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Thesis abstract
Controlled nuclear fusion is a promising sustainable energy source due to its poten-
tial of limitless fuel supply, small demand of land, and inherent safety characteristics.
The energy comes from the release of strong nuclear forces when heavy hydrogen
nuclei within an extremely hot plasma fuse together into a heavier element. The
plasma, consisting of charged particles, can be controlled using magnetic fields such
that the hot plasma is effectively confined, preventing plasma cooling and protecting
the reactor main vessel. However, the confinement is imperfect, and interaction with
the vessel is inevitable. On areas where the plasma touches the vessel, melting and
erosion of the vessel material is a serious concern. The most common confinement
configuration is called a tokamak, and the largest tokamak fusion experiment, ITER,
will soon be completed. It is imperative to have scenarios in which the survivability
of plasma facing materials (PFM) in ITER can be ensured.

Previous tokamak experiments discovered a statewhere the outflowing hot plasma
is extinguished before touching the material facing the plasma, known as detach-
ment. The mechanism and condition in which it occurred have been the subject of
study using numerical models and codes which rely on the correct inclusion of rel-
evant physics. They are the interactions between charged and neutral particles, the
mechanism in which the plasma loses momentum and energy. By using numerical
codes used in tokamak studies, we can obtain new insights in detachment physics
using a simpler and more controllable linear plasma device. The linear plasma de-
vice Magnum-PSI is uniquely capable of generating plasma conditions foreseen in
the ITER reaction edge where the plasma is in contact with the vessel. Several exper-
iments in the Magnum-PSI linear plasma device have shown the effects of increasing
neutral gas pressure to achieve the detached plasma state.

In this PhD project, plasma collisional processes responsible for detachment are
studied in detail by simulating the axisymmetric plasma beam and gas in Magnum-
PSI with the numerical code B2.5-Eunomia. B2.5-Eunomia can solve the distribu-
tion of plasma and neutral particles. Quantitative agreement is achieved between
simulation results and experimental measurements of the plasma. It is found that
elastic collisions between protons and hydrogen molecules are responsible for the
bulk of momentum and plasma loss in Magnum-PSI detachment. Moreover, vibra-
tionally excited molecules are the most relevant electron energy loss channel, with
the transport of low vibrational states from the plasma to the outside walls, as well as



high vibrational states undergoing dissociation reactions. These results suggest that
maximizing the molecular density in the divertor region will provide easier access
to detachment.

Another path to ensure protection of the PFM is to employ novel concepts, such
as liquid metals. The properties of liquid metals ensure the mitigation of material
degradation from melting, sputtering, and high neutron flux of the fusion reaction.
However, the transport of vaporized liquid metal or sputtered droplets into the core
plasma can negatively affect the performance of fusion via impurity radiation and
core dilution, thus reducing the reactor’s efficiency or even preventing net energy
gain. Lithium is one promising candidate to be utilized as a liquid metal due to its
low dilution potential.

This project studied the transport of liquid lithium in the PFM test experiments in
Magnum-PSI. For this purpose, B2.5-Eunomia is updated with the capability of simu-
lating lithium atoms and ions. The relevant collisions between hydrogen and lithium,
both in neutral and ionic form, are included in B2.5-Eunomia. The simulation results
show that lithium presence greatly reduces plasma heat flux as expected. In addition,
lithium transport along the plasma beam is limited by ionization-recombination of
the lithium atoms. Lithium is ionized within the plasma beam and, through drag
with the hydrogen plasma, transported back towards the target or outside the beam,
where it recombines into an atom. The same behavior should be expected in a toka-
mak divertor provided the plasma has sufficient temperature and flow, and lithium
transport towards the core should be minimal. However, the simulation results also
show unimpeded transport of lithium outside the plasma beam. Thus, physical ob-
structions near the liquid lithium component are necessary to prevent lithium from
entering the plasma in other parts of the vessel.
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Chapter 1

Introduction

1.1. The next abundant energy source

The discovery of abundant energy sources has historically driven human civilization

towards rapid progress, significantly improving quality of lives. Nuclear fusion is one

of the best candidates in the near future. Nuclear fusion is the process of combining

two light atomic nuclei into a heavier nucleus, releasing large amount of energy in

the process. This process occurs naturally in the core of stars and is the source of the

star’s thermal energy and luminescence. On Earth, this process can be replicated by

utilizing the deuterium-tritium reaction shown in figure 1.1. This reaction produces

D

T

He + 3.5 MeV

n + 14.1 MeV

Figure 1.1. The fusion reaction of a deuterium and tritium nuclei produces energetic
helium nucleus with 3.5 MeV kinetic energy and a neutron with 14.1 MeV kinetic
energy.

an energetic helium nucleus and a neutron. The neutrons can be captured by lithium,

exchanging their energy and producing tritium atoms that are fed back into the main

fusion reaction. Both deuterium and lithium can be found naturally in abundance

within the earth’s oceans. Access to these resources presents an enormous potential

to provide humanity with virtually limitless energy supply. As the byproduct of the
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reaction is the inert gas helium, nuclear fusion is a clean source of energy producing

zero carbon emission, which is an important characteristic in minimizing the impact

of global warming
1
. These potentials drive the research on harnessing fusion energy

which has started over several decades ago.

The issue in harnessing fusion energy lies in the enormous difficulty of main-

taining an artificial fusion reaction. For fusion to occur, the two fusion reactants

must have sufficient kinetic energy, enough to overcome the electrostatic force, to

bring them at the proximity where the strong nuclear force becomes dominant. One

method of increasing kinetic energy is by heating the nuclear fuel, bringing it to tem-

peratures in the order of 100 million Kelvin. Once fusion reactions start occurring,

the helium product can transfer its high kinetic energy to electrons and subsequently

to other deuterium and tritium nuclei such that the temperature is maintained. This

is only possible if the transfer of energy to the surrounding colder environment is

limited, otherwise the temperature will rapidly decline and the fusion reaction will

cease. Hence, a certain confinement of the deuterium, tritium, and helium must be

applied. At 100 million Kelvin, these particles have entered the fourth state of matter,

forming an aggregate of charged particles called a plasma. The trajectory of these

charged particles can be directed with the application of magnetic fields. A certain

configuration of magnetic fields, called a tokamak (figure 1.2), provides an efficient

confinement of the plasma.

1.2. The tokamak

Due to Lorentz forces, charged particles will gyrate perpendicular to the magnetic

field vector. This effectively limits the transport of particles perpendicular to the

magnetic field, while transport parallel to the magnetic field is unimpeded. The con-

finement in the parallel direction is achieved by closing the field vector onto itself,

forming a toroidal ring, However, this simple magnetic geometry is not sufficient for

a stable plasma confinement due to multiple drifts associated with the presence of

electric fields, the curvature and the gradient of the magnetic field. These drifts are

compensated by introducing an additional magnetic field component perpendicular

to the toroidal field, generated by currents induced within the plasma itself. The final

component, a vertical magnetic field, is added to compensate the forces that expand

the toroidal plasma outward. The combination of toroidal, vertical and poloidal mag-

netic field forms the magnetic structure within a tokamak. The tokamak magnetic

field structure can be represented as toroidally nested closed flux surfaces, where

1
However, fusion energy role in combating climate change was acknowledged only recently

in the UN Climate Chance Conference 2021 in Glasgow (COP26) since the Paris Agreement

(COP21) six years ago. [2]
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Figure 1.2. The tokamak magnetic configuration. The set of toroidal and poloidal
field coils in conjunction with the plasma current generate a helical magnetic field
inside the toroidal volume. Image is reprinted from [1]

transport is considered free flowing within a surface, while cross surface transport

is much slower. The magnetic field resides within a physically closed structure, and

so the outermost flux surface will intersect at some point on the wall surface, form-

ing instead an open flux surface. Because there is an imbalance between transport

parallel and perpendicular to the flux surfaces, most of the plasma particle and en-

ergy will be deposited through the open flux surface and onto the intersection point

on the wall surface. To reliably control where the deposition occurs, a protruding

component called a limiter is installed to intercept the open flux surface above the

wall. Erosion of the limiter material will be inevitable, and there is risk of core plasma

contamination by limiter materials. A more advanced approach is to direct the inter-

section point using extra magnetic field coils, effectively targeting the plasma flux in

a separate region far from the plasma core. This separate region is called a divertor.

The difference between a limiter and divertor configuration is illustrated in figure 1.3
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Vessel

SOL

Limiter

Core Core

Divertor targets

Figure 1.3. The limiter (left) and divertor (right) configuration of the magnetic con-
finement in a tokamak. In a limiter configuration the plasma exhaust in the scrape-
off layer (SOL) naturally connects to a pre-determined material surface at the plasma
edge. In a divertor configuration, extra field coils are placed to direct the SOL into
target materials further away from the plasma core. Here the SOL is drawn wide for
clarity, while in reality the width is only a few millimeters.

1.3. The heat flux problem

In the next decade, the largest fusion experimental reactor ITER will be completed.

ITER is planned to have 500 MW of fusion power using the D-T reaction [3]. A

significant fraction, 80%, is carried by the neutron product and will be captured out-

side the plasma volume by breeding blanket modules. In these modules neutrons

are captured by lithium nuclei, producing helium and tritium, the latter which is fed

back into the fusion core as fuel. This leaves 20% of energy carried by the helium

product, also referred to as 𝛼-particles. These 𝛼-particles are charged, and so sub-

ject to the magnetic confinement, the same as the deuterium and tritium. Therefore,

𝛼-particles can provide kinetic energy to the plasma particles to sustain the fusion

reaction. The plasma particle and energymust eventually transport outward into the

open flux surface, or also known as the scrape-off layer (SOL). As the transport along

the open flux surface is much faster than the cross-surface direction, the width of the

SOL can be very small. For ITER, it is projected that the SOL width will be around
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1−6mm [4], which brings the effective heat flux in the SOL to around 1 GWm
−2
. The

thermo-mechanical limit of the divertor target components is below 10 MWm
−2

[5],

and so a heat reduction of more than 99% from the SOL flux is absolutely necessary,

otherwise the operation of ITERwill not be possible. This is a more pressing problem

in an energy-producing reactor, where the fusion power can be more than 1 GW. The

heat flux can be mitigated by employing impurities to radiate the power away, or by

putting the target in a glancing angle to increase the strike area. However, there is a

limit on how much impurity concentration can exist before it causes significant core

dilution and reduces fusion performance, or on the design of the target angle. About

90% reduction can be expected from impurity radiation, thus leaving the remaining

flux to be mitigated with other means. Two different main approaches which have

promising applications are plasma detachment and liquid metal divertors.

1.4. Plasma detachment

It is possible to avoid the plasma from interacting with the divertor targets. The

plasma can fully neutralize before it reaches the target components, so spreading

the effective strike area and greatly reducing both the heat and particle fluxes to

the target. The plasma is in a regime called detachment, and it has been experimen-

tally achieved in tokamaks by increasing the plasma density using gas fuelling [6–9].

Detachment is enabled by volumetric particle, momentum, and energy loss from in-

teractions between the plasma, atoms and molecules [10]. Momentum loss leads to a

reduction in plasma pressure and energy loss causes the lowering of plasma temper-

ature. With low temperatures, volume recombination can occur, and, together with

the lowering of plasma pressure, yield lower incident ion heat and particle fluxes

at the target. Since access to detachment relies on increasing plasma density, the

operating window is limited by the density limits imposed to maintain stability and

fusion performance. It is therefore of great interest to investigate the roles of mo-

mentum and energy transfer between the plasma and the recycled neutral atoms in

achieving detachment, such that the relationship of plasma density to detachment

is further elucidated, and new control parameters other than plasma density can be

found. The key interactions are specific processes that lead to the lowering of plasma

pressure, and subsequently, the lowering of electron temperature near the divertor

targets.

The study of plasma, atomic, and molecular processes in detachment often in-

volves the use of numerical plasma codes [8, 11–16]. The plasma macroscopic vari-
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ables, such as density, temperature, and flow velocity are calculated by evaluating

their relationship with particle, momentum, and energy sources within a closed do-

main and constrained by the laws of conservation. The particle, momentum and en-

ergy sources come from plasma particle collisions, either with other charged or neu-

tral particles, and total average impact of these collisions are sampled using Monte

Carlo statistics. It is important that the processes involved in plasma particle colli-

sions are properly included within the code, otherwise there can be large discrepan-

cies between the computed plasma variables versus experimental observations.

1.5. Liquid metal as a divertor component

It is possible that complete plasma detachment is not feasible for future fusion reac-

tors. A more radical approach is to employ a different divertor component material

that is resistant to melting and erosion damage. Liquid metals such as lithium or tin

can replace the strike targets and kept in place using capillary structures [17]. The

heat from the fusion plasma will vaporize the liquid metal surface, and the metal

vapor will further interact with the plasma, spending the plasma energy through

ionization and radiation, and so can significantly reduce the heat flux to the target.

Any loss of material, either from evaporation or sputtering, can be actively replen-

ished due to its liquid nature. Liquid metal is also more robust to transient heat and

particle load, as the evaporation strength increases during the event, shielding the

underlying material. Furthermore, additional heat dissipation mechanisms via con-

vection of the liquid metal [18] and vapor shielding [19] exists, and so the margin of

acceptable heat flux is larger than a solid divertor component. Because liquid metal

PFC has relatively low maturity in engineering, it is unlikely that this concept will

be tested in ITER. Nevertheless, for future power producing reactors, the power en-

tering the SOL will be even higher than in ITER, and using liquid metal divertors

might become a necessity. While the advantage of liquid metal divertors are clear,

aside from the engineering challenges, there remains the question of the impact of

metal vapors entering the plasma core, which can significantly reduce fusion perfor-

mance through plasma dilution and impurity radiation. Therefore, it is important to

understand the behavior of metal vapor atoms in the SOL, particularly the collisional

interaction between the metal and plasma particles that governs transport.
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Figure 1.4. The linear plasma device Magnum-PSI.

1.6. The role of linear plasma devices

The particle and heat flux that are foreseen to be present in future energy producing

reactors are difficult to replicate with present day tokamak devices. Any tokamak

fusion reactor will be expensive, and this presents a conundrum where the compo-

nents, the materials and their engineering prototypes, must be tested before any de-

sign can be finalized. In principle, the toroidal magnetic geometry of a tokamak can

cause unique alterations to the plasma parameters within the SOL, and dictates the

effective particle and heat flux that the divertor strike component must withstand as

a basic requirement. This effective plasma flux can be simulated outside a tokamak

environment using linear plasma generators, given that the plasma parameters that

govern basic physical processes are akin to tokamak SOL plasmas found in present

day devices or predicted in future reactors. Fulfilling this role is the Magnum-PSI

linear plasma device [20]. It is capable of producing the density (1019 − 1020 m−3
),

temperature (< 5 eV), and flux (1025 m−2
s
−1
) predicted for the plasma region facing

ITER’s divertor targets. In addition, Magnum-PSI is equipped with superconducting

coils thus capable of operating in steady-state. The capabilities of Magnum-PSI and

its simplicity relative to tokamaks has enabled the testing of divertor components

with high plasma fluence in a rapid and controllable manner. The same advantages

can be applied in the study of SOL plasma mitigation, such as the aforementioned

plasma detachment and novel divertor concepts. However, projecting the Magnum-
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PSI research to tokamak research can be challenging, as the physics of tokamaks

are more intricate than linear devices. This is where physics models can provide an

avenue to bridge the two research. One method is to use the more intricate physics

model of a tokamak and apply them toMagnum-PSI geometry. The insights provided

in Magnum-PSI can be applied to tokamak research in a consistent manner. At the

same time, the model can be tested in a rigorous environment, validating the under-

lying physics and enriching its features for future use. As discussed in section 1.4, the

use of numerical physics codes is paramount in understanding the plasma, atomic,

and molecular processes in plasma detachment. It is also a great tool to investigate

the transport of lithium particles in the SOL. Hence, the study of heat flux mitigation

in Magnum-PSI requires both experimental and modelling approach to progress the

tokamak fusion research.

1.7. Research question

This thesis and its underlying research investigate the physics mechanisms behind

target heat flux mitigations previously discussed, namely plasma detachment and

liquid metal PFCs, using numerical codes. Plasma detachment was demonstrated

in Magnum-PSI and achieved by increasing the neutral pressure within the target

chamber using gas puffing [21, 22]. There is evidence of reduced plasma heat and

particle fluxes with increasing neutral pressure, as well as visible light observation

that the plasma edge is moving away from the target. The detachment observed

in Magnum-PSI is modelled in this work using the plasma code B2.5-Eunomia [23].

B2.5 [24] is a multi fluid plasma code and Eunomia [23] is a Monte Carlo solver

for neutral particles, and they are coupled together to provide steady-state solution

of the plasma and neutral distribution in space. B2.5-Eunomia in particular is able

to simulate processes involving vibrationally excited hydrogen molecules and the

transport of individual state level. Processes involving vibrationally excited hydro-

genmolecules are important in enhancing plasma recombination during detachment

both in tokamaks [25] and linear plasma devices [26]. Furthermore, the transport of

individual state levels of these molecules are often not included in numerical studies

of detachment, and the existing studies that do include this transport mechanism are

rather limited [27, 28]. Thus, the numerical study of plasma detachment in Magnum-

PSI using B2.5-Eunomia offers a new perspective in the role of these processes in

fusion relevant conditions and answer this research question:
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What are the relevant plasma collision processes that lead to detach-
ment in Magnum-PSI?

Before this question can be answered thoroughly, B2.5-Eunomia needs to be val-

idated with experimental data, as this is the first attempt in modelling Magnum-PSI

plasmas using B2.5-Eunomia. Hence a pre-requisite question arises:

How does the B2.5-Eunomia output quantitatively compares
to experimental observation of plasma detachment in Magnum-PSI?

In addition to plasma detachment studies, Magnum-PSI has been used to test

prototypes of liquid metal divertor component designs. The prototype component

utilizes a capillary porous system pre-filled with liquid lithium. This component is

subjected to high plasma loads [29]. The increase of the component’s surface tem-

perature was observed to be limited by the presence of lithium vapor cloud, and the

structural integrity of the component was protected, in contrast to components not

filled with liquid lithium [29]. While the functionality of the prototype was clearly

demonstrated, the transport of lithium particles inside the vessel and throughout the

plasma beam remains unknown. To study this, the numerical code B2.5-Eunomia

has been updated with the capabilities to simulate lithium transport and its plasma-

neutral processes. This study provides a novel look on the distribution of lithium

neutrals originating from a liquid plasma facing component in a linear plasma de-

vice and will answer the following research question:

What physics mechanisms govern the transport behavior of lithium
particles emitted from liquid lithium targets within the Magnum-PSI
device?

1.8. Thesis Outline

This section outlines the entire thesis structure. Chapter 1 gives the motivation, ob-

jective and approach of the thesis. Chapter 2 discusses the main theories behind

numerical modelling of SOL plasmas and its specific application to linear device ge-

ometries. In chapters 3 and 4 the study related to plasma detachment in Magnum-

PSI are shown. Chapter 3 has been published in [30] and discusses in detail the

requirement for modelling plasma detachment in Magnum-PSI using B2.5-Eunomia

and the quantitative comparisons between simulation results and experimental mea-

surements. Following the result in chapter 3, chapter 4 further discusses the rele-

vant collisional processes affecting plasma detachment in Magnum-PSI. Chapter 5
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discusses the study of liquid lithium prototype in Magnum-PSI using B2.5-Eunomia.

This study comprises the specific implementation of lithium transport and processes

in B2.5-Eunomia and simulation results painting a qualitative picture of lithium par-

ticle transport in Magnum-PSI. The answer to the research questions written in

chapter 1 and implications of plasma detachment and liquid lithium studies with

B2.5-Eunomia to tokamak research and future linear plasma modelling are listed

and discussed in chapter 6, the last chapter of this thesis.
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Chapter 2

The numerical code B2.5-Eunomia

The scrape-off layer (SOL) region in a tokamak is very important as it is directly

related to the power and particle exhaust requirements of a fusion reactor. It is de-

sirable to know how to calculate the plasma density and temperature in the SOL and

how they vary spatially along the SOL, since the conditions may be significantly dif-

ferent at the divertor targets compared to the average, and the values at the targets

govern the heating and erosion of the target material [1]. In addition, the details

of the plasma flow field and electrostatic fields are likely to govern the transport of

impurity ions released at the targets and walls towards the core plasma [1]. Further-

more, parallel temperature gradient forces also influence impurity ion transport [1].

The quantitative analysis and the prediction of these plasma parameters (density,

temperature, flow field, and electrostatic field) are achieved using numerical mod-

els. The "standard" configuration of such models is a combination of a finite-volume

fluid code describing the plasma transport and a Monte-Carlo code to describe the

transport of neutral particles [2].

The research reported in this thesis utilizes the coupling of the fluid code B2.5 [3]

and the Monte-Carlo code Eunomia [4]. The coupled B2.5-Eunomia was developed

by RobWieggers [5] to study the hydrogen plasma in the linear plasma device Pilot-

PSI [4]. In this chapter the physics behind both of these codes will be introduced and

the coupling between the codes will be briefly described. The boundary conditions

and collisional processes required by B2.5-Eunomia will be described in the context

of linear plasma device experiments. The specific additions and developments made

in the course of this thesis research are described in Chapters 3-5.
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2.1. The plasma fluid code B2.5

B2.5 solves the conservation equations of particle, momentum and energy for each

plasma species. These equations are the different moments of the distribution func-

tions of electrons and ions and were originally derived by Braginskii [6]. The gen-

eralized equations are written below [2, 3, 7]. For a plasma with 𝑍i = 1, the particle
conservation can be writen as:

𝜕𝑛i
𝜕𝑡

+ ∇ ⋅ (𝑛iVi) = 𝑆i (2-1)

𝜕𝑛e
𝜕𝑡

+ ∇ ⋅ (𝑛eVe) = 𝑆e (2-2)

For ion momentum conservation:

𝜕
𝜕𝑡

(𝑚i𝑛iVi) + ∇ ⋅ (𝑚i𝑛iViVi) =

− ∇𝑝i − ∇ ⋅ Πi + 𝑍i𝑒𝑛i (E + Vi ×B) +R + S𝑚iVi (2-3)

where Π is the divergence-free part of the stress tensor. The electron momentum

conservation (neglecting inertia) from the generalized Ohm’s law:

− ∇𝑝e − 𝑒𝑛e (E + Ve ×B) −R = 0 (2-4)

where the friction force between electrons and ions:

R = Re = −Ri = 𝑒𝑛e(
j∥
𝜎∥

+
j⟂
𝜎⟂)

− 0.71𝑛e∇∥𝑇e −
3
2
𝑒𝑛2e
𝜎⟂𝐵2

B × ∇𝑇e (2-5)

and the total electric current density:

j = 𝑒 (𝑍i𝑛iVi − 𝑛eVe) (2-6)

For energy conservation of ions and electrons:

𝜕
𝜕𝑡 (

3
2
𝑛i𝑇i +

𝑚i𝑛i
2

|Vi|2) + ∇ ⋅ [(
5
2
𝑛i𝑇i +

𝑚i𝑛i
2

|Vi|2)Vi + qi + Πi ⋅ Vi] =

(𝑍i𝑒𝑛iE −R) ⋅ Vi − 𝑄ei + 𝑆𝐸i (2-7)

𝜕
𝜕𝑡 (

3
2
𝑛e𝑇e) + ∇ ⋅ [

5
2
𝑛e𝑇eVi + qe] = −𝑒𝑛eE ⋅ Ve + R ⋅ Vi + 𝑄ei + 𝑆𝐸e (2-8)
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The set of equations for the plasma description are closed by the definition of energy

fluxes for ions and electrons:

qi = −𝜅i∥∇∥𝑇i − 𝜅i⟂∇⟂𝑇i + 𝜅i∧
B

𝐵
× ∇⟂𝑇i (2-9)

qe = −𝜅e∥∇∥𝑇e − 𝜅e⟂∇⟂𝑇e + 𝜅e∧
B

𝐵
× ∇⟂𝑇e − 0.71

𝑇e
𝑒
j∥ −

3
2

𝑇e
𝑒𝜔e𝜏e𝐵

B × j⟂ (2-10)

and the ion-electron energy exchange:

𝑄ei =
3𝑚e

𝑚i

𝑛e
𝜏e

(𝑇i − 𝑇e) (2-11)

The subscripts 𝑒 and 𝑖 denote the electron and ion species, while ∥ and ⟂ denote

the directions parallel and perpendicular to the magnetic field. The notations are

described below:

𝑛, V and 𝑇 are the density, average (drift) velocity and temperature

𝑝 = 𝑛𝑇 is the pressure

B and E are the magnetic and electric field strength

𝑆e and 𝑆i are the sources of particles

S𝑚iVi and 𝑆E are the sources of momentum and energy

𝜅 is the classical thermal conductivity with ∧ being the diamagnetic direction

perpendicular to bothB and ∇𝑇

𝜎 is the classical electrical conductivity

𝜔e and 𝜏e are the electron gyrofrequency and the electron collision time

Equations (2-1) - (2-10) are numerically solved in an orthogonal curvilinear co-

ordinate system. The components are parallel to the magnetic field B (∥), perpen-
dicular to B in the magnetic flux surface (⟂) and normal to the flux surface (r). In a

tokamak, One can take advantage of the toroidal symmetry to reduce the model to

two dimensions by using an orthogonal toroidal-poloidal-radial coordinate system

(𝜙,𝜃 ,𝑟 ), where the toroidal component can be ignored. The details of the transforma-

tion and its consequences can be found in [7]. B2.5 solves the momentum equation

(2-3) for the velocity component parallel to the magnetic field only. The velocity
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Figure 2.1. The curvilinear coordinate systems of (a) a tokamak and (b) a cylindrical
plasma. In both systems the curvilinear basis vectors are e∥, e⟂ and er . To take
advantage of symmetry the tokamak system is transformed into a toroidal-poloidal-
radial system with basis vectors e𝜙 , e𝜃 and er where the toroidal component e𝜙 is
ignored. For a cylindrical system the coordinate is the radial-axial-rotational system
with basis vectors eR, eZ and e𝜃 where e𝜃 is ignored.

components perpendicular to the magnetic field (on the flux surface and normal to

the flux surface) are the sum of diffusive, drifts, and friction terms, where:

V⟂,𝑟 = VE×B + Vclas + Van + Vdia + Vin + Vvis + Vs (2-12)

In the right hand side from left to right are, respectively, the E × B drift, classical

(thermo) diffusion, anomalous diffusion, diamagnetic flow, inertial, viscous, and ion-

neutral friction velocity terms. The anomalous velocity Van is defined using the

anomalous diffusion coefficient 𝐷an:

Van = −𝐷𝑛
an
1
𝑛
∇𝑛 − 𝐷𝑝

an
1
𝑛
∇𝑝 (2-13)

where the first and second term represent, respectively, the density-driven and pres-

sure driven diffusion. The detailed definitions of other velocity terms can be found

in [3]. For a linear plasma device the reduction to 2D is achieved by assuming cylin-

drical symmetry and the cylindrical coordinate system is used where the two dimen-

sions are the radial-axial components (𝑅,𝑍 ) and the ignorable symmetry component

is the rotation angle (𝜃). The different coordinate systems are illustrated in figure 2.1.

As the cylindrical topology in a linear plasma device is not perfect, the magnetic

surface can have a slight bulge between the magnetic coils. In a cylindrical plasma

column the density gradient is in the radial direction and there can be a radial elec-

tric field. The diamagnetic and E ×B drift velocities are thus directed towards the
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symmetric component and can be ignored. The numerical implementation of B2.5

is described briefly in [2] and in detail in [8]. B2.5 uses finite-volume discretisation

on a topologically rectangular mesh drawn along the magnetic surfaces. The mesh

is aligned with the symmetric coordinate systems mentioned earlier. A typical B2.5

grid mesh for a plasma in the linear plasma device Magnum-PSI is shown in fig-

ure 2.2. In Magnum-PSI, the bulging effect is negligible. The conservation equations

1.2 1.0 0.8 0.6 0.4 0.2 0.0
Z (m)

0.01

0.02

R 
(m

)

B2.5 grid

Figure 2.2. The typical B2.5 grid mesh for modelling the plasmas in Magnum-PSI.

described in (2-1) - (2-10) can be written as a set of convection-diffusion equations

with the general form [2, 9]:

∇ ⋅ (𝜌uΦ − Γ ⋅ ∇Φ) = 𝑆 (2-14)

where Φ and u are unknown quantities, the scalar 𝜌 and the tensor Γ are coefficients

(which may depend on Φ and u) and 𝑆 is the source term. The discretisation is based

on the conservation of the physical quantities in a grid cell. The scalar quantity Φ is

discretized in cell centers and the velocity quantity u at the cell faces. To obtain the

steady-state solution of the discretized system the equations (2-1) - (2-10) are iterated

on each time-step in a cyclic order to obtain the steady-state converged solution. The

discretisation is fully implicit in time.

2.2. Monte Carlo solver Eunomia

The interactions between plasma and neutral particles have important consequences

in determining the plasma state as it directly determines the plasma source terms for

particle, momentum and energy. The fluid approximation implicitly assumed short

collisional mean free paths. This conditionmay not be applicable for neutral particles

where variations of mean free paths can exist along the SOL and outside the plasma.

A Monte-Carlo approach is then suitable for resolving the physical quantities in-

volving neutral particles. In addition, Monte-Carlo methods can handle complex

geometries and incorporate kinetic transport effects. Here the Monte-Carlo solver
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Eunomia [4] and its important functions will be briefly described. A more in-depth

description can be found in [5]. In kinetic modelling, the primary quantity of inter-

est is the one-particle distribution function 𝑓 (r, v, 𝑖, 𝑡). It is the probability density in
six dimensional phase-space of position r and velocity v for species 𝑖 in time 𝑡 . The
distribution function is described by the Boltzmann equation in the general form [5]:

[
𝜕
𝜕𝑡

+ v ⋅ ∇r +
F(r, v, 𝑖, 𝑡)

𝑚
⋅ ∇v] 𝑓 (r, v, 𝑖, 𝑡) = (

𝜕𝑓 (r, v, 𝑖, 𝑡)
𝜕𝑡 )coll

(2-15)

where F accounts for external forces acting on the particle. The right hand side

term is the collision term which include elastic and inelastic scattering. For elastic

scattering the collision term is a sum of contributions of scattering processes with

all the species in the system:

(
𝜕𝑓 (r, v, 𝑖, 𝑡)

𝜕𝑡 )coll
=

∑
𝑗
∭ ∫ 𝑣𝑟𝜎𝑖𝑗(v𝑖𝑗 , 𝜃)(𝑓 (v𝑖)𝑓 (v𝑗) − 𝑓 (u𝑖)𝑓 (u𝑗))𝑑Ω𝑑3u𝑗 (2-16)

where 𝑗 are all the species in the system, u𝑖 and u𝑗 are the velocities of the colliding

particles before collision, v𝑖 and v𝑗 are the velocities after collision, 𝑣𝑟 is the relative
velocity, 𝜃 is the scattering angle of the relative velocity, and 𝜎𝑖𝑗 is the binary collision
cross section. In Eunomia, only neutral particles are considered and gravity is ne-

glected. In addition, Eunomia solves the stationary state. Eunomia also includes the

particle sources and sinks 𝑆 originating from gas puff, plasma recombination, and ab-

sorption due to pumping. These considerations eliminate the F and time-derivative

terms in (2-15), simplying the Boltzmann equation into:

v ⋅ ∇r𝑓 (r, v, 𝑖) = ∑
𝑗
𝐶(r, v, 𝑖, 𝑗) + 𝑆(r, v, 𝑖) (2-17)

where 𝐶 is the collision term including all elastic and inelastic processes. The ob-

jective of a Monte-Carlo simulation is to reproduce the probability density function

𝑓 . Eunomia aims to estimate the particle density and velocity distribution in every

computational cell. Eunomia simulates random walks by collisions of neutral test-

particles with particles drawn from a local shifted Maxwellian plasma or neutral

background. As every collision modifies the state of a test-particle, it can be de-

scribed by a discrete Markov chain 𝜔𝑛 = (𝑥0, 𝑥1, 𝑥2, ..., 𝑥𝑛) of 𝑛 state transitions where

𝑥𝑠 represents an individual state. The quantities of interest 𝑄, which usually are
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the moments of the distribution 𝑓 , can be estimated by the simulation of N Markov

chains:

𝑄 ≈ �̃� =
1
𝑁

𝑁−1
∑
𝑘=0

𝑋 (𝜔𝑘) (2-18)

where 𝑋 (𝜔) is an estimator function. The residence time of a test-particle in a cell

𝑐, 𝜏𝑐,𝑖 , is an estimator of relative density. The number of real particles within a cell,

𝑁𝑟𝑝,𝑐 , can be approximated using the total residence time of test-particles in a cell,

𝜏𝑐 , where:
𝑁𝑟𝑝,𝑐 =

Γ𝑟𝑝𝜏𝑐
𝑁𝑡𝑝

(2-19)

Here Γ𝑟𝑝 is the real particle flux into the system, 𝑁𝑡𝑝 is the number of test-particles

simulated, and 𝜏𝑐 = ∑𝑖 𝜏𝑐,𝑖 . The first and second moment of the velocity distribution

function are, respectively, v𝑐,𝑖𝜏𝑐,𝑖 and v2𝑐,𝑖𝜏𝑐,𝑖 . The first moment is used as the estima-

tor for the flow velocity. The flow velocity in a cell is the weighted average of the

velocity contributions of the test-particles that visited the cell:

v̄𝑐 ≈ ṽ𝑐 =
1
𝜏𝑐

∑
𝑖
v𝑐,𝑖𝜏𝑐,𝑖 (2-20)

The temperature is determined using the first and second moment estimator:

𝑇𝑐 ≈ 𝑇𝑐 =
𝑚
3 (

1
𝜏𝑐

∑
𝑖
||v𝑐,𝑖 ||2𝜏𝑐,𝑖 − ||ṽ𝑐 ||2)

(2-21)

Eunomia also stores the particle, ionmomentum, ion heat and electron energy source

or sinks in each cell and follows the scaling of particle number estimator shown in (2-

19) (see section 4.2.3. The real particle flux into the system Γ𝑟 ,𝑝 are determined by the

sources of neutral particles that are simulated. In a typical linear plasma experiment

sources can be categorized as follows:

1. Surface recombination source. Neutral particles are generated from ion flux

impinging on a boundary (physically a material surface). The neutral particles

will have an average energy of 𝐸𝑛 = 𝛼( 32𝑇𝑖 + 𝑒𝑉𝑠ℎ + 1
2𝑚𝑖𝑣2

∥ ), where 𝑉𝑠ℎ is the

sheath potential and 𝛼 is the energy reflection coefficient.

2. Volume recombination source. Neutrals are produced from plasma recombina-

tion processes. The neutral flux corresponds to the recombination rate 𝑆𝑟𝑒𝑐 =
⟨𝜎𝑣⟩𝑟𝑒𝑐𝑛e𝑛i𝑉 where ⟨𝜎𝑣⟩𝑟𝑒𝑐 is the recombination rate coefficient and 𝑉 is the

recombination volume.
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3. Uniform sources. Sources with arbitrary strength that are specified as code

input. This can be use to represent gas puffing.

The Eunomia simulation grid is made of three-dimensional tetrahedral cells.

These cells are created from two-dimensional triangular grid (of coordinate 𝑅, 𝑍 )
generated using the Triangle tool [10]. Eunomia copies 𝑛 numbers of triangular grid,

and these grids are uniformly distributed over the 𝜃 direction. Each node within the

grid is connected to its identical neighbor grid, creating a prism. The prisms are di-

vided into 3 tetrahedrons. A general picture of this process is shown in figure 2.3.

It can be seen that the cylinder is better approximated with larger number of trian-

R

Z

0

Figure 2.3. Eunomia 3D grid generated with 8 connected triangular 2D grids that
are uniformly distributed over the 𝜃 direction. Two triangular grids are connected
forming a wedge. One wedge is opened to reveal the grid. The connection between
grids generate prisms which are further cut into tetrahedrons (shown in blue). The
number of triangular grids can be arbitrarily increased to better approximate a cylin-
der, but so does the number of tetrahedral cells.

gular grids. However, this directly increases the number of 3D cells generated. As

the physical quantities in Eunomia are storedwithin each cell, this increasesmemory

usage, and is often limited by the available memory hardware. As the physical quan-

tities in Eunomia are averaged into a 2D triangular grid for couplingwith B2.5, it may

not be necessary to generate the entire 3D structure. Eunomia is improved with the

capability to employ periodic boundary condition on the 𝜃-oriented surfaces [11]
1
.

Hence, only one wedge (generated by two triangular grids) is required for the simu-

lation, reducingmemory usage significantly. An added benefit is the improvement of

1
Other improvements can be found in the Appendix section of the reference.
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the cylindrical approximation which is no longer constraint by memory allocation.

2.3. Coupling of B2.5-Eunomia

The detailed description of coupling between B2.5 and Eunomia can be found in

chapter 3 of [5]. If a particle reaches this surface, it will instantly bemoved to the cor-

responding location on the opposite side. Here the important aspects of the coupling

regarding the coupling of physical quantities and grid compatibility will be reiter-

ated. First, B2.5 starts with an initial plasma solution (or background). The plasma

macroscopic quantities (𝑛, 𝑇 and u) are calculated from the conservation equations

((2-1) - (2-10)) in each grid cell for a number of time-steps. After the final time-step,

Eunomia launches test-particles for the random walk process, utilizing the latest

B2.5 calculation as plasma background. The interaction of the test-particles with the

plasma background generates particle, ion momentum, ion heat and electron energy

source or sinks in each grid cell. At the same time, the macroscopic quantities of the

neutrals are calculated following the calculation of the estimators described in (2-19)

- (2-21). Once the random walk process is finished, the sources are collected and

transferred to B2.5 to be used in the next iterations. The new plasma background

together with the neutral background calculated from the previous cycle is used as

new backgrounds for the next Eunomia random walk cycle. This recursive process

converges into a steady-state plasma and neutral background.

The numerical grid of B2.5 only covers the plasma region while the Eunomia

triangular grid can extend beyond it. Hence, a B2.5 grid is a subset of Eunomia grid.

However, B2.5 grids consist of quadrilateral cells. A one-to-one mapping between

the cells of the two codes avoids complex interpolation of the data that is transferred

between the codes. To achieve this, each quadrilateral cells are cut into two triangles.

An example of the coupled grid is shown in figure 2.4.

2.4. Boundary conditions

Boundary conditions need to be prescribed for B2.5 and Eunomia calculations. The

B2.5 grid is constrained by 4 boundaries as shown in figure 2.2. These boundaries

are named using cardinal notations:

1. The south boundary ’S’ is defined as the axis of symmetry at R=0. Here all

fluxes are zero (particle, momentum and energy)
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Figure 2.4. A simple B2.5-Eunomia 2D triangular grid. The overlapping region of
B2.5 and Eunomia is shown as the dense ordered cells on the left side. Two triangles
are made by dividing a rectangle. Shown on the right, the triangles are made inde-
pendently in the non-overlapping region.

2. The north boundary ’N’ is the end of the plasma domain in the radial (𝑅) di-
rection. An e-folding length is usually specified as a boundary condition for

all quantities.

3. The east boundary ’E’ is the boundary where Z is minimum. Here the bound-

ary condition is used to describe the plasma source using either Neumann or

Dirichlet boundary conditions, with the option to use a radial profile.

4. The west boundary ’W’ is the boundary where Z is maximum. This boundary

indicates the target or the plasma-material interface. Here the sheath bound-

ary condition is usually applied with the additional constraint u = 𝑐𝑠 where 𝑐𝑠
is the plasma sound speed.

B2.5 allows the interchange of the boundary naming between ’N’↔’S’ and ’W’↔’E’

but not e.g ’N’↔’E’.

The boundary conditions in Eunomia determine the fate of test-particles that

reach the boundary. Hence, a test-particle can be either terminated or reflected to

continue its trajectory. Another possible fate is a change of species due to surface

chemistry. The typical boundaries are categorized as follows:
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1. The volume near symmetry axis R = 0. To prevent cells with infinitesimal

volume, the axis boundary is defined at R close to zero (R= 10−5 m). At this

boundary particles have specular reflection.

2. Wall surfaces. At this boundary particles are thermalized to the wall temper-

ature and reflected following a cosine velocity distribution. Surface chemistry

can occur with a prescribed probability.

3. Absorption surfaces. This boundary condition represents a pumping surface

or a pump entrance. The probability of particle termination can be prescribed.

A unique feature of Eunomia for this boundary is the pressure feedback con-

dition, where the absorption probability number is adapted every cycle to pro-

duce a prescribed gas pressure in a specified position.

2.5. Plasma and neutral collisions in Eunomia

The collision of test-particles with the plasma and neutral background can gener-

ate particle, momentum and energy sources and sinks for the plasma species and

neutral species. This interaction is highly dependent on the choice of collisional

processes in the Monte Carlo code. Ideally, all possible processes that include all

simulated species should be included in the simulation, so that the converged so-

lution matches reality as close as possible. The choices are ultimately limited by

the availability of cross-sectional and collisional rate data of the species being sim-

ulated. For simulation involving hydrogen and hydrogen molecules, Eunomia uses

the databases HYDHEL[12], AMJUEL[13]. Eunomia incorporates the transport of

vibrationally excited hydrogen molecules and the simulation of its 15 individual vi-

brational states (𝑣 = 0 − 14) using the database H2VIBR[14]. For elastic collision

between neutral particles the cross section is calculated using the Lennard-Jones po-

tential of the atom or molecule [5, 15]. The collisional processes involving hydrogen

and hydrogen molecules are listed in table 2.1.

Eunomia is used to simulate lithium particles in the modelling of liquid metal

prototype experiments in Magnum-PSI (see Chapter 5) and the study of lithium va-

por box [16]. Hence, the collisional processes between lithium and hydrogen, as well

as their ionic forms, are included in those studies. The collision cross-sections and

rates for lithium and hydrogen are gathered from multiple sources and listed below

in table 2.2. Eunomia has also been used to study the effects of impurities to plasma

detachment [25]. The collisional processes involving three impurity species (N, He,
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Table 2.1. The collisional processes involving hydrogen and hydrogenmolecules used
in the Eunomia code. Spontaneous means the process occurs simultaneously when the
ionic reactant is produced by another process.

Nr. Collision formula Database ref.

1 H + 𝑒− → H
+
+ 2𝑒− [12] 2.1.5

2 H + 𝑒− → H
∗(𝑛 = 2) + 𝑒− [12] 2.1.1

3 H + H
+ → H

+
+ H [12] 3.1.8

4 H + H → elastic [15]

5 H + H2 → elastic [15]

6 H2 + H2 → elastic [15]

7 H + H
+ → elastic [13] 0.1T

8 H2 + H
+ → elastic [13] 0.3T

9 H
+
+ 𝑒− → H [13] 2.1.8

10 H
+
+ H2(𝑣 = 0 − 14) → H + H

+
2 [14] 2.l2

11 H
+
2 + 𝑒− → H + H

∗
Spontaneous

12 H2(𝑣 = 𝑖) + 𝑒− → H2(𝑣 = 𝑖 + 1) + 𝑒− [14] 2.iv(i+1)

13 H2(𝑣 = 𝑖) + 𝑒− → H2(𝑣 = 𝑖 − 1) + 𝑒− [14] 2.iv(i-1)

14 H2(𝑣 = 0 − 14) + 𝑒− → H + H
−

[14] 2.l3

15 H
−
+ H

+ → H + H
∗

Spontaneous

16 H2(𝑣 = 0 − 14) + 𝑒− → H + H + 𝑒− [14] 2.l1

and Ar) with hydrogen that are implemented in Eunomia are chosen from a reduced

set of processes selected using zero-dimensional models [25, 26]. The reader is re-

ferred to the cited references for the complete list. In principle, new processes can

be implemented in Eunomia should the need arises in the future.
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Table 2.2. Collisional processes implemented in B2.5-Eunomia between lithium and
hydrogen and their ionic forms.

Nr. Collision formula References

1 Li + Li → elastic [15, 17]

2 Li + H → elastic [15, 17]

3 Li + H2 → elastic [15, 17]

4 Li + H
+ → elastic [18]

5 Li
+
+ H→ elastic [18]

6 Li(2s) + e− → Li+ + 2e− [19]

7 Li(2s) + e− → Li(2p) + e− [20]

8 Li(2s) + e− → Li(3p) + e− [20]

9 Li(2p) → Li(2s) + hv [21]

10 Li(3p) → Li(2s) + hv [21]

11 Li(2p) + e− → Li(3d) + e− [20]

12 Li(3p) + e− → Li+ + 2e− [20]

13 Li+ + e− → Li(2s) + hv [22, 23]

14 Li + H
+ → Li

+
+ H [24]
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Chapter 3

Quantitative comparisons with
experiments

To understand the underlying mechanisms causing plasma detachment in Magnum-

PSI, B2.5-Eunomia is used for the first time to simulate the observed hydrogen plasma

during detachment experiments. The validation of simulation result and experiments

are done by comparing the electron density and temperature at various neutral back-

ground pressures in the target chamber. A good agreement in the comparison will

provide a strong basis for further analysis. This chapter discusses the methods and

results of B2.5-Eunomia simulations for two distinct plasma temperature range: be-

low and above 1 eV, where the dominant plasma process is expected to be different.

Plasma detachment can be characterized by the loss of plasma pressure along the

magnetic field and the reduction of particle and heat flux to the target. These char-

acteristics, in the context of Magnum-PSI plasmas, are also discussed here.

This work has been published as Plasma Physics and Controlled Fusion (2021) 63
095006. The contents have been reformatted for the inclusion to this chapter.
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Abstract - Detachment experiments have been carried out in the linear plasma de-

vice Magnum-PSI by increasing the gas pressure near the target. In order to have

a proper detailed analysis of the mechanism behind momentum and power loss in

detachment, a quantitative match is pursued between B2.5-Eunomia solutions and

experimental data. B2.5 is a multi fluid plasma code and Eunomia is a Monte Carlo

solver for neutral particles, and they are coupled together to provide steady-state

solution of the plasma and neutral distribution in space. B2.5-Eunomia input param-

eters are adjusted to produce a close replication of the plasma beam measured in the

experiments without any gas puffing in the target chamber. Using this replication as

an initial condition, the neutral pressure near the plasma beam target is exclusively

increased during simulation, matching the pressures measured in the experiments.

Reasonable agreement is found between the electron temperature of the simulation

results with experimental measurements using laser Thomson scattering near the

target. The simulations also reveal the effect of increased gas pressure on the plasma

current, effectively reducing the current penetration from the plasma source. B2.5-

Eunomia is capable of reproducing detachment characteristics, namely the loss of

plasma pressure along the magnetic field and the reduction of particle and heat flux

to the target. The simulation results for plasma and neutrals will allow future studies

of the exact contribution of individual plasma-neutral collisions to momentum and

energy loss in detachment in Magnum-PSI.
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3.1. Introduction

In a tokamak fusion reactor, the heat and particle flux from the plasma core inevitably

diffuse outward through the scrape-off layer (SOL) and into the divertor. It is neces-

sary to limit the fluxes that reach the divertor materials to prevent destruction during

steady-state operation. When the plasma transitions from the high-recycling regime

to the detachment regime, a significant drop in ion flux to the target plates has been

observed [1]. The detachment regime is identified as the regime when the plasma

recombines before reaching the target. In addition, the detachment regime is charac-

terized by increased volumetric losses leading to a reduction of power deposited to

the target. The detachment regime is also characterized by a plasma pressure drop

along the magnetic field lines from upstream to target [2]. It has been shown theo-

retically that momentum and power loss are both necessary for detachment to occur

[3]. Interactions between charged and neutral particles are mechanisms in which

the plasma loses momentum and energy, since neutral particles are unconfined by

magnetic fields and able to distribute energy to the surrounding wall. In order to

understand the relative contribution of plasma-neutral interactions in detachment,

two-dimensional steady-state code such as SOLPS have been used to simulate toka-

mak experiments [4–9]. It was shown that ion-neutral collisions are the primary

mechanism for momentum loss. This shows that inclusion of accurate ion-neutral

collision physics is paramount in studying detachment. To validate the ion-neutral

collision physics widely used in SOL physics models in a detached plasma scenario,

a crucial step is to reproduce experimentally measured plasma parameters in a quan-

titative manner. This specific step can be achieved using suitable experimental plat-

formswith high controllability and repeatability. Such qualities are reflected in linear

plasma devices. Several detachment studies in linear devices have been conducted

in the past and reviewed by Ohno [10]. In particular, the QED device [11] utilized

the gaseous divertor concept where the surrounding gas pressure near the target is

increased to terminate the plasma. It was observed that the termination of plasma is

caused by the enhancement of radial heat transport due to elastic ion-neutral colli-

sions, with the neutral particles being the primary energy carrier. A similar condi-

tion was achieved with the Magnum-PSI device [12], which has plasma parameters

that are foreseen in ITER’s divertor region [13]. Magnum-PSI is capable of achiev-

ing 𝑛e = 1019 − 1021 m−3
and 𝑇e ≤ 5 eV, plasma particle fluxes up to 1025 m−2

s
−1

with magnetic fields up to 2.5 T in steady state. Detachment has been achieved in

Magnum-PSI by first establishing an attached plasma beam using specific plasma
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source parameters. While the source parameters remain stationary, additional gas

is introduced in the chamber where the plasma is in contact with the target mate-

rial. With increasing gas pressure, reductions in plasma pressure and heat flux to the

target material were observed [14]. In addition, a special code was created to model

the linear plasma beam called B2.5-Eunomia [15]. B2.5 is a multi-fluid plasma code

that solves continuity equations in a two-dimesional grid [16]. Eunomia [15] is a

kinetic Monte Carlo code for neutral particles that samples sources and sinks of the

plasma solution from B2.5 using collisions with test-particles in three-dimensional

space. The sources and sinks are averaged into 2D and added as source terms in

B2.5. B2.5-Eunomia is optimized for simulation geometries where the plasma to gas

volume ratio is small, such as in Magnum-PSI. In addition, B2.5-Eunomia is capable

to simulate vibrationally excited hydrogen molecules.

The detachment experiments inMagnum-PSIwill be studied using B2.5-Eunomia.

The study will be divided in two parts: the validation of the simulation results with

experimental measurements, and the analysis of collisional processes in the simula-

tion. In this paper, the first part of the study is presented. The numerical modelling

of plasma detachment in Magnum-PSI using B2.5-Eunomia are compared with mea-

sured data obtained by Thomson scattering (TS) for multiple gas pressure values. In

order to simulate this behavior, firstly the state of plasma without any gas puffing is

replicated as close as possible in the simulation by adjusting several input parameters

in B2.5-Eunomia. When the plasma state is matched, all input parameters are fixed

except the neutral gas pressure in the target chamber, thus exclusively increasing the

frequency of plasma-neutral interactions. The resulting simulation results are then

compared to experimental measurements in the same gas pressures. These results

will lay the groundwork for a detailed analysis of collisional processes involved in

the momentum and energy loss during detachment, which will be presented in a fol-

lowing paper as the second part of the study. In addition, the simulations described

here provide the systematic method of modelling other fusion relevant experiments

in Magnum-PSI in order to provide plasma and neutral distribution within the ves-

sel. Furthermore, the results of B2.5-Eunomia presented here can be used to compare

with other plasma edge codes, such as SOLPS, in a different geometry, to test new

implementations of physics in the code.

The paper is structured as follows: first, the experimental results are reviewed

in section 3.2. B2.5-Eunomia and the simulation domain are described in section 3.3.

The input parameters within the model and their determination are explained in

detail in section 3.4. In section 3.5, the method of B2.5-Eunomia simulation for
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Magnum-PSI detachment experiments is explained as well as the comparison of the

results with experimental measurements. We explore the characteristic and role of

electric currents inMagnum-PSI plasmas in section 3.6. Finally, the detachment char-

acteristics that are reproduced with B2.5-Eunomia simulations of Magnum-PSI de-

tachment experiments, are discussed in section 3.7 for the effects of increasing gas

pressure on the plasma pressure, and in section 3.8 for their effects to the target

particle and heat flux. The conclusions and outlook of this paper are presented in

section 3.9.

3.2. Detachment experiments in Magnum-PSI

Detachment experiments have been carried out with multiple source parameters

of Magnum-PSI plasmas [17, 18]. To help visualize these experiments, a simplified

schematic of Magnum-PSI is shown in figure 3.1. The vacuum chamber of Magnum-

Figure 3.1. A simplified geometry of the Magnum-PSI [12] linear device. The device
is divided into three chambers: I. source chamber, II. beam dump chamber, and III.
target chamber. The chambers are separated by skimmers (blue). Each chamber is
individually pumped, and the location of the pumping surfaces are denoted by P.
There are two openings in stationary locations providing line-of-sight (green lines)
for the Laser Thomson Scattering (TS) diagnostic. The plasma source (purple) and
target holder (red) are retractable, so the distance to the TS line-of-sight, LS and LT,
can be adjusted. Additional gas can be introduced by puffing at the location denoted
by H2.

PSI is divided by skimmers into three individually pumped chambers: source, beam

dump, and target chamber. Thomson scattering (TS) is used to obtain electron den-

sity and temperature measurements at two locations, within the source and target

chamber. The TS location near the target will be a reference coordinate in the axial

direction, at 𝑍 = 0. The other TS location is at 𝑍 = −1.25 m. While the TS mea-

surement windows are fixed, the plasma source and the tungsten disc target can be
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adjusted in position in the Z-direction, thus allowing variable plasma length. The

experiments use source settings described in table 3.1. During these experiments the

Table 3.1. Input settings for the plasma source, target (LT) and source (LS) locations,
during Magnum-PSI detachment experiments. FS denotes the H2 feed into the plasma
source, IS denotes the plasma source current. The pumping speed are denoted in % in-
dicating the fraction of the pump capacity. The roman numerals denote the chambers
shown in figure 3.1.

Experiment settings Low density High density

FS (slm) 4 7

IS (A) 120 175

LT (cm) 8.92 2.92

LS (cm) 0 10

Pump speed I,II (%) 100 82

Pump speed III (%) 100 82,25
a

a
Pump speed changed to attain higher neutral pressure at chamber III

magnetic field is set to 1.2 T. While these source settings remain fixed, additional gas

pressure is introduced in the target chamber, resulting in a reduction of plasma pres-

sure. When the target chamber neutral pressure is increased, the source and beam

dump chamber pressures are observed to be unchanged. The electron temperature

and density are radially measured using TS at Z = 0. The peak values of the measured

profiles are shown in figure 3.2. The two different source settings are chosen based

on the resulting variety of plasma condition. The key differing aspects are the dif-

ference in initial electron density and its progression towards the high gas pressure

shown in figure 3.2 (a). Hence from this point forward, the case with FS = 7 slm and

IS = 175 A will be referred to as the high density case, and the case with FS = 4 slm
and IS = 120Awill be referred to as the low density case. The additional gas pressure

is realized by H2 puffing of varying flow within the target chamber. One exception

is during the high density case, where initially only the pumping speed at the target

chamber is lowered from 82% to 25% to increase the gas pressure from 0.45 Pa to 0.9

Pa. Gas puffing is used on the transition from 0.9 Pa to higher pressures. In order to

model these experiments using B2.5-Eunomia, information of 𝑇e and 𝑛e at the source
TS location is required as boundary conditions. Unfortunately, within the same ex-

periments these data are absent. Hence, we assume that different experiments using

the same source settings listed in table 3.1 yielded the same plasma parameters at the
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Figure 3.2. (a) Peak electron density and (b) temperature measured at Z = 0 for
the two different detachment experiments in Magnum-PSI. The two cases are chosen
based on the different plasma regime shown here. Experiments producing black data
points are referred to as the high density case [17], and red data points as the low
density case [18].

source TS location. The measured 𝑇e and 𝑛e profiles used as boundary conditions for
B2.5-Eunomia are shown in figure 3.3.

The detached plasma condition in Magnum-PSI is characterized by the location

of the H-𝛼 emission. The plasma is considered "attached’ when the light emission

is very localized directly near the material surface. As the gas pressure is increased,

more of the plasma volume is visibly emitting light. If the pressure is high enough,

the bright plasma volume can be seen to move away from the target, and is visibly

"detached" (see figure 2 of [18]). The transition from attached to detached is vis-

ibly continuous and proportional to the gas pressure. This is also reflected in the

electron density and temperature shown in figure 3.2. In this paper, the plasma pa-

rameters that are discussed lie in the middle of this transition regime. It is important

to note that the Magnum-PSI plasma discharges discussed here are already in a low

temperature regime comparable to the detachment regime in tokamaks. At these

temperatures the ionization rate is relatively negligible compared to the plasma flux

from the cascaded arc source.
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Figure 3.3. (a) Electron density and (b) temperature used as input parameters in
B2.5-Eunomia on the source boundary. The TS data are measured values at the TS
location near the source, or at Z=-1.25 m. The values that are used for the B2.5-
Eunomia inputs are measurement data points and the linearly interpolated points in
between.

3.3. B2.5-Eunomia

The experiments are modelled using the coupled fluid-kinetic Monte Carlo code

B2.5-Eunomia. B2.5 is a two-dimensional multi-fluid code that solves the continuity

equation for particle, momentum and energy [16]. Eunomia is a three-dimensional

Monte Carlo kinetic model for neutral particles [15]. To help with understanding

the coupling process of these two codes, the simulation grid is shown in figure 3.4.

Cylindrical symmetry is assumed with the axis at 𝑅 = 0. The B2.5 simulation domain

encompasses the plasma beam and extends axially from the source, which is defined

by the location of TS near the source, to the target boundary. The plasma beam radius

is limited to the skimmer opening width, with a radius of about 𝑟 ≈ 0.025 m. How-

ever, the B2.5 domain spans only to 𝑟 ≈ 0.02m. This small gap is necessary to obtain

a functional triangular grid from B2.5-Eunomia as shown in figure 3.4. Nevertheless,

for the experiments discussed in this paper, most of the plasma bulk resides inside

𝑟 = 0.02 m as shown in figure 3.3. The exclusion plasma within 0.02 < 𝑟 < 0.025 m
is assumed to have little effect on the final plasma solution. For Eunomia, the do-

main includes the plasma beam and the rest of the vessel shown in figure 3.4. B2.5

provides the 2D symmetric plasma information, namely density, flow velocity and
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Figure 3.4. 2D simulation grid of Magnum-PSI. Regions with 𝑅 < 0.02 m are dark
due to the high resolution of the grid. This region corresponds to the plasma domain
where B2.5 fluid code is used to solved the plasma continuity equations. Eunomia
uses a 3D structure that is generated by rotating this entire grid on the R = 0 axis.
The source boundary is located near the Z = -1.2 m mark, while the target boundary
is located near the Z = 0 mark.

temperature. In Eunomia, neutral test particles interact with the plasma by colliding

with randomly generated plasma particles from the Maxwellian solution provided

by B2.5. From these interactions, source and sink terms for the plasma are collected

and provided back to B2.5. The reader is referred to [19] and the references therein

for complete descriptions of B2.5, and [15, 20] for descriptions of Eunomia. One

important note is that the simulations in this paper are conducted with B2.5 from

SOLPS5.0 [21] with additional features for the boundary conditions for modelling

linear devices, namely the ability to use radial profiles of density, temperature, and

potential. All the collisions introduced in [15] are included in the simulations of this

paper, with the addition of dissociation of H2 molecules in their vibrationally ex-

cited states (𝑣 = 0 − 14), where 𝑣 is the vibrational quantum number. The complete

collision list implemented here is shown in 3.12.

3.4. Determining input parameters for the zero puffing con-
dition

In order to simulate the plasma beam in Magnum-PSI, B2.5-Eunomia requires speci-

fication of the plasma and neutral input parameters. The plasma and neutral inputs

can further be separated into fixed and "free" categories. Fixed inputs are experimen-

tally measured values that can be implemented directly in the simulation, while for

free inputs there are no experimental measurements data available directly.
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3.4.1. Fixed input parameters

The radial electron density and temperature profile at the source boundary can be

obtained using the TS system and linearly interpolated to obtain the values in be-

tween, as shown in figure 3.3. These profiles can be directly used as the plasma

source boundary in B2.5. The neutral gas pressures are measured within individual

Magnum-PSI chambers. To increase gas pressure, an additional H2 neutral source is

employed in the location R,Z = (0.25, 0.3) m. Whereas the experiment maintains a

certain pump speed while increasing the gas puffing flow, Eunomia adjusts absorp-

tion probabilities on pumping surfaces while keeping the same particle flux from the

puffing. The absorption probabilities are determined using separate feedback loops

for each of the chambers with the experimentally measured gas pressure as a control

parameter, hence the same gas pressure can be achieved in the simulation. The ex-

ception is the high density case mentioned in section 3.2 where it is accommodated

in the simulation by turning off the extra neutral source to achieve 0.45 and 0.9 Pa.

We specify the plasma-neutral interface i.e. the B2.5 boundary at 𝑟 = 0.02 with an

e-folding length for density 𝜆n and temperature 𝜆T. The values are derived from

the radial 𝑛e and 𝑇e profiles at 𝑍 = 0 from the lowest pressure data points for each

source setting shown in figure 3.2. Lastly, the hydrogen neutral particle flux from the

plasma source due to imperfect ionization can be approximated. Since the plasma

source boundary starts on the TS measurement location, there is some plasma vol-

ume between the simulation domain and the source hole. Here it is assumed that the

neutrals diffuse isotropically, and so the flux of hydrogen neutrals at the simulation

domain is approximated by the area ratio between the disc cap and the envelope of a

right cylinder. The total neutral flux entering the simulation domain is equal to the

total gas flow from the source minus the plasma particle flux. However, the plasma

particle flux is unknown due to the missing information regarding the plasma ve-

locity. While the total gas flow from the source is known (see table 3.1), the degree

of ionization can vary between 10 − 20 % depending on the source parameters [22].

As an approximation, the ionization degree is assumed to be 10 % for the calculation

of total neutral flux. Fixed boundary parameters also include conditions that are

chosen to model physical boundaries, for example the sheath boundary condition

and floating electric potential at the target, and zero flux at the axis of cylindrical

symmetry.
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3.4.2. Free input parameters

Other parameters can be regarded as free and these parameters are adjusted to match

the simulation results with experimental measurements of electron density and tem-

perature, specifically the radial profiles of 𝑛e and 𝑇e at the TS location near the tar-

get. For example, the plasma potential at the source is required to include the electric

current. This information can be obtained by measuring the plasma rotation caused

by E × B drift. However, such measurement with sufficient accuracy is unavailable

for Magnum-PSI at the time this paper is written. There are measurements from

the Pilot-PSI plasma source [23], which is highly similar to the Magnum-PSI plasma

source. These measurements are used to define only the characteristic shape of the

potential profile, since the magnitude of the potential depends on the cathode volt-

age within the plasma source, and the potential difference between the cathode and

the source boundary is unknown. The height of the profile is used as a parameter to

control the amplitude of the electric current, which indirectly influences the electron

temperature via Joule heating. The resulting profiles used for each case mentioned in

table 3.1 are shown in figure 3.5. Other important parameters are the plasma trans-
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Figure 3.5. Potential profile used at the source boundary for the two cases.

port coefficients perpendicular to the magnetic field. The transport coefficients are:

particle diffusivity 𝐷n, electron heat diffusivity 𝜒e, and ion heat diffusivity 𝜒i. In B2.5

these parameters are considered anomalous and described ad-hoc, mainly for parti-
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cle and heat diffusion. Simulations of Pilot-PSI using SOLEDGE2D-Eirene indicate

some sensitivity of radial plasma transport to particle diffusion coefficient [24]. In

order to gain some insight into choosing radial transport coefficients, first we cal-

culate the lower limits of classical diffusion using the random walk approximation.

Using the Braginskii formulation for electron collision time and ion collision time

[25], we determine the lower limits of our diffusion constants using the peak tem-

perature and density values from target TS measurements. From this limit we use

incremental values of the coefficient until a good match is achieved between sim-

ulation results and experimental measurements. Other simulation parameters that

can be adjusted to match the experiments are the surface recombination probabil-

ity of H
+
at the target and the recombination probability of hydrogen atoms into

molecules, or H2 association, on the cold wall surfaces.

3.5. B2.5-Eunomia simulations of detachment experiments
in Magnum-PSI

3.5.1. Adjusting free parameters to match zero puffing condition

The required free parameters discussed in the previous section are adjusted so that

the simulation results match the measured heights and widths of the radial 𝑛e and
𝑇e profiles at Z = 0 m at the lowest neutral gas pressure i.e. when there is no gas

puffing. The chosen parameter values are shown in table 3.2. In addition, zero gradi-

Table 3.2. Input parameter values for B2.5-Eunomia simulations presented in this
paper.

Input parameters Low density High density

Peak source potential, (V) -98 -65

𝜆n, (m) 0.01 0.0043

𝜆T, (m) 0.015 0.014

𝐷n, (m
2
s
−1
) 0.012 0.084

𝜒i, (m2
s
−1
) 1.8 0.3174

𝜒e, (m2
s
−1
) 1.8 0.03174

Target surface recomb. 100 % 100 %

H2 association 10 % 10 %

H2 puffing, (s
−1
) 10

21
10

21

ent boundary condition is used for the plasma velocity at the source. The resulting
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comparisons are shown in figure 3.6. For the high density case (shown in black in
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Figure 3.6. Radial profiles of (a) electron density and (b) temperature from simula-
tions for the high density case at 𝑃n = 0.45 Pa and low density case 𝑃n = 0.27 Pa, at
Z = 0. The TS data are measured at the same location in the experiment.

figure 3.6), we obtain reasonably good agreement for electron temperature using the

classical limit for radial diffusion coefficient. However, there is around 20% difference

for the electron density profile. Further adjustment of the particle diffusion coeffi-

cient could bring the peak value of 𝑛e closer to TS measurement, however there are

several effects in doing so. Firstly the width of the 𝑛e profile will increase. As shown
in figure 3.6 the current solution is slightly wider than the measured profile, thus

increasing particle diffusion coefficient will further deviate the solution from exper-

imental measurements. In addition, while the peak value of 𝑛e would decrease, the

peak value of 𝑇e will increase, thus necessitating further increase of 𝜒i and 𝜒e and
the same deviation in profile width will occur for 𝑇e. Furthermore, increasing H2

association probability on the outer vessel walls (𝑟 = 0.25 m) does not yield signifi-

cant changes to the 𝑛e profiles. This discrepancy can be associated with the plasma

influx at the source where we employ the homogeneous Neumann boundary condi-

tion for plasma velocity. The velocity solution might be higher compared to reality

resulting in higher particle content. Without any information regarding the real ve-

locity profile at the source, prior effort in imposing a Dirichlet type boundary for

plasma velocity failed to produce simulations that numerically converged. As such,

we conclude that for the high density case this solution has the closest equivalency

to experimental 𝑛e and 𝑇e profiles given the possible input parameters.
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For the low density case (shown in red in figure 3.6), a good agreement is obtained

between simulation and experimental measurements for both 𝑛e and 𝑇e profiles. In
these results, the solution was not obtained using only the classical limit of radial

diffusion coefficient. To illustrate this, we simulate this case with several adjustment

in radial diffusion coefficients as shown in figure 3.7. We first simulate the condi-
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Figure 3.7. Radial profiles of (a) electron density and (b) temperature at Z = 0 for the
low density case at 𝑃n = 0.27 Pa. Different radial diffusion coefficients and potential
boundary values are used to obtain the results. The blue curve is obtained when using
the same classical diffusion approach as in the high density case. The black curve is
obtained by increasing the diffusion coefficients and the potential boundary value as
an attempt to match electron temperature values measured by TS. The best match
shown by the red curve is obtained using a highly anomalous value of 𝜒i.

tion using classical diffusion limit and a potential boundary value that is used for

the high density case (with minimum of -65 V). The simulation using classical dif-

fusion limit (shown in blue in figure 3.7) is unable to provide a matching solution,

with temperature values highly peaked at the center. In order to increase the overall

electron temperature, we further decrease the potential boundary minimum to -98 V

and adjust the radial diffusion coefficients to 𝐷n = 0.06 and 𝜒i = 𝜒e = 0.6m2
/s. At this

point the temperature values for 𝑟 > 5 mm are closer to experimental data, however

the central values are still peaked (shown in black in figure 3.7. Here we increase the

𝜒i value and decrease 𝐷n in order to bring the solution closer to experimental data

for both 𝑛e and 𝑇e. An adjustment of 𝜒i = 𝜒e = 1.8 m2/s is necessary to produce the

𝑇e profile shown in figure 3.6. With these parameters we are able to produce plasma
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profiles similar to the ones observed in experiments, and as such this solution will

be used for the low density case for comparisons at higher neutral densities.

Two very different values of the radial heat diffusivity are used for the low and

high density cases to match the electron density and temperature profiles of the

simulation with experiments. While they are necessary to provide the match, we

lack the understanding of the nature of radial transport in Magnum-PSI needed to

conclude which values are realistic. While extensive studies have been performed

about cross-field transport in tokamaks, in general, a reliable systematic approach in

modelling Magnum-PSI plasmas with B2.5-Eunomia requires more diagnostics than

were present in the experiments mentioned here.

3.5.2. Comparison in higher neutral gas pressures

In the previous section we explained the method of adjusting free input parameters

in the simulation in order to attain a plasma solution sufficiently close to the mea-

sured plasma state in experiments during zero gas puffing. Now, we will use the

same plasma solution as our initial condition for the higher neutral pressures. All

parameters except the target chamber neutral pressure will remain fixed in the sim-

ulation. The neutral pressure is adjusted according to experimental values shown in

figure 3.2. The plasma velocity profile at the source from the zero puffing solution

can be used as momentum boundary condition for the case without any divergence

issues, thus providing constant particle influx. If the Neumann boundary condition

is kept, the velocity solution at the boundary is determined by the requirements of

particle, momentum and energy balance, which are directly influenced by the cor-

responding volumetric plasma sources or sinks. Fixing the velocity solution at the

source boundary will decouples the effect of this boundary on the volumetric terms,

and these terms will be exclusively affected by the increase of neutral background

pressure in the target chamber.

For the high density case, the pressure inside the target chamber is varied from

0.45 to 4.3 Pa. The peak values of 𝑛e and 𝑇e profiles at the TS location near the target,
or Z = 0, are extracted for each pressure points from simulations and experimental

measurements and shown in figure 3.8. We observe good agreement both in trend

and value of the peak electron temperatures, with the difference between simulation

and experiment widening at larger gas pressures. However, there is a significant dif-

ference within the peak density comparison. Particularly, the rollover point where

the density starts to decrease occurs at 1.4 Pa, while in the experiment the rollover al-
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Figure 3.8. Comparison of peak (a) electron density and (b) temperature values
at Z = 0 between B2.5-Eunomia solutions and TS measurements for the high density
case. The data points correspond to 𝑃n = 0.45, 0.9, 1.4, 2.0, 3.1, and 4.3 Pa in the target
chamber.

ready occurs at 0.9 Pa. To further elucidate the effects of pressure increase, we show
the radial profile comparison for pressures 0.45 Pa, 1.4 Pa and 4.3 Pa in figure 3.9.

Again here a good agreement in trend and value of the electron temperature profiles
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Figure 3.9. (a) Electron density and (b) temperature radial profiles from the high
density case at Z = 0 for 𝑃n = 0.45, 1.4 and 4.3 Pa.

is observed. However, significant differences in values are exhibited between simu-
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lation and experimental measurement for the electron density. The initial mismatch

of electron density during zero gas puffing is observed to be exacerbated when the

plasma is driven to detachment. The overall larger electron density and the delay in

rollover reinforces the notion that the plasma velocity at the source boundary, and

therefore the particle flux, is larger in the simulation than in the experiment. It is

important to note that, while the electron density has different values as shown from

figure 3.8, the trend in width is conserved as shown in figure 3.9 i.e. the plasma does

not appear to be widening in experiments and in the simulations.

For the low density case, the target chamber pressure is varied from 0.27 to 4.4

Pa. The peak values of 𝑛e and 𝑇e profiles at the TS location near the target, or Z

= 0, are extracted for each pressure point from simulations and experimental mea-

surements and shown in figure 3.10. Here we can observe excellent agreement both
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Figure 3.10. Comparison of peak (a) electron density and (b) temperature values
at Z = 0 between B2.5-Eunomia solutions and TS measurements for the low density
case. The data points correspond to 𝑃n = 0.27, 0.53, 1.0, 2.0, and 4.4 Pa in the target
chamber.

in trend and value of peak 𝑇e values, with the exception of the highest gas pressure

value. The electron temperature is underestimated in the highest neutral pressure

point in the simulation. A slightly different trend is shown for the peak electron den-

sity between the simulation and experimental measurements. In this regime there

are no density rollovers, and both the simulation and experiment show the trend

of increasing density. However, in the simulation, the density increases very slowly

when gas pressure is increased. The radial profile comparison is shown in figure 3.11
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for pressure values 0.27 Pa, 1.0 Pa and 4.4 Pa. In contrast to the previous case, here
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Figure 3.11. (a) Electron density and (b) temperature radial profiles from the low
density case at Z = 0 for 𝑃n = 0.45, 1.0 and 4.4 Pa.

we observe the plasma to be widening with increased gas pressure. The simulated 𝑇e
profiles are in line with experimental data with the exception of the highest pressure

point, while the simulated 𝑛e profiles does not widen nor heighten for the mid pres-

sure range. The increase in density is caused by the slowing down of plasma flow

from the plasma source to target. The different behavior indicates that the particle

flux in the simulation is underestimated, and the volumetric loss of plasma through

recombination is able to compensate the particle accumulation that causes the den-

sity increase. Contrary to the high density case, here the plasma velocity at the

source boundary might be underestimated.

3.6. Electric current pathways and effects in Magnum-PSI
detachment experiments

Before we discuss the effects of increased plasma-neutral interaction as a mecha-

nism for detachment, it is important to understand the behavior of electric currents

inMagnum-PSI plasmas. Magnum-PSI utilizes a cascaded arc source to generate high

flux low temperature plasmas. The source consists of a negatively biased cathode tip

at the center of a channel surrounded by electrically insulated copper plates. Gas can

be inserted from the inlet of the channel, which ends with a nozzle that serves as a

grounded anode. When voltage is applied to the cathode, an electric current is estab-
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lished within the channel, ionizing the gas and producing plasma that flows through

the nozzle. In the absence of a magnetic field, the current is short-circuited into the

grounded anode. In the presence of a high magnetic field (1.2 T), the charged parti-

cles are radially confined and the electric current will travel along the plasma beam.

The current will radially dissipate along the axial distance, however a substantial

fraction can reach the target [26]. In our B2.5-Eunomia simulations, the electric cur-

rent solution is governed by the potential boundary that is imposed at the source.

Figure 3.12 shows the pathway of the current density in the plasma beam for the

high density case at pressure 0.45 Pa in the target chamber. The current flows from
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Figure 3.12. Streamlines of the current density in the plasma beam for the high
density case at 𝑃n = 0.45 Pa. Current is flowing from the grounded beam edge towards
the target and returns towards the negatively biased center. The color indicates the
magnitude of the current density.

the positively biased beam edge (𝑟 > 5 mm, see figure 3.5) at the source towards

the floating target, and returns towards the negatively biased center. For all neu-

tral pressure points (0.27-4.4 Pa), the pathways remain unchanged. A variation is

observed instead in the magnitude of the current, as shown in figure 3.13. The low

density case has higher current magnitude than the high density case as shown in

figure 3.13. The low density case has a higher electric field due to the more nega-

tively bias potential boundary, thus resulting in a higher total current. This can also

be the case in the experiment, considering that the electric current heats the plasma

by Ohmic heating, and higher electron temperature was observed for the low density

case. In the simulation, the contribution of Ohmic heating, compared to the plasma

input energy, varies greatly between the high density case and the low density case.

In the target chamber, the Ohmic heating amounts to about 4% of the plasma energy

source for the high density case. In contrast, about 35% of the plasma energy source

is consisted of Ohmic heating for the low density case. We observe a clear correla-

tion between the increase in neutral background pressure and reduction in current.
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Figure 3.13. Total axial current in the plasma beam along the Z-axis. The red
line indicates the location of the TS measurement during experiments. The black line
indicates the location of the target chamber skimmer. (a) The high density case has
peak negative bias of -65 V at the source. (b) The low density case has peak negative
bias of -98 V at the source.

The amplitude of the change, however, differs greatly between the low density and

high density case. For the high density case, the reduction is slight at the source,

with values maintained around 15-17 A. The axial current decays exponentially to-

wards the target, and there exists noticeable diminution within the target chamber,

where the neutral pressure is varied. In contrast, the low density case shows heavy

variation between points at different pressures along the beam. Here we also ob-

serve a slight enhancement of current decay within the target chamber, especially at

high pressures. With the portion of Ohmic heating being relatively high in the low

density case, the change in current can heavily impact the plasma energy balance.

The reduction of axial current due to increasing gas pressure, as well as the differ-

ence of decay between the low density and high density case can be attributed to the

decrease of current penetration from the plasma source. The length of penetration

scales inversely with electron density and neutral density [26].
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3.7. Effects of neutral gas pressure in reducing static plasma
pressure

The results of B2.5-Eunomia simulations for Magnum-PSI detachment experiments

and their comparison to experimental data have been discussed in section 3.5.2. Here

we explore those results further to present a clearer picture on the effects of increas-

ing plasma-neutral interaction on the characteristic behavior of detachment. One of

those effects is the reduction of plasma pressure along the magnetic field direction.

The total static plasma pressure, namely 𝑝 = 𝑛e (𝑇e + 𝑇i), where 𝑇i is the ion tem-

perature, is shown for the high density case in figure 3.14. We observe significant

Figure 3.14. Two dimensional solution of the plasma pressure (left) and neutral
pressure (right) from the high density case. From top to bottom the values of 𝑃n =
0.45, 2.0 and 4.3 Pa. The plasma pressure is reduced significantly within the target
chamber where the neutral pressure is highest.

plasma pressure loss within the target chamber. This is in conjunction with the in-

crease of neutral gas pressure, 𝑃n = 𝑛H𝑇H + 𝑛H2𝑇H2 , where 𝑛H and 𝑇H are the atomic

hydrogen density and temperature respectively, and 𝑛H2 and 𝑇H2 are the molecular

hydrogen density and temperature respectively. The neutral gas pressure is heavily

localized in the target chamber as shown in figure 3.14. The localization of neutral

pressure in the target chamber is maintained by the differential pumping, however

the plasma flow effectively plugs the neutral flow at the skimmer hole, as shown in

3.13. Figure 3.15 shows the static plasma pressure along the center flux tube for all

pressure cases to further elucidate the plasma pressure characteristics from source

to target. For both the high and low density case, the plasma pressure decreases

linearly for the zero puffing (0.45 Pa and 0.27 Pa) plasma condition from the plasma
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Figure 3.15. Static plasma pressure along the Z-axis of the plasma beam for (a)
the high density case and (b) the low density case. The red vertical line indicates the
location of the TS measurement during experiments. The black vertical line indicates
the location of the target chamber skimmer. Both cases show plasma pressure gradient
is increased with increasing 𝑃n in the target chamber.

source to target. There is however, an enhancement of pressure loss within the tar-

get chamber as expected from the increasing neutral densities. With additional neu-

tral background pressure, steeper gradients can be observed for the highest neutral

pressures. The localization of this enhancement suggests that the plasma-neutral

interaction is responsible for the plasma momentum loss. We also observe an offset

decrease of plasma pressure for the entirety of the beam. This behavior corresponds

to the different plasma current in each cases, which impacts the 𝑇e and resulted in

a slightly different 𝑇e profile for each pressure cases. Some anomalies are found in

the low density case. In the two highest neutral pressures, near the source, 𝑛e is dra-
matically reduced, causing the dip of plasma pressure near that point. It is caused

by unphysical velocity solutions (upward to Mach 3) near the source boundary. This

numerical anomaly is caused by the over constraining of the source boundary. When

the velocity boundary is reverted to the Neumann condition, the unphysical artifact

disappears. As expected, this boundary type does not yield the same particle flux as

before, with the difference of about 25% more particle flux. The fact that the same

particle flux cannot be applied to the two highest pressure points in the low density

case suggests that the source is being affected by the changes of neutral pressure

in the target chamber. This effect is rather weak for the high density case as the
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simulation does not produce the same artifact near the source. While relaxing the

velocity boundary solves the anomaly, relaxing other conditions instead seems to

work as well. Ultimately, the effects can be identified by a future experiment where

the plasma parameters near the source are measured while the target chamber pres-

sure is increased. Nevertheless, the artifact is very localized within a few simulation

cells near the source boundary, and the axial profile of the plasma pressure seems to

recover downstream. Additionally, the plasma density and temperature profile ex-

cluding the problematic cells are similar in their axial shape and order of magnitude

compared to the re-simulation using the Neumann boundary condition. For the pur-

pose of investigating the effects of neutral gas in achieving detachment in the target

chamber, we conclude that these solutions are preferred because the particle flux is

equal.

In our simulations we have assumed that the collision rates (such as neutral-ion

interactions) are reliable while adjusting the velocity profile, potential profile, and

cross-field transport coefficients in order to fit the target-side density and tempera-

ture profile widths and heights. This is in contrast with a long-standing issue with

SOLPS modelling of divertors, see for instance [27, 28], which both use neutral pres-

sures approximately a factor 2 higher than the experimental pressure, in order to

obtain solutions that are otherwise close to experimental. While that practice could

be compensating for underestimated neutral-ion interactions, we do not know if this

is the case, and we cannot be sure that this situation carries over to the linear plasma

case of Magnum-PSI. Therefore, without claiming additional knowledge on this is-

sue, we have to assume that the neutral pressure, which is one of the most reliably

known quantities in Magnum-PSI, should be exactly matched by our simulations.

3.8. Target particle and heat flux reduction in Magnum-
PSI detachment experiments

Other important aspects of detachment are reductions in particle and heat flux to the

target. Here we describe the effects of increasing neutral gas pressure to the target

particle and heat flux. In B2.5-Eunomia the particle and heat flux are calculated as

follows:

Γ = 𝑛e𝑣a (3-1)

𝑞e = Γ𝑘𝑇e − 𝜅e
𝜕𝑇e
𝜕𝑧

(3-2)
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𝑞i = Γ (𝑘𝑇i + 𝑒𝐸𝛼 ) − 𝜅i
𝜕𝑇i
𝜕𝑧

(3-3)

𝑞 = 𝑞e + 𝑞i (3-4)

Here Γ is the particle flux to the target, 𝑛e is the electron density value in the cell in

front of the target, 𝑣a is the ion flow velocity at the target boundary, 𝑞e and 𝑞i are the
electron and ion heat flux to the target respectively, 𝑇e and 𝑇i are the electron and

ion temperature in front of the target respectively, and 𝜅e and 𝜅i are the electron and

ion thermal diffusivity, respectively. To compare the target fluxes in the simulation

with experiments mentioned in section 3.2, the particle and heat flux to the target

are extrapolated using the TS data at Z = 0 with the following formula [29], assuming

𝑇e = 𝑇i and no neutral friction:

Γext =
1
2
𝑛e,𝑧=0

√
(1 + 𝛾 )𝑘𝑇e,𝑧=0

𝑚𝑝
(3-5)

𝑞ext = Γext (𝛾𝑠ℎ𝑘𝑇e,𝑧=0 + 𝑒𝐸𝛼 ) (3-6)

Here Γext is the extrapolated particle flux to the target, 𝑛e,𝑧=0 and 𝑇e,𝑧=0 are the elec-
tron density and temperature measured with TS at Z=0, 𝛾 = 5

3 assuming adiabatic

flow, 𝑞ext is the extrapolated heat flux to the target, 𝑚𝑝 is the proton mass, 𝛾𝑠ℎ = 7
is the sheath heat transmission coefficient, and 𝐸𝛼 (in eV) is the hydrogen ionization

potential (13.6 eV). The integrated particle and heat flux from simulations and extrap-

olation of TS data are shown in figure 3.16 and figure 3.17. For the high density case,

the particle and heat flux to the target are reduced by 62% and 66% respectively from

the maximum observed values by increasing the gas pressure to 4.3 Pa. This is close

to the approximation with TS data of about 72% for the particle flux and 77% for the

heat flux. While the values themselves are in good agreement, caution is warranted

since there is discrepancy between the measured electron density, 𝑛e,𝑧=0 used in (3-

5), and the simulation results shown in figure 3.8. When using simulation values for

𝑛e,𝑧=0 and 𝑇e,𝑧=0 in (3-5), Γext is larger by a factor of two compared to Γ. The larger
particle flux corresponds to the discrepancy in 𝑛e,𝑧=0 profile. This is also reflected by
the heat flux shown in figure 3.17 (a), where a significant part is contributed by the

plasma particle flux times the ionization potential. In contrast with the high density

case, the low density case resulted in a lower simulated particle and heat flux at the

target compared to the extrapolation using TS data. Using (3-5) with low density case

values for 𝑛e,𝑧=0 and 𝑇e,𝑧=0, Γ𝑒𝑥𝑡 is a factor of two lower than Γ, and consequently the
heat flux 𝑞𝑒𝑥𝑡 is lower than 𝑞. Again, the discrepancy is related to the 𝑛e,𝑧=0 profile,
especially at 5 < 𝑅 < 15 mm, where the contribution to the particle flux is largest.
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Figure 3.16. The plasma particle flux to the target integrated over the plasma beam
width 𝑆 for the (a) high density case and (b) low density case. The simulated target
particle flux, Γ, is derived from plasma parameters in front of the target using (3-1),
and Γext is the target particle flux extrapolated from plasma parameters at Z=0 using
(3-5). Here two Γext is shown, one using plasma parameters from TS (Exp.) and the
other using plasma parameters from the simulation (Sim.)

For both cases, it shows that the simulations does not reflect the particle content at

the target TS location in the experiment. However, the difference between the two

simulated profiles shown in figure 3.16 and figure 3.17 suggest that the extrapolation

using (3-5) and (3-6) may be overestimating the true flux reaching the target. One

possibility is that neutral friction cannot be assumed to be non-existing between Z=0

and the target. In figure 3.17, the calorimetry data from each cases is shown. Dis-

crepancies between the calorimetry data and experimental 𝑞ext are observed, with

calorimetry data measuring higher heat flux for both cases. The difference between

calorimetry data and simulation results (𝑞 and 𝑞ext) can be explained by the different

particle content as discussed previously with the particle flux. It is suspected that

additional heating may occur at the target by the current loop that is flowing from

the source as described in figure 3.12. The heating fraction by this current is hard

to isolate from the calorimetry data, since experimentally it is difficult to know the

actual heat flux from the plasma that reaches the target. From the simulation, the

heating power from this current can be calculated by using the current value at the

target shown in figure 3.13 and the maximum radial potential difference at the tar-

get. It is calculated that for the low density case, the contribution from target current
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Figure 3.17. The plasma heat flux to the target integrated over the plasma beam
width 𝑆 for the (a) high density case and (b) low density case. The simulated target
heat flux, 𝑞, is derived from plasma parameters in front of the target using (3-4), and
𝑞ext is the target particle flux extrapolated from plasma parameters at Z=0 using (3-
6). Here two 𝑞ext is shown, one using plasma parameters from TS (Exp.) and the other
using plasma parameters from the simulation (Sim.). The power reaching the target
is also measured using calorimetry.

heating is roughly about 20% of the plasma heat flux from (3-6), and decreasing with

increasing 𝑃n as the total current decreases. This could explain the larger discrep-

ancy in low 𝑃n and the reduction in high 𝑃n. For the high density case, the radial

potential difference is minimal, and the current heating contribution is negligible.

For the low density case, the simulation overestimates the relative particle and heat

reduction, at 70% (41% for TS data) and 79% (55% for TS data) respectively. While

the simulation fails to quantitatively capture the particle and heat flux to the target

measured in the experiment, the effects of increasing neutral pressure to reduce the

heat and particle flux are still replicated qualitatively.

3.9. Conclusion and outlook

This paper is the first part of studying the detachment experiment in Magnum-PSI.

These experiments have been carried out to investigate the role of high gas pres-

sure in reducing the intense heat and particle bombardment of plasma facing mate-

rials. The plasma parameters measured in said experiments have been successfully
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recreated in low and high plasma density regime, using B2.5-Eunomia simulations.

Reasonable agreement is quantitatively achieved between the electron temperature

measurement using Thomson scattering and the simulation results, with some dis-

crepancies in the electron density. Additional diagnostics can further provide input

for B2.5-Eunomia in the future and thus can limit the necessary adjustment or as-

sumptions, and subsequently improved the discrepancies found in this paper. One

example is the usage of Collective Thomson Scattering [30] to measure the plasma

flow velocity near the source, hence eliminating the need to use homogeneous Neu-

mann boundary condition for the momentum equation. Another important example

is the ability to simultaneously measure the electron density and temperature near

the source and target, thus the effect of significant gas pressure addition to the source

plasma parameters can be directly observed. There is also the possibility of plasma

particle sinks that are not yet included, such as radial transport as a function of neu-

tral density, or the inclusion of new collision pathways that remove plasma particles.

The former can be implemented in a future revision of B2.5-Eunomia, while the latter

will be investigated in the second part of this study.

B2.5-Eunomia simulations presented here have given insight into the effects of

increased gas pressure in the target chamber to the electric current characteristics

of the plasma. The increase of gas pressure in the target chamber reduces the over-

all current penetration from the source and therefore can reduce the total current

available for Ohmic heating. In essence, the loss of magnitude in current has an im-

pact in energy loss for the detachment scenarios in Magnum-PSI, especially at high

temperature regimes, and care should be taken when determining the contribution

of plasma-neutral interaction in causing energy loss.

The key characteristics ofMagnum-PSI detachment experiments, namely the loss

of plasma pressure along the magnetic field and the reduction of particle and heat

flux to the target, have been qualitatively reproduced with B2.5-Eunomia. The in-

crease of gas pressure in the target chamber causes an increase of the plasma pres-

sure gradient. This enhancement is localized near the target where the increase of

plasma-neutral interaction is expected due to the increase in neutral density. We

also observed the reduction of particle and heat flux to the target as a function of in-

creased plasma-neutral interaction. While both cases have demonstrated significant

plasma flux reduction, different collision processes can occur due to the different

plasma parameters between the cases. As the second part of studying Magnum-PSI

detachment experiment we will perform a detailed analysis of the exact contribution

of individual plasma-neutral collisions responsible for particle and heat flux reduc-
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tion to the target. This study will be reported in a companion paper.

3.10. Data availability

The data that support the findings of this study are openly available in Zenodo at

https://dx.doi.org/10.5281/zenodo.4462972, reference number [31].
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3.12. Appendix A. Eunomia: collision formulas

The list of neutral and charged particle collisions included in the Eunomia code used

for simulations described in this paper can be found in table 3.3.

3.13. Appendix B. Plasma plugging effect

As mentioned in section 3.3, the model utilizes a feedback boundary condition for

handling the neutral pressure in each chambers. The pressure at the source and the

beam dump chamber are kept stationary while the pressure at the target chamber is

increased. Together with the skimmers in place, the pressure between the chambers

are effectively localized as shown in figure 3.14. This is especially true for the highest

pressure points both for experiment A and B. At first intuition, there should be a

high flux of neutral particles leaking from the target chamber to the beam dump

chamber due to the pressure gradient. However, due to the presence of the plasma,

the skimmer opening is "plugged", thereby reducing the effective neutral flux. To

test this, we run the simulation without any plasma for the experiment B case at 4.3

https://dx.doi.org/10.5281/zenodo.4462972
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Table 3.3. Collisions used in the Eunomia code. The databases used are HYDHEL[32],
AMJUEL[33], and H2VIBR[34]. For collisions between neutral particles the cross-
section are calculated using the Lennard-Jones potential of the atom or molecule [35].
Spontaneous means the process occurs simultaneously when the ionic reactant (H+

2

and H−) is produced by another process. Collisions involving vibrational states of
H2 occur for each of the corresponding states that are simulated as test particles in
Eunomia.

Collision formula Database

H + 𝑒− → H
+
+ 2𝑒− HYDHEL

H + 𝑒− → H
∗(𝑛 = 2) + 𝑒− HYDHEL

H + H
+ → H

+
+ H HYDHEL

H + H→ elastic Lennard-Jones

H + H2 → elastic Lennard-Jones.

H2 + H2 → elastic Lennard-Jones.

H + H
+ → elastic AMJUEL

H2 + H
+ → elastic AMJUEL

H
+
+ 𝑒− → H AMJUEL

H
+
+ H2(𝑣 = 0 − 14) → H + H

+
2 H2VIBR

H
+
2 + 𝑒− → H + H

∗
Spontaneous

H2(𝑣 = 𝑖) + 𝑒− → H2(𝑣 = 𝑖 + 1) + 𝑒− H2VIBR

H2(𝑣 = 𝑖) + 𝑒− → H2(𝑣 = 𝑖 − 1) + 𝑒− H2VIBR

H2(𝑣 = 0 − 14) + 𝑒− → H + H
−

H2VIBR

H
−
+ H

+ → H + H
∗

Spontaneous

H2(𝑣 = 0 − 14) + 𝑒− → H + H + 𝑒− H2VIBR

Pa. Figure 3.18 shows the radial profiles of particle flux density at the target skimmer

opening. With the plasma, most of atomic hydrogen flows into the target chamber.

This is expected since the bulk of atomic hydrogen flux is coming from the plasma

source and the flow velocity is equal to the ion flow velocity. In contrast, without

any plasma, the net particle flux is zero. This is also expected considering there

is no H source due to plasma surface recombination at the target, and there is no

net flow velocity at the source. What is interesting, however, is the contrast between

particle fluxes of H2. Since H2 has a dedicated puffing source to produce the required

4.3 Pa pressure, without any impedance there should be heavy flow of H2 from the

target chamber to the heating chamber, and this is shown in red in figure 3.18. With

the plasma, the molecular flow experiences drag and is significantly reduced, hence

resulting in a plugging effect.
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Chapter 4

Collisional processes and their relevance

In the previous chapter, B2.5-Eunomia has produced simulation results that is in

reasonable agreement with Thomson scattering measurements near the target. The

characteristics of detachment, namely the loss of plasma pressure along the mag-

netic field and the reduction of particle and heat flux to the target, have been shown

in the simulation results as well. This chapter will discuss the contributions of in-

dividual collision processes towards achieving plasma detachment in Magnum-PSI.

It has been shown previously that the effect of increasing gas pressure is localized

within the target chamber of Magnum-PSI. Hence, the analysis of this chapter will be

limited to the simulation domain representing the Magnum-PSI target chamber. The

evaluation focuses on the particle, momentum, and energy losses contributions by

plasma-neutral interaction and plasma recombination. This chapter also describes

the method of evaluation, with additional details written in Appendix of this thesis.

This work has been published as Plasma Physics and Controlled Fusion (2022) 64
015001. The contents have been reformatted for the inclusion to this chapter.
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Abstract - Detachment is achieved in Magnum-PSI by increasing the neutral back-

ground pressure in the target chamber using gas puffing. The plasma is studied

using the B2.5 multi fluid plasma code B2.5 coupled with Eunomia, a Monte Carlo

solver for neutral species. This study focuses on the effect of increasing neutral

background pressure to the plasma volumetric loss of particle, momentum and en-

ergy. The plasma particle and energy loss almost linearly scale with the increase of

neutral background pressure, while the momentum loss does not scale as strongly.

Plasma recombination processes include molecular activated recombination (MAR),

dissociative attachment, and atomic recombination. Atomic recombination, which

includes radiative and three-body recombination, is the most relevant plasma pro-

cess in reducing the particle flux and, consequently, the heat flux to the target. The

low temperature where atomic recombination becomes dominant is achieved by

plasma cooling via elastic H
+
-H2 collisions. The transport of vibrationally excited

H2 molecules out of the plasma serves as an additional electron cooling channel

with relatively small contribution. Additionally, the transport of highly vibrational

H2 has a significant impact in reducing the effective MAR and dissociative attach-

ment collision rates and should be considered properly. The relevancy of MAR and

atomic recombination occupy separate electron temperature regimes, respectively,

at 𝑇e = 1.5 eV and 𝑇e = 0.3 eV, with dissociative attachment being relevant in the

intermediary. Plasma cooling via elastic H
+
-H2 collisions is effective at 𝑇e ≤ 1 eV.
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4.1. Introduction

The discovery of plasma detachment in the past [1] has led to extensive research

in understanding the mechanism that may prevent the destruction of plasma facing

materials in future tokamak reactors. Several recent reviews of detachment studies

in tokamak [2, 3] and linear plasma devices [4] highlighted the importance of vol-

umetric losses in reducing the particle and heat flux in the divertor plasma region.

One of them is the process of plasma recombination, which effectively transports the

plasma particles and energy through the recombined neutral particles that are not

confined by the magnetic field. Thus, the energy will be deposited in a larger surface

area. Plasma recombination is achieved via radiative and three-body recombination

at low temperatures (<1 eV) and mediated via the molecular activated recombina-

tion (MAR) process at higher temperatures (> 1 eV). For either of these two pro-

cesses to be relevant, a significant drop of plasma temperature must occur before the

plasma reaches the target material. This drop is driven by the loss of plasma paral-

lel momentum and energy through plasma-neutral interaction, via charge exchange,

elastic collision (atomic or molecular) or radiative processes. Numerical codes are

often used to investigate the contribution of these three main processes, recombi-

nation, momentum, and radiative losses [5–11], while at the same time rely on the

correct inclusion of such processes in the code. A validation between such codes and

experimental measurement in linear plasma devices can provide more insight into

the actual processes involved in the more complex tokamak plasmas, given that the

relevant plasma parameters can be achieved. The detailed modelling of processes

involved in plasma detachment is rather limited in linear plasma devices. A recent

modelling study using the LINDA code in GAMMA10/PDX [12] showed a reduction

in electron temperature due to injection of H neutrals. However, processes involv-

ing hydrogen molecules such as molecular activated recombination (MAR) was not

yet included. Another study used SOLEDGE2D-EIRENE and comparison with ex-

perimental data to investigate plasma detachment in Pilot-PSI [13], highlighting the

importance of ion-molecule elastic collision in determining the ion flux reaching the

target. However, the simulation overestimated the measured electron temperature

and the absence of vibrational excitation of the hydrogen molecules were suspected

to be the cause.

Investigations into detachment properties were recently conducted [14] using

the linear plasma device Magnum-PSI[15]. Magnum-PSI produces plasma beams

with temperatures below 5 eV, similar to tokamak plasma conditions in front of
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the target in (partially) detached divertor regime. Detachment in Magnum-PSI is

achieved by increasing the neutral gas pressure in the target chamber. H-𝛼 emission

from the plasma is very localized at the target in the case of very low neutral gas

pressures. As the neutral pressure increases, more of the plasma volume is emitting

light, and eventually the volume is visibly moving away from the target. The plasma

parameters observed using Thomson scattering (TS) during this transition have been

simulated using the coupled plasma and neutral particle code B2.5[16]-Eunomia[17]

and reported in [18]. B2.5-Eunomia includes molecular hydrogen processes in vibra-

tionally excited states and treats vibrationally excited H2 molecules as test particles.

The increase of neutral gas pressure in the target chamber is achieved by gas puffing.

The simulation parameters are adjusted such that the resulting plasma parameters

are matched as close as possible with Thomson scattering measurements when there

is no gas puffing. Gas puffing is then introduced in the simulation to increase the

neutral pressure in the target chamber, while keeping all other simulation param-

eters unchanged. The electron temperature and density in the target chamber are

compared to TS measurements in the same location and gas pressure value. Quan-

titative agreements are found in the comparisons of electron temperatures, which

are the sensitive parameter that dictates the collision processes between the plasma

and neutral gas [18]. The increase of gas pressure in the target chamber has been

observed to reduce the heat and particle flux reaching the tungsten disc target, and

this behaviour was qualitatively replicated in the simulation.

This paper is a companion paper of [18], together giving a description and analy-

sis of detachment experiments in Magnum-PSI. While [18] described the detachment

experiments and simulations in terms of plasma and gas parameters, the present pa-

per focuses on the collisional processes that cause both the change of H-𝛼 emission

volume and the reduction of target fluxes in the transition to a detached state. This

paper is structured as follows: first, an overview of the code B2.5-Eunomia is dis-

cussed in section 4.2. The global particle, momentum and energy balance of the

simulation results are discussed in section 4.3. The detailed discussion of collisional

processes affecting detachment characteristics is in section 4.4. The effect of vibra-

tional hydrogen molecule transport to the plasma particle balance is discussed in

section 4.5. And finally, the relevance of collisional processes in different plasma

regimes is discussed in section 4.6. The conclusion and outlook of this paper are

presented in section 4.7.
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4.2. B2.5-Eunomia

4.2.1. Description

A brief description of B2.5-Eunomia will be provided here to help elucidate the re-

sults presented in this paper. For a more detailed explanation of the code, we recom-

mend reading the cited sources for each code. B2.5 [16] is a multi-fluid plasma code

that solves the conservation equations of particle, momentum and energy derived

by Braginskii [19] in two spatial dimensions. These equations, in steady state, can

be written as follows [16]:

∇ ⋅ (𝑛iVi) = 𝑆i (4-1)

∇ ⋅ (𝑛eVe) = 𝑆e (4-2)

∇ ⋅ (𝑚i𝑛iViVi) = −∇𝑝i − ∇ ⋅ Πi (4-3)

+𝑍i𝑒𝑛i (E + Vi ×B) +R + S𝑚iVi (4-4)

−∇𝑝e − 𝑒𝑛e (E + Ve ×B) −R = 0 (4-5)

∇ ⋅ [(
5
2
𝑛i𝑇i +

𝑚i𝑛i
2

|Vi|2)Vi + qi + Πi ⋅ Vi] = (4-6)

+ (𝑍i𝑒𝑛iE −R) ⋅ Vi − 𝑄ei + 𝑆𝐸i (4-7)

∇ ⋅ [
5
2
𝑛e𝑇eVi + qe] = −𝑒𝑛eE ⋅ Ve +R ⋅ Vi (4-8)

+𝑄ei + 𝑆𝐸e (4-9)

where (4-1) is the particle balance for ions, (4-2) is the particle balance for electrons,

(4-3) is the ion momentum balance, (4-5) is the generalized Ohm’s law, (4-6) and (4-

8) are, respectively, the energy balance for ions and electrons. The B2.5 simulation

grid is defined using the cylindrical coordinate system with axisymmetry in the 𝜙
direction. The magnetic field is parallel to the Z direction and perpendicular to the

R direction. We can define the positive direction of plasma flow, Vi, as going from

upstream to downstream in the Z direction, and as going from the center of the

plasma beam to the edge in the R direction.

Eunomia [17] is a non-linear Monte Carlo code for neutral particles that solves

the equilibrium state of the neutrals as well as source terms for fluid plasma calcu-

lations. Neutral test-particles are emitted from known neutral sources and during
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their trajectories a collision partner is drawn from a local shifted Maxwellian plasma

background accounting the plasma flow velocity supplied by B2.5. The averaged ac-

cumulated collisions with this partner will result in the source terms in (4-1) - (4-8),

specifically the 𝑆i, 𝑆e,S𝑚iVi , 𝑆𝐸i and 𝑆𝐸e , that is supplied back to B2.5 for calculations

of the next time step. This coupling process is repeated until equilibrium is reached.

For the modelling of Magnum-PSI detachment experiments [20, 21], the list of col-

lisions that are implemented for the results of this paper is presented in table 4.1.

Table 4.1. Collision lists used in the Eunomia code. The databases used are HYD-
HEL[22], AMJUEL[23], and H2VIBR[24], with the respective reaction numbers stated.
For collisions between neutral particles the cross-section are calculated using the
Lennard-Jones potential of the atom or molecule [25]. Spontaneous means the process
occurs simultaneously when the ionic reactant is produced by another process.

Nr. Collision formula Database ref.

1 H + 𝑒− → H
+
+ 2𝑒− [22] 2.1.5

2 H + 𝑒− → H
∗(𝑛 = 2) + 𝑒− [22] 2.1.1

3 H + H
+ → H

+
+ H [22] 3.1.8

4 H + H → elastic [25]

5 H + H2 → elastic [25]

6 H2 + H2 → elastic [25]

7 H + H
+ → elastic [23] 0.1T

8 H2 + H
+ → elastic [23] 0.3T

9 H
+
+ 𝑒− → H [23] 2.1.8

10 H
+
+ H2(𝑣 = 0 − 14) → H + H

+
2 [24] 2.l2

11 H
+
2 + 𝑒− → H + H

∗
Spontaneous

12 H2(𝑣 = 𝑖) + 𝑒− → H2(𝑣 = 𝑖 + 1) + 𝑒− [24] 2.iv(i+1)

13 H2(𝑣 = 𝑖) + 𝑒− → H2(𝑣 = 𝑖 − 1) + 𝑒− [24] 2.iv(i-1)

14 H2(𝑣 = 0 − 14) + 𝑒− → H + H
−

[24] 2.l3

15 H
−
+ H

+ → H + H
∗

Spontaneous

16 H2(𝑣 = 0 − 14) + 𝑒− → H + H + 𝑒− [24] 2.l1

4.2.2. Simulations of Magnum-PSI detachment experiments

The detached plasma condition was experimentally investigated in Magnum-PSI by

locally increasing the neutral gas pressure near the target [14, 20]. The experiments

are done using two different plasma source settings. When the electron density
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and temperature profiles are measured using TS near the target location, their peak

values correspond to two different plasma regimes. The first experiment, where

𝑛e = 1020 m−3
and 𝑇e = 4 eV, is labeled the low density case. The second experi-

ment, where 𝑛e = 5 ⋅1020 m−3
and 𝑇e = 1 eV, is labeled the high density case. For both

of these experiments, while the source settings remained fixed, gas puffing is used in

the target chamber to increase the local neutral pressure, 𝑝n. The electron temper-

ature near the target is observed to decline with increasing neutral pressure. There

is also evidence of reduction in heat flux to the target with increasing 𝑝n measured

with calorimetry. Using B2.5-Eunomia, the plasma profiles in both experiments dur-

ing zero gas puffing are replicated using the limited information available from the

experiment to constrain the input parameters of B2.5 and Eunomia. Input param-

eters with no information from the experiment are used as adjustment parameters

to match the 𝑛e and 𝑇e profiles that are measured using TS at the same coordinates.

When the matches are achieved, all input parameters are fixed and gas puffing are

introduced in the target chamber domain, thereby increasing the neutral pressure as

in the experiments. Therefore, B2.5-Eunomia can produce the plasma and neutral

distribution for different neutral pressures within the target chamber. The details of

the methodology and comparison with experimental measurements can be found in

the first part of this study [18]. In this paper, as the second part of this study, the

plasma solution will be further analyzed to understand the effects of increasing the

local neutral pressure to the observed plasma parameters and heat flux to the target.

Specifically, the role of different collision processes between the plasma and neutrals

will be discussed in detail.

4.2.3. Direct sampling of ion-neutral collisions in Eunomia

As explained in section 4.2.1, Eunomia launches test-particles to interact with the

background Maxwellian plasma obtained from B2.5 in order to calculate the plasma

source terms caused by interaction with neutral particles. The contributions of the

collision events in each grid cell can be described as follows [17]:

𝑆i = Γcol Δ𝑃i/Δ𝑉 (4-10)

𝑆e = Γcol Δ𝑃e/Δ𝑉 (4-11)

𝑆𝑚iVi = Γcol 𝑚(v − u)/Δ𝑉 (4-12)

𝑆𝐸i = Γcol
1
2
𝑚(|v − Vi|2 − |u − Vi|2)/Δ𝑉 (4-13)
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𝑆𝐸e = Γcol Δ𝐸i/Δ𝑉 (4-14)

here Δ𝑃i and Δ𝑃e = −1, 0, or 1 depending on the collision process, u and v are the

velocity vectors of the particle before and after the collision event, Δ𝐸i is the electron
energy gain or loss, and Δ𝑉 is the volume of the grid cell. Γcol is the number of real

collision rate in the cell. Γcol is approximated from different neutral sources that

are specified in the simulation. Γcol is approximated by Γcol = Γtp,col Γrp/𝑁tp, where

Γ𝑡𝑝,𝑐𝑜𝑙 is the number of test-particle collision events, Γrp is the real neutral flux from
the neutral source (for example gas puffing), and 𝑁tp is the total number of test-

particles launched from the neutral source. When running B2.5-Eunomia to obtain

a converged solution, the neutral source contributions are summed for all collision

events thereby providing a net source term in each cell. To separate the contributions

of each collision event a second simulation with Eunomia is performed. The steady-

state plasma solution from the first simulation is used as the plasma background and

test-particles are launched again from the same neutral sources. However, for the

second simulation the B2.5 continuity equations are not solved. This is achieved by

specifying a very small time step value in the B2.5 code (10−20 s), and so the plasma

is frozen in place. B2.5-Eunomia is run for a few cycles, and for each cycle the data

of (4-10) are outputted, which contains the value of these terms for each unique

collision events in every cell.

4.3. Global particle, momentum and power balance

In this paper, the analysis will be limited to the simulation domain of the Magnum-

PSI target chamber. From [18], it was shown that the change in neutral pressure is

localized to the target chamber only. The upstream location is defined as the entrance

to the target chamber, the downstream location is the target, and the radial boundary

is the radial outer edge of the plasma beam as illustrated in figure 4.1. The integral

form of (4-1) - (4-8) can be written as:

∮
𝐴
𝚪 ⋅ dA = ∫

𝑉
𝑆 𝑑𝑉 (4-15)

In B2.5 the quantity 𝚪 is defined on cell boundaries, while 𝑆 is defined in the cell

volume. We define Γ = 𝚪 ⋅ n̂ where n̂ is the vector normal to the surface 𝐴 pointing

outward of the volume. From code output, the particle balance in (4-15) is written

as:

∑
u
Γu𝐴u +∑

t
Γt𝐴t +∑

r
Γr𝐴r = ∑

𝑐
𝑆i,c𝑉𝑐 (4-16)
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Figure 4.1. A simplified picture of the plasma beam in the target chamber. The
plasma enters the chamber from the skimmer (blue) and ends at the target (red).
The upstream flux Γu is defined in the skimmer entrance and the downstream flux Γt
is at the target. The radial flux Γr is the total particle flux leaving the plasma beam
radially. The arrows indicate the flow direction. In this illustration the chamber walls
lie outside the bounding box.

where the subscript u,t and r denote the upstream, downstream, and radial location

of the bounding surface, vol is the volumetric source due to collisions,𝐴 is the surface

area, 𝑉 is the cell volume, and 𝑐 indicates the cell number. We treat the individual

terms∑ Γ𝐴 as source terms and noting in figure 4.1 that 𝚪u is anti-parallel to n̂, (4-16)
simplifies to:

Φu = Φt + Φr + Φvol. (4-17)

whereΦvol is the total particle sink so thatΦvol = −∑𝑐 𝑆i,c𝑉𝑐 . The steady state particle

balance is shown in figure 4.2 for all cases. It is readily shown that (4-17) is satisfied

with the slight visible differences due to the numerical tolerance in B2.5’s solution

of the plasma equations. It is also shown here that Φt reduces with increasing 𝑝n,
as discussed in [18]. However, it is shown now that Φvol ∝ 𝑝n which reflects the

expectation that increasing the neutral background pressure will increase the rate of

plasma-neutral interaction.

The same approach used for (4-15) and (4-16) can be applied to the ion momen-

tum balance equation, (4-3) resulting in:

∑
u
Γu𝑚iV𝑖,𝑢𝐴u +∑

t
Γt𝑚iV𝑖,𝑡𝐴t +∑

r
Γr𝑚iV𝑖,𝑟 (4-18)

= ∑
𝑐
(𝑆𝑚iVi,𝑐 + 𝑆∇𝑝,𝑐)𝑉𝑐 (4-19)
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Figure 4.2. The total plasma particle balance in the plasma beam. The incoming
particle flux, Φu must equal the total particle loss, Φtot,loss in steady-state which is
shown here. Φtot,loss = Φvol +Φr +Φt, where Φt is the particle flux reaching the target,
Φvol is the total particle sink, and Φr is the particle flux perpendicular to the mag-
netic field. Φt is reduced due to increasing Φvol with increasing neutral background
pressure, 𝑝𝑛

to yield the simple form of momentum flux balance:

𝐹u = −𝐹𝑝 + 𝐹t + 𝐹r + 𝐹vol (4-20)

where 𝐹vol is the total momentum sink so that 𝐹vol = −∑𝑐 𝑆𝑚iVi,𝑐𝑉𝑐 , 𝐹𝑝 = ∑𝑐 𝑆∇𝑝,𝑐𝑉𝑐 is

the momentum source due to pressure gradient along the flow direction, the parallel

viscosity term in (4-3) is combined in the flux term on the left hand side, and the

𝑉 × 𝐵 term vanishes because of their parallel direction. The steady-state momentum

balance is shown in figure 4.3 and the slight differences that are visible correspond

to numerical tolerance. Two distinct characteristics are observed for the momen-

tum balance for both cases. First, significant volumetric momentum loss can already

be seen when no gas puffing has yet been applied. Second, the dependence of the

volumetric momentum losses on the neutral gas pressure is rather weak. A clearer

picture of this characteristics will be shown later in section 4.4.2.

For the heat balance, (4-6) and (4-8) are combined to gain the total heat balance.
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Figure 4.3. The plasma momentum balance in the plasma beam, normalized to the
target cross-section area to yield the pressure unit Pa. The momentum balance is
𝐹u + 𝐹𝑝 = 𝐹tot,loss, where 𝐹u is the momentum flux entering the target chamber and 𝐹𝑝
is the pressure gradient term. 𝐹tot,loss = 𝐹t + 𝐹vol + 𝐹r, where 𝐹t is the momentum flux
to the target, 𝐹vol is the volumetric momentum loss and 𝐹r is the radial momentum
flux.

Using the form in (4-15), the heat balance is written as:

∑
u
𝑞′u𝐴u +∑

t
𝑞′t𝐴t +∑

r
𝑞′r𝐴r (4-21)

= ∑
𝑐
(𝑆𝐸i,𝑐 + 𝑆𝐸e,𝑐 + 𝑆𝐽 ,𝑐)𝑉𝑐 (4-22)

where 𝑞′ is the flux terms in the square brackets in (4-6) and (4-8) combined, and 𝑆J
is the heat source term due to Joule heating. The simple heat balance is written in

the form:

𝑄′
u = −𝑄J + 𝑄′

t + 𝑄′
r + 𝑄′

vol (4-23)

where𝑄′
vol is the total heat sink so that𝑄

′
vol = −∑𝑐 (𝑆𝐸i,𝑐 + 𝑆𝐸e,𝑐)𝑉𝑐 and𝑄J = ∑𝑐 𝑆𝐽 ,𝑐𝑉𝑐 .

The heat flux reaching the target consist of conduction, convection, and the energy

deposited from the ionization potential of ions. The ionization potential flux is sim-

ply the particle flux times the potential, Φt𝐸𝛼 , where 𝐸𝛼 = −13.6 eV. This flux can be

included in (4-23), such that 𝑄t reflects the energy deposited to the target, and can
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be modified into:

(𝑄′
u + Φu𝐸𝛼) + 𝑄J = (𝑄′

t + Φt𝐸𝛼) (4-24)

+ (𝑄′
r + Φr𝐸𝛼) + (𝑄′

vol + Φvol𝐸𝛼) (4-25)

where Φu, Φt, Φr and Φvol are the terms defined in the overall particle balance (4-17),

and 𝑄J is moved to the left hand side. In figure 4.4, the energy balance of (4-24) is

demonstrated with slight differences due to numerical tolerance in the B2.5 plasma

solution. Ohmic heating is seen to be a significant heat source term in the low density
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Figure 4.4. The total plasma energy balance in the plasma beam, summed for both
electron and ions. The incoming energy flux, 𝑄𝑡𝑜𝑡,𝑢 must equal the total energy loss,
𝑄tot,loss in steady-state which is shown here. 𝑄𝑡𝑜𝑡,𝑢 = 𝑄u + 𝑄𝐽 , where 𝑄u is the heat
flux entering the target chamber, and 𝑄𝐽 is the total Ohmic heating. 𝑄tot,loss = 𝑄t +
𝑄vol + 𝑄r, where 𝑄t is the heat flux reaching the target, 𝑄vol is the total heat sink,
and 𝑄r is the heat flux perpendicular to the magnetic field. The u, t, r, and vol terms
include the ionization potential flux, such that 𝑄 = 𝑄′ + Φ𝐸𝛼 as described in (4-24).
𝑄t is reduced due to increasing 𝑄vol with increasing neutral background pressure, 𝑝𝑛.

case, but rather negligible in the high density case. For both cases, this contribution

remains constant with increasing 𝑝n. Here it is shown that 𝑄vol ∝ 𝑝n, similar to the

volumetric recombination loss Φvol, which is not surprising considering the loss of

ionization potential energy through recombination, Φvol𝐸𝛼 , is rather significant.
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It is important to note that heavy impurities are not simulated in this study. In

a tokamak, impurities can play a significant role in the plasma energy balance dur-

ing plasma detachment. Impurity radiation reduces the available power in the SOL

for plasma recycling [26]. Impurity species such as nitrogen or argon are seeded in-

tentionally to enhance radiation and accommodate partial plasma detachment [27].

As Magnum-PSI already produces plasmas similar to (partially) detached divertor

regime, no impurities are necessary to achieve the aforementioned effects. Further-

more, sputtered impurities originating from the target (made from tungsten) and

source is negligible in the plasma temperature ranges considered here. Hence, im-

purity radiation is absent in the energy balance.

4.4. Collisional processes responsible for detachment inMagnum-
PSI

The volumetric loss term of particles, momentum and energy, Φvol, 𝐹𝑣𝑜𝑙𝑠 and 𝑄vol can

be decomposed to show the contributions of individual collisional processes, using

the data gathered with the sampling method described in section 4.2.3.

4.4.1. Volume particle loss

Plasma particles are generated via the ionization of atomic hydrogen (collision 1 in

table 4.1) and removed via the recombination processes: MAR (collision 10 and 11

in table 4.1), dissociative attachment (collision 14 and 15 in table 4.1), and electron-

proton recombination (collision 9 in table 4.1). The volumetric particle losses for

each contributing collision are integrated over the entire plasma beam and shown

in figure 4.5. There is a significant difference between the two cases, particularly in

the role of electron-proton recombination. In the high density case, recombination

completely dominates Φvol for all neutral gas pressures 𝑝n, and so the relationship

Φvol ∝ 𝑝n is mainly caused by an increase of electron-proton recombination rate. In

the low density case, it is only relevant at high 𝑝n, where 𝑝n ≥ 2 Pa. Moreover, there

is a reversal in terms of the dominant particle loss mechanism at 𝑝n ≤ 2 Pa, where

the molecular processes, MAR and dissociative attachment, are dominant. To give a

clearer picture of the reversal, the location where these collisions are relevant within

the plasma beam are shown in figure 4.6. The collisions are normalized to the sum of

the contributions listed in figure 4.5. Each row represents a different 𝑝n value: 0.27
Pa (top row), 2.0 Pa (middle row) and 4.4 Pa (bottom row). Red represents where the
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Figure 4.5. Individual contributions of different plasma collision processes to the
volumetric particle loss, Φvol, normalized to Φu. For the high density case, electron-
proton recombination is the major particle sink term in all values of, 𝑝n. For the low
density case, MAR is the dominant sink term for low 𝑝n, and a transition occurs at
high 𝑝n in which electron-proton recombination is the dominant process.

Figure 4.6. The spatial distribution of plasma particle losses within the plasma beam
in the low density case, locally normalized to Φvol in each grid cell. The particle losses
are molecular activated recombination (MAR) (collision 10 and 11 in table 4.1), dis-
sociative attachment (collision 14 and 15 in table 4.1), and electron-proton recombi-
nation (collision 9 in table 4.1). The distribution is shown for 𝑝n = 0.27 Pa (top row),
2.0 Pa (middle row) and 4.4 Pa (bottom row).

collision is the most dominant compared to others. During the attached condition (at

0.27 Pa), MAR is prevalent in most of the volume. The exception lies at the center of

the beam and near the target, where instead of particle loss, ionization of atomic hy-
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drogen contributes as a particle source. As 𝑝n increases, electron-proton recombina-

tion starts to take over from the plasma periphery, until it is completely dominating

the region closer to the target boundary, and MAR dominance is retracted towards

the target chamber entrance. Dissociative attachment seems to never be dominant in

all pressures, with some significant rate occurring at intermediary regions between

MAR and electron-proton recombination. Ionization is not relevant in both the high

and low density case, as shown in figure 4.5, and in figure 4.6 most ionization occurs

at the center of the plasma beam where 𝑇e is highest, and near the target where a

large atomic hydrogen density region is located due to plasma recombination at the

target.

4.4.2. Volume momentum loss

The plasma parallel momentum can be removed via collisions with neutrals through

these processes: elastic collisions (collision 7 and 8 in table 4.1), charge exchange

(collision 3 and 10 in table 4.1), and recombination (collision 9 and 15 in table 4.1).

The total parallel momentum loss via collisions with neutrals is shown in figure 4.7.

The most prominent collisions responsible for momentum loss are H
+−H charge ex-

change (CX) and H
+
-H2 elastic collision (respectively, collision 3 and 8 in table 4.1).

CX is dominant in the high and low density case at lower neutral pressures (𝑝n ≤ 2.0
Pa) whereas H2−H+

elastic collisions prevails over CX at higher neutral pressures

(𝑝n ≥ 2.0 Pa). The increase of momentum loss through H2−H+
elastic collisions with

𝑝n is expected since the density of H2 is increased by gas puffing. However, the con-

tribution of CX decreases with increasing 𝑝n. This can be explained by looking at

where CX is relevant for the low density case in figure 4.8. The bulk of CX losses

occurs in front of the target, where the density of H is high due to plasma recombina-

tion at the target surface. As the neutral gas pressure increases, more of the plasma

momentum is reduced due to elastic H2−H+
collisions before the plasma reaches the

region where CX is dominant, hence the reduction by CX is less intense. Addition-

ally, as 𝑝n increases, the particle flux that reaches the target, Φt, which acts as the

source of plasma surface recombination, decreases. This reduces the local H density

near the target and subsequently the rate of CX collisions (see 4.11). The weak corre-

lation between 𝐹vol and 𝑝n shown in figure 4.3 is explained here by the role reversal

between CX and elastic collisions of H2−H+
. The effects of increasing 𝑝n effectively

replaces the cushioning of recombined atoms with the molecular type. Figure 4.7

also reveals that elastic collisions of H−H+
are a much smaller momentum loss pro-



90 COLLISIONAL PROCESSES AND THEIR RELEVANCE

2 4
Pressure, pn (Pa)

0.0

0.2

0.4

0.6

0.8

F v
ol
/F

u
High density case

2 4
Pressure, pn (Pa)

0.0

0.2

0.4

0.6

0.8 Low density case

CX, H elastic, H elastic, H2
MAR Dis. Attach. Recombination, H+

Figure 4.7. Individual contributions of different plasma collision processes to the
volumetric momentum loss, 𝐹vol, normalized to 𝐹u + 𝐹𝑝 . Both CX and elastic H+ +
H2 collision dominates the momentum loss process. There is a transition of relevance
from CX to elastic H+−H2 collision at high 𝑝n values.

Figure 4.8. The spatial distribution of plasma momentum losses within the plasma
beam in the low density case, locally normalized to 𝐹vol in each grid cells. The largest
momentum losses shown here are due to charge exchange, elastic collisions of H2−H+,
and elastic collisions of H−H+ . The distribution is shown for 𝑝n = 0.27 Pa (top row),
2.0 Pa (middle row) and 4.4 Pa (bottom row).

cess compared to CX. In B2.5-Eunomia, it is assumed that the scattering angle of

ion-neutral collisions are anisotropic [28]. Elastic collisions of H−H+
mainly result

in small angle collisions, and so the momentum transfer of the ion flow is smaller

compared to CX.
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4.4.3. Volume energy loss

The energy from the plasma can be removed from collisions with ions or electrons.

In this paper, ionic energy losses include atomic charge exchange (CX, collision 3

in table 4.1), elastic H−H+
and H2−H+

collision (nr. 7 and 8 in table 4.1). Electronic

processes include the particle loss processes mentioned in section 4.4.1 and in ad-

dition: excitation of atomic hydrogen (nr. 2 in table 4.1), dissociation of hydrogen

molecules (nr. 16 in table 4.1), and the vibrational excitation of hydrogen molecules

(nr. 12 in table 4.1). Radiation losses occur when excited atoms decay spontaneously

to a lower electronic state. The excited atoms can be produced from direct electron

impact excitation (nr. 2 in table 4.1), the recombination of MAR dissociation product

(see nr 11 in table 4.1), the mutual recombination of H
−
(see nr 15 in table 4.1), and

electron-ion recombination (nr. 9 in table 4.1). The contribution of radiation losses

for these processes are incorporated in the total energy loss of each process. The total

contribution of collision processes to the plasma energy loss is shown in figure 4.9.

Combined electronic processes such as MAR or electron-proton recombination ap-

pear to be the most dominant fraction in 𝑄vol, with elastic collision of H
+− H2 being

the second most dominant process. The contributions of each electronic process

are illustrated in figure 4.10. This highlights the importance of recombination pro-

cesses in removing a significant fraction of heat flux by removing plasma particles

that carry and transfer their ionization potential to the target surface. However, as

shown from figure 4.5, the contribution of plasma recombination losses are mediated

by electron-proton recombination with increasing 𝑝n, and this process is effective at
low 𝑇e (as shown in 4.10). Thus, processes that remove the plasma heat and lower the

plasma temperature are equally crucial in the fraction of 𝑄vol. To demonstrate this

more clearly, the contributions of different plasma collision processes are plotted in

figure 4.11 without accounting for the corresponding 𝐸𝛼 gains or losses (i.e. using

(4-23) instead of (4-24)). Elastic collision of H
+− H2 is the dominant mechanism at

high neutral pressures for both the high and low density case. This process is shown

to have increasing relevance with increasing 𝑝n, which is expected considering that

𝑝n is increased by injection of H2 gas into the chamber, and so increases H2 density

(see 4.11). It appears that this process occurs primarily within the bulk of the plasma,

as shown in figure 4.12 for the low density case. At low 𝑝n, this process occurs pre-
dominantly on the plasma periphery, and as the gas pressure is increased it becomes

more dominant inside the beam. At high electron temperature, which is indicated by

the lowest 𝑝n value in the low density case, CX and electronic processes are mainly
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Figure 4.9. Individual contributions of different plasma collision processes to the
volumetric energy loss, 𝑄vol, normalized to 𝑄u. The electron loss is the aggregate
of all inelastic collision involving electrons, such as MAR or dissociation of H2. The
energy loss due to electronic processes are the dominant mechanism in reducing heat
flux to the target, with elastic collisions of H2−H+ being the second most dominant
process.

responsible for heat loss in the center of the plasma beam. It should be highlighted

that the dominant role of CX in the center of the beam is also due to the existence

of atomic H sources, mainly through the dissociation of H2 as shown in figure 4.14.

Without taking into account the energy loss fraction by ionization potential loss,

the electronic processes are only relevant at high 𝑇e in removing the plasma heat. It

even resulted in plasma heat gain for the high density case, particularly at very high

𝑝n. This is caused by electron-proton recombination as shown in figure 4.13. The

electron-proton recombination process heats the electrons by three-body recombi-

nation, in which the secondary electron takes away the ionization potential energy

[29]. In the high density case, where 𝑛e is sufficiently high, the heating effect of

three-body recombination is larger than radiative cooling, thereby constitutes a net

electron heating. For MAR, the electron energy loss term corresponds to the loss

of electron energy during the recombination of the hydrogenic ion H
+
2 , where the

energy is transferred to the dissociation products. As shown in figure 4.13, the con-
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Figure 4.10. Individual contributions of different electronic processes corresponding
to the electron loss term shown in figure 4.9. The different contributions are normal-
ized to 𝑄u. In the high density case, electