detachment. It is
involved in the plasma-molecule interactions such as molecular activated recombina-
tion (MAR)) and hydrogen excitation radiation, which significantly affect the particle
balance and power balance during divertor detachment if low target temperature are
achieved ( < 2.5eV ). Photon emission (e.g. Hapha photon) in the divertor is also
significantly affected by the dynamics of Hj, which is a crucial excitation channel to
produce excited atoms. Therefore to understand the effect of the charged molecules
in the two detachment regimes, it is essential to compare its sources and sinks using

the scans in figure 5.8

The source of HJ includes molecular charge exchange and non-dissociative ioni-
sation and the sink includes dissociative ionisation (DI), dissociative excitation (DE)
and dissociative recombination (DR), as shown in table 1. During a density ramp
(figure [5.8|a)), non-dissociative ionisation is the dominant source for the charged

molecule and DE is the main sink. With the increase of upstream density, the tem-
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perature in front of the target quickly drops to the ideal reaction temperature for
molecular charge exchange to occur, which dramatically enhances and becomes the
main source for the charged molecules during detachment. Since the rate coefficient
of non-dissociative ionisation becomes tiny at low temperatures, it becomes less im-
portant with the decrease of target temperature. The crossover of the two sources in
figure |5.8|(a) occurs around rollover (where the electron temperature is about 5eV). It
corresponds to the crossover of rate coefficients of the two reactions which also occurs

at about 5eV in figure in section [2.2.2]

In figure[5.8|(b), the crossover of the two charged molecule sources (non-dissociative
ionisation and molecular charge exchange) occurs after rollover. It is primarily due
to the relatively higher target temperature (about 6eV) that is required to achieve
detachment during neon seeding (discussed in figure . Since neutral molecule
density cannot be effectively enhanced by recycling in the seeding ramp, the sources
of the charged molecule is much smaller than its sources in density ramp cases and
thus the sinks are smaller as well. As a result, the simulations predicts that the role
of charged molecules may be more important during detachment induced by density
ramp than in neon seeded cases. The following discussion of radiation power loss,
volumetric momentum loss and Hajpna photon emission will further confirm this pre-

diction.

The radiative power loss

Radiative power loss significantly influences the divertor power balance. Hydrogen
excitation radiation plays an important role in the power loss in both density ramp

cases and neon seeding cases.

Figure[5.9(a) shows that radiation loss through direct excitation (‘H’) is the main
hydrogenic radiation channel in the density ramp, contributing about 80% of total
hydrogenic radiation loss in deep detachment. The other channels like recombina-
tion (‘H'*), dissociative recombination (‘Hj’) and mutual neutralization (‘H™’) are

negligible at the beginning of the density ramp and slowly increase at high upstream
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Figure 5.9: (a) The upstream density scan and (b) the neon seeding rate scan for Hj
sinks. The vertical blue column represents the rollover of target ion flux.

densities. The molecular excitation channels (‘H3” and ‘H™’) contributes 20% of the
total radiation power of hydrogen. It can be more if an external neutral source (e.g.
gas puffing) is used in the divertor. If cross-field transport is considered (as in 2D
modelling with e.g. SOLPS), the radiation loss produced by excited atoms after
molecular break-up (e.g. ‘Hy’, ‘Hy’ and ‘H™’ channels) may become larger than in a

1D case.

In figure (b), the direct excitation radiation is also the dominant hydrogenic
radiation, but it is much lower than the result in density ramp cases since fewer neu-
trals (hydrogenic atoms or molecules) can be produced by recycling or recombination
during neon seeding. The rest of the radiation channels (including recombination
and all the molecular channels) are negligible during the seeding rate scan, since the
relatively higher target temperature discussed above leads to a small reaction rate
for these loss channels. With the increase of seeding rate, neon impurity radiation
power loss quickly increases and thus makes up the difference of radiation power loss

to achieve a deep detachment phase.

The volumetric momentum loss

Figure [5.10[a) investigates the decomposition of volumetric momentum loss in

the diveror induced by plasma-atom collisions, plasma-molecule collisions and colli-
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Figure 5.10: The neon seeding rate scan for the momentum loss factor f,,omioss caused
by plasma-atom and plasma-molecule collsions (left); Decompositon of the fiomioss
caused by plasma-molecule collisions, including elastic collsion and charge exchange
(right). The vertical blue column represents the rollover of target ion flux.

sions between plasma main ions and charged molecules. Similar to the density ramp
cases (see section [4.5.3), plasma-molecule collisions (including molecular charge ex-
change and plasma-molecule elastic collision) are as essential as the plasma-atom
collisions in this scan. Due to the small charged molecule density, collisions with
plasma cannot significantly affect the divertor momentum balance. In figure (b),
plasma-molecule collisions are primarily due to molecular elastic collisions instead of
molecular charge exchange. The difference between the two detachment regimes is

that:

(1) During the density ramp a much stronger rise of momentum loss can be found

near rollover;

(2) During the density ramp the momentum loss factor (up to about 50%, see
section [4.5.3)) is generally higher than the loss during neon seeding (about 27% after

rollover and then slowly increasing to just 40% in the deep detachment phase).

Based on the Two Point Model, volumetric momentum loss is a crucial factor to

(1_frn0m)2(1_foonv)4/7
(1_fpow)2

not significantly affect the target temperature). It is mainly caused by the ion-atom

where the convection factor does

reduce the target ion flux I';

and the ion-molecule collisions. Compared to the density ramp, neon seeding is un-
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able to greatly raise the particle densities (of both neutrals and plasma), such that
the ion-neutral collision in this situation cannot be as strong as the density ramp
cases. As discussed above, the volumetric momentum loss factor during the density
ramp is generally higher than the loss during the seeding rate scan. Therefore in
order to reduce the target ion flux, volumetric momentum loss is more important in
the density ramp cases than the momentum loss in neon seeding cases (which mainly

depends on the strength of the volumetric power loss).
Haipha photon emission

As discussed in section Haipha emission is crucial for divertor research since
it conveys information on neutral density and neutral-plasma interactions, which sig-
nificantly affect the particle, momentum and power balance in the divertor. In this
work, SD1D models the Hyjpna emission during the scan of neon seeding rate. It
predicts that direct electron-impact excitation ‘H’ dominates Hajpn, emission and it
changes little in the detachment phase, while the dissociative recombination ‘Hj’ is
tiny until the seeding rate increasing up to about 1.2 x 10! [particles/s| where Hjppa
emission rate through Hy channel reach the peak, but it is less than a quarter of the
total Hapna emission rate. Compared to the density ramp cases, neon seeding cannot
achieve the strong rise of H,jpn, emission rate that has been found during the density
ramp (section , and the total Hapna emission rate in figure is much lower

than the rate in the upstream density scan (about 4 times smaller).

Similar to the discussion of the other atomic and molecular processes above, the
main reason causing the difference here is also about the different minimum target
temperature and the different ion flux flowing into the recycling regime. The ideal
temperature for the Hyjpn, emission through molecular channels is lower than 2.5eV
(lower than the minimum temperature 2.8¢V achieved in the neon seeding cases), and
the recycling process in the neon seeding cases cannot provide more molecules at the
target and thus cannot produce more excited hydrogen atoms through dissociative

recombination (Hj) or dissociative excitation (Hy).

128



le23

=
S

+

1.2 N 5 + +
1.0
- H
0.8 -~ H* |
- H;
0.6 -~ Hj
- H

+ Total

0.0 2.5 5.0 7.5 10.0 125 150 17.5
Neon seeding rate[10%° particles/second)]

=2
E

Hapha photon emission [photon/s]
=)
N

<
=)
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rollover of target ion flux.

5.4 Parallel transport of neon impurity

Seeding impurity in the divertor is an effective way to achieve divertor detachment,
which can effectively reduce the heat load on the target plates [64][151][66]. However
the impurity transport in divertor leads to variations of impurity profiles, which tend
to move towards the core plasma, such that the impurity radiation will impact the
core plasma if the impurities move into the core plasma, and even damage the plasma
confinement if the impurity concentration in the core plasma is larger than the fatal
fraction [I50]. Thus it requires a high concentration of neon in the divertor, but a
low concentration in the core plasma/upstream plasma.

As discussed in figure[5.5]and figure[5.6] SD1D simulation results show that seeding
impurity in the divertor can effectively reduce the heat flux and plasma pressure in a
wide region in the divertor. To understand the mechanism of neon impurity transport
in parallel direction, we investigated the effect of parallel force balance on the parallel

profiles of neon impurities.

5.4.1 Neon concentration and neon radiation

Impurity radiation plays a crucial role in the divertor power balance. Three cases
with different neon seeding rates discussed in section [5.3.2] are used for analysing the

neon concentration and radiation power loss in the direction parallel to the magnetic
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Figure 5.12: The profile of neon concentration in the case of neon seeding rate 1.5 x
10%° [particles/s], 7.2 x 10% [particles/s] and 12.2 x 10% [particles/s]. The upstream
density is fixed at 1.65 x 10”m~3. The target is located at 30m.

field. It includes (1) an attached case (seeding rate equals 1.5 x 10?°[particles/s]),
(2) a case at the beginning of detachment (7.2 x 10*[particles/s])) and (3) a deep
detachment case (12.2 x 10%[particles/s])). In figure[5.12] the parallel profile of neon
concentration is defined by the ratio of total density of neon species (including all
charge states) by the electron density. It is found that the peak of neon concentration
is mainly located at the region away from the target in three cases. The front of
the concentration profile upstream when the divertor transitions from attachment to
detachment. The peak concentration and the concentration at the X-point quickly
increase with the increase of seeding rate.

Compared to figure [5.13] the variation of neon radiation profile strongly corre-
sponds to the variation of neon concentration. It shows that the peak radiation
power is located at a similar region to the peak neon concentration, and the front
of neon radiation power moves upstream with the increase of seeding rate. Since
the peak radiation power is primarily determined by the main cooling species (e.g.
Ne** — Neb* shown in figure the variation of neon radiation power reflects the
changes of the cooling species such as the density and fraction abundance of different

charge states.

Similar to the other impurities, there is a maximum seeding rate for neon in certain

divertor conditions. If the seeding rate is higher than this limit, the neon impurity
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Figure 5.13: The profile of neon radiation power in the case of neon seeding rate
1.5 x 10%° [particles/s|, 7.2 x 10 [particles/s] and 12.2 x 10%° [particles/s|. The
upstream density is fixed at 1.65 x 10'm=3. The target is located at 30m.

transports into the edge plasma will produce powerful radiation power inside the
separatrix, dissipating the core plasma energy, thus affects plasma performance in
the confined region [I50][152]. According to [150], the neon impurity fraction in the
core plasma cannot be over a fatal fraction, which is about 2.5%. In ITER or other
devices, the fatal fraction will be slightly different due to different density limits and

operating parameters.

5.4.2 Investigate the parallel momentum balance of neon ions Ne3* — Nef™

In order to improve the understanding of parallel transport of neon impurities, this
section investigates the parallel force balance of neon ions. Four neon species (Ne*™ —
Ne®") are studied in the following parts, all of which are the main cooling charge
states of neon impurity and all significantly affect the volumetric power loss in the
divertor. To implement this work, (1) the detached case (neon seeding rate 12.2 x
10%° [particles/s| discussed in the previous section is used to analyse the density,
fractional abundance and radiation of neon ions with parallel transport, while the
0D code ‘Atomic++’ [59] is used to analyse the quantities at the equilibrium with
different electron temperatures (the temperature in divertor conditions from 0eV to
50eV). To make the simulations of the two codes comparable, the initial parameters
of Atomic++ simulation are provided from the SD1D detached case, including the

total neon impurity and the electron density as a function of electron temperature.
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Figure 5.14: Solid line: Fractional abundance of neon ions (Ne** — Ne") at the equi-
librium with different electron temperatures, provided by the 0D code ‘Atomic++’;
Dashed line: Fractional abundance of neon ions (Ne** — Ne®") provided by SD1D
simulation (the case with the neon seeding rate of 12.2 x 10?° [particles/s]. SD1D
simulation provides initial parameters for Atomic++ simulation, including the total
neon impurity and the electron density as a function of electron temperature.

Figure shows the fractional abundance of the four neon ion species, present-
ing that the fractional abundance of every ion species provided by SD1D is located
at a higher temperature compared to the Atomic++ result (which does not include
transport). This indicates that the parallel transport pushes the neon ions towards
the high temperature region (i.e. moves neon upstream). It is also found that the

neon ion of a higher charge state is located at higher temperatures.

Parallel force balance

To understand why parallel transport changes the distribution of neon ions, it is
necessary to investigate the force balance on these neon ions and analyse the effect
of the forces on the parallel momentum balance. Corresponding to the fractional
abundance, the density of neon ions from SD1D simulation in figure M(a), figure
b.16{a), figure 5.17(a) and figurds.18|(a) is located at higher temperatures compared
to the neon ions without transport (from Atomic++). In figure [5.15(a) the neon

radiation region is thus pushed upstream as well. The forces imposed on neon ions
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significantly influence their density distribution, including:

(1) force due to the electric field (section |3.5.1)),

(2) friction forces between neon ions and other particle species,

(3) ion- and electron- thermal forces generated along temperature gradients due

to coulomb collisions (section [3.5.3]) and

(4) other collisional reactions (e.g. charge exchange recombination (CXR) and

ionisation in section [5.2)).
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Figure 5.15: Solid line : density of Ne** (red) and the total neon radiation power
(black) at the equilibrium with different electron temperatures, provided by the 0D
code ‘Atomic++'; Dashed line: the results provided by SD1D simulation (the case
with the neon seeding rate of 12.2 x 10?° [particles/s]

Figure m(b) shows the acceleration of Ne®t caused by the forces. A positive
acceleration means the direction is towards the target, while a negative acceleration
means towards upstream. It is found that the friction force between Ne3* and other
particle species (primarily the HT) is the dominant force towards the target, while
the force caused by the parallel electric field is small and it affects the ion transport

near the target since the plasma pressure gradient occurs in a small region in front
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of the target (Figure [5.6(a)).

The forces pushing Ne3* back upstream include ion- and election- thermal forces,
CXR and ionisation. Compared to the thermal forces, the force due to CXR and
ionisation is small and is located near the target. Since neon seeding cannot effectively
increase the plasma and neutral density near the target, collisional reactions cannot
become stronger even in the detached phase, thus the reaction rate of CXR and
ionisation remains relatively small. Here we calculate a ratio of the total force towards

the target and the total force towards upstream %

. It is found that the peak
of Ne3t density is located at the temperature where the ratio equals 1, which means
all forces are eliminated and the acceleration of Ne3* is zero. As shown in figure
, the force in front of this location (at lower temperatures) pushes Ne3* back to
upstream and the force behind this position (at higher temperatures) pushes Ne3"
to the target, resulting in an exponential distribution of density. Since the friction
force and the ion- and electron- thermal forces have Z dependence, both of them
increase at the higher charge states in figure [5.16] figure and figure [5.18] For

the higher charge states, the position of ratio %

=1 is located at the higher
temperature region, thus the peak density of the neon ion at higher charge states is

located at higher temperatures (or further away from the target).
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Figure 5.16: Solid line : density of Ne*™ (red) and the total neon radiation power
(black) at the equilibrium with different electron temperatures, provided by the 0D
code ‘Atomic++’; Dashed line: the results provided by SD1D simulation (the case
with the neon seeding rate of 12.2 x 10?° [particles/s]
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Figure 5.17: Solid line : density of Ne’" (red) and the total neon radiation power
(black) at the equilibrium with different electron temperatures, provided by the 0D
code ‘Atomic++’; Dashed line: the results provided by SD1D simulation (the case
with the neon seeding rate of 12.2 x 10?° [particles/s]
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Figure 5.18: Solid line : density of Ne®" (red) and the total neon radiation power
(black) at the equilibrium with different electron temperatures, provided by the 0D
code ‘Atomic++'; Dashed line: the results provided by SD1D simulation (the case
with the neon seeding rate of 12.2 x 10?° [particles/s]
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5.5 Conclusions

Both density ramp and impurity seeding in the divertor are effective ways to achieve
divertor detachment. In this chapter we have carried out simulations to compare
the atomic and molecular physics in the two detachment regimes using the upgraded
SD1D module. We set up simulations using MAST-U Super-X divertor conditions
(section [36] and implement two scans to achieve divertor detachment: (1) a scan
of upstream density from 1.65 x 10"m™3 to 4.0 x 10"m™=3 and (2) a scan of neon
seeding rate is from 0.14 x 10%° [particles/s] to 1.81 x 10?! [particles/s|. To make the
two scan comparable, the upstream density is fixed at 1.65 x 10"m™3 in the scan of

neon seeding rate.

We found the rollover of the target plasma flux can be achieved during the two
scans, and both the target temperature and the target plasma flux are effectively
reduced in the detachment phase. But some crucial differences were found in the

comparison including:

(1) Increasing neon seeding rate obtains a higher minimum target temperature

(about 2.8¢V) compared to the approach of increasing upstream density;

(2) The peak density of both plasma and neutral during the seeding rate scan
increase much slowly near the target due to the relatively weak recycling process

compared to the upstream density scan.

(3) The heat flux and plasma pressure can be effectively reduced by neon radiation
power loss in the region apart from the recycling region, while they are mainly re-

duced in the recycling region in front of the target during the scan of upstream density.

Since the plasma-atom and plasma-molecule interations are sensitive to the vari-
ations of density and temperature. The differences of the two detachment regimes
may lead to a different role of the atomic and molecular processes during the divertor

detachment. (1) The dominant source of the main ion is ionisation, which is much
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higher during density ramp than the ionisation source during neon seeding. The lower
ionisation during neon seeding is caused by the relatively low neutral density. (2) The
direct excitation dominates hydrogenic radiation power loss and similar to the ioni-
sation source it is much higher during the density ramp. (3) The molecular processes
become more intensive during density ramp detachment, while it cannot be effectively
intensified by increasing neon seeding rate since the minimum temperature is not the
ideal temperature for plasma-molecule interactions (< 2eV). The different minimum
temperature is found caused by the different volumetric power loss primarily due to
the different hydrogenic cooling rate (sum of the net excitation radiation power and

ionisation energy cost) in the two detachment regimes.

This chapter also investigates the parallel transport of neon impurities. We found
that the parallel transport processes tend to push the neon ions towards the high
temperature region (or towards upstream) and the parallel distribution of neon den-
sity is mainly determined by the parallel force balance. The peak density of the neon

ions is located at the position where the ratio of the total force towards the target

F(target) -1

and the total force towards upstream Flupsirean)
upstream)
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Chapter 6

Conclusions

6.1 Conclusions

Exhaust problem is a crucial problem for tokamak fusion research, which leads to large
heat and particle flux flowing out from the fusion plasma and causes massive heat load
on the facial materials (on vessel wall or divertor target plate). The heat load could
reach or even become higher than the material limit and thus lead to serious facial
material erosion. Divertor detachment is a potential solution to this problem, which
can effectively reduce heat load on the target plates. Generally divertor detachment
can be achieved through two ways: (1) increasing the plasma density at upstream
or (2) seeding impurity in the divertor. But the process involves a complex atomic
and molecular physics, which significantly affect the particle, momentum and energy

balance in the divertor volume.

To investigate the role of atomic and molecular processes in the two detachment
regimes, we implement upgrades in the original SD1D code in order to add the molec-
ular process and neon impurity effects in the physical model (Chapter . After the
upgrades, SD1D includes five hydrogenic species: H, Hy, HY, Hj and H~, and the
neon impurity in all charge states. The empirical functions used in hydrogen collision
and radiation model have been replaced by the Amjuel database, which provides re-
action rate coefficients and hydrogen population coefficients (have the dependence of
both T, and n.) to the upgraded SD1D, while the ADAS database is used to provide
the collision data for reactions of neon species. The upgraded SD1D module is able to
(1) numerically simulate the molecular processes to investigate the role of atomic and

molecular processes during the detachment achieved by a density ramp (see Chapter
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4)), and (2) it is able to model the divertor detachment achieved through impurity
(neon) seeding (Chapter [5)). Using the upgraded SD1D, we investigate the role of
atomic and molecular species in MAST-U Super-X divertor conditions. In order to
achieve divertor detachment in simulations, two scans (including upstream density

scan and impurity (neon) seeding rate scan) have been implemented.

During the upstream density scan, we focus on the target plasma rollover and

target temperature in the three recycling regimes:

(1) only neutral atoms produced by recycling (recycling (H"— > H)),

(2) only neutral molecules produced by recycling (recycling H"— > Hy)

(3) recycled atoms or recycled molecules with equal probability (50%H*— > H
and 50%H*— > H)

It is found that molecules play an important role in the flux rollover, which oc-
curs at a higher upstream density and a slightly lower target temperature if a larger
proportion of Hy produced by the recycling process. It indicates that using the target
material that produces more recycled atoms may reduce the requirement of achieving
divertor detachment. The molecule—plasma collisions are predicted to be as crucial as
the atom—plasma collisions during the upstream density scan. Both of them account
for the rise of plasma momentum loss at the beginning of detachment. The decom-
position of plasma-molecule collisions shows that the momentum loss mechanism via
plasma-molecule interactions is primarily due to plasma-molecule elastic collisions
instead of molecular charge exchange during either attachment or detachment. The
main reason is that the rate coefficient of plasma-molecule elastic is much higher than

the rate coefficient of molecular charge exchange when 7T, < 10eV.

Comparing the parallel profile of different reactions to the density profile of differ-
ent particle species, we found that the distribution of plasma-atom reactions strongly

corresponds to the atom density profile, while it is the same for molecular species.
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The plasma-atom interactions is found to occur in the region apart from the target
and the plasma-molecule interactions mainly occur near the target. The position
of recycling region (at the target) and the lower temperature (especially during de-
tachment) near the target may be the main reason that causes a high possibility for
the plasma-molecule interaction occurring near the target. With the increase of up-
stream density, the source of the main ion moves towards the target, while the source
of charged molecule is still located in a narrow region in front of the target. Corre-
sponding to ionisation source, the profile of hydrogenic excitation radiation (primarily
produced through direct excitation channel) moves towards X-point during the den-
sity ramp, while the molecular excitation channels are still located in front of the
target. Although about 85% of hydrogenic excitation radiation attributes to direct
excitation channel, molecular species that concentrate near the target determine the
plasma and neutral profiles in front of the target during detachment and thus play a

crucial role in the target performance.

Apart from the scan of upstream density, we carried out a scan of impurity (neon)
seeding rate to achieve divertor detachment. We compared the effect of atomic and
molecular processes on the particle, momentum and energy balance in the two de-
tachment regimes. Crucial differences were found during the two scans: (1) Increasing
neon seeding rate obtains a higher minimum target temperature (about 2.8eV) com-
pared to the approach of increasing upstream density; (2)The peak density of both
plasma and neutral during the seeding rate scan increase much more slowly near the
target due to the relatively weak recycling process compared to the upstream density
scan; (3) Neon radiation leads to a wider cooling region, which effectively reduces the
heat flux and plasma pressure in the region apart from the recycling region, while
upstream density ramp causes the reduction of heat flux and pressure occurring in

the recycling region in front of the target.

The differences caused by the two detachment approaches may lead to a different
role of the atomic and molecular processes during the divertor detachment, since the
plasma-atom and plasma-molecule interactions are sensitive to the variations of den-

sity and temperature. First we found that ionisation is the main source of plasma
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ion in the two scans, but due to the larger neutral density during the upstream
density ramp it becomes much larger compared to the ionisation source during the
scan of neon seeding rate. Then we found the direct excitation corresponding to the
ionisation source dominates hydrogenic radiation power loss, and it is much higher
during density ramp compared to the case of seeding rate scan. Furthermore, it is
very interesting that the plasma-molecule interactions become more intensive during
the density ramp detachment, while it cannot be effectively intensified in the scan
of seeding rate since the minimum temperature (about 2.8¢V) achieved in simula-
tions by neon seeding is not the ideal temperature for plasma-molecule interactions
(< 2eV). The steep rise of both the momentum loss factor caused by plasma-molecule
collisions and the H,jpn, photon emission (which can be found during the upstream

density ramp) does not occur during the neon seeding rate scan.

The main reason of different minimum target temperature may be caused by the
momentum and energy balance, which are found to be different in the cases using
the different detachment approach, thus the target temperature determined by the
ratio of heat flux and plasma pressure at the target is also varied differently. The
SD1D simulation found that the scan of neon seeding rate achieves a lower volumet-
ric power loss and a similar target pressure compared to the density ramp case, thus
neon seeding scan obtains a higher target temperature in the deep detachment phase.
Although a lower heat flux at the target may be achieved by a higher neon seeding
rate, the increase of neon seeding rate may lead to some crucial problems such as
the neon concentration in edge plasma larger than the fatal fraction. Additionally
in the simulations, the volumetric power sinks and volumetric momentum loss tend
to be flat, thus the target temperature changes slowly at about the minimum target

temperature in the deep detachment phase.

Besides the atomic and molecular processes, we also investigated parallel transport
of neon impurity. We found that the parallel force balance tends to push the neon
ions towards the high temperature region (or towards upstream) and the force balance
determines the parallel profile of neon density. The peak density of neon ions is located

at the position where the ratio of the total force towards the target and the total force
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F(target) -1

towards upstream Flapsiream)

6.2 Future work

This thesis focuses on the divertor detachment in the hydrogen plasma conditions.
But the impact of isotope mass on particle, momentum and energy balance could be
crucial for divertor physics [145][146][147]. Since SD1D has a wide applicability, it is
able to simulate divertor detachment in different plasma conditions and in different
divertor configurations. In future studies, it will be interesting to investigate the ef-

fects of molecular species on divertor detachment in other divertor configurations.

Divertor detachment control is a challenge for the detachment research. The code
SOLPS has been used to model the detachment front location sensitivity to the control
parameter variation (e.g. upstream density and input power) [153]. However, a main
quantitative mismatch is found between the SOLPS and DLS mode predictions. DLS
model predicts a faster upstream movement of the detachment front near the target
after detachment onset compared to SOLPS simulation results. The main reason
caused the mismatch is probably that DLS model assumes the thermal front width
to be small compared to the divertor size and that plasma-neutral pressure balance
is not considered. It is possible that the assumption of a thin thermal front may be
maybe satisfied when the model is applied to reactor-level parallel heat fluxes [I53].
As a result, further work needs to be done for understanding the dependence of the
thermal front width on the power entering the divertor and on the impurity seeded
in divertor to reduce the heat flux. It motivates further work using SD1D to study
at the impact of the power entering the divertor and plasma-neutral pressure balance

on the thermal front width and movement.
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Appendix A

The definition of sources and sinks

The source and sink terms in the density equation(S), momentum equation(F’) and
energy equation(F and R) caused by the collisional reactions shown in table 1 are

defined as below [4§]:

Ionisation:
Sion __ __ Qion __ n < ;
on = H+ = NHNe< OV >ion
Fp"t = —F? = muVanune< ov >ion
Eﬁm — _Eﬁ’_'r_l = %THane< OV >ion

Rieon = 13.6eV X ngn.< ov >ion

Electron-ion Recombination:

e = —SHES = NEine< 00 >rec
FEE = —FF° = mp+ Virrnpt ne< 00 >pec
Cc __ _ 3
B = —Ef° = ETH+nH+ne< OV >rec

Charge exchange (CX):

F = =Fg = menn< ov >eamips (Vi = Vi)
By = —Ef = np+np< ov >cx% (Tu+ — Tw)

Non-dissociative ionisation:

143



ion

— on
e = —Sg T = Ny Ne< OV >

IOH J— lOn
g =— Hot = = My, Vi, N, Ne < OV >10r1

ion __ ion __ 3
m, = —Egs = ST, nH,Ne< OV >10n
Dissociation:
Sdiss — (0.5 x Sdiss — py n.< ov >S5
Hy — — I'Ha dlSS
diss __ diss __
Fg? = —F§™ = mu, Via,nu,ne< ov >dlss
diss __ diss __
Eg® = —Eg™ = —T ,MH, e < OV >dlSS

R3S = 4.25¢V X ng,n.< ov >OhSS
where 4.25eV is the bind energy of a hydrogen molecule;

Molecular charge exchange:

The momentum and energy of H, transfer to Hy , while the momentum and energy

of H* transfer to H.

CX __ _ C _ cX __ H
H); H+ — _S X+ — _SHX — nH2nH+< agv >CX2
_ _ H
ISI}; = — IS’I);JF = ’ITLH2VH2TLH27’LH+< ov >2
ISI)J(F = — Fﬁx = mH+VH+nH2nH+< ov >g(2
cxX X §T Hao
o+ — =3 H+nH2nH+< av >cx
cxX _ __ pex 3 Hy
E ST, N, < 0V >
Ho — Hot — 2t HoltHpTtH* cx

Dissociative excitation (DE):

DE __ DE __ Ho
SH2 SH+ — SH — nH2+ne< agv >DE

DE __ DE _ DE __ Ho
FH2+ - _2 X FH+ - _2 X FH - mH2+VH2+nH2+ne< agv >DE

DE _ DE __ 3 Ho
E’H2+ = -2 X EHJr =-2x Lby" = 2TH2+TLH2+TL€< ov >pp

Dissociative ionisation (DI):
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SDI+ — _0 5 X SI]EI)"' — nH2+ne< ov >
DI __ Ho
FH2+ = FH+ = mH2+VH2+nH2+ne< agv >DI

DI _ _pDI _ 3 Hy
By, = =By = 3T+, + e < 00 >py

Dissociative recombination (DR):

DR _ DR _ Ha
S+ = —0.5 X SF = ngene< ov >pj

DR _ _ DR _ Hy
FH2+ = — " = myg,+ Vi, +np,+ne< 00 >ph

DR _ _pDR _ 3 Hy
By ==L = 5T np,ne< ov >pp

Molecular activated recombination (MAR) via H™

SMAR — GMAR _ _1GMAR — < gy STz

Fy MAR = mu, Vi, NH,Ne< OV >11\{/[2AR

FMAR = g Vigs iy e < 00 >\

F"% = —mig, Vi ni,ne < o0 >3fg — mu Vie i e < 00 >\fag

ENAR = 3Ty ngyne< ov >\

ENAR = 3Tng,n.< ov >R

EyAR = —ENAR — ENAR — 3T nigyne< o0 >\iag — 5T, 1< 00 >\

The energy sink of plasma caused by hydrogen excitation radiation is given by

equation [3.18)in section [3.4.3]
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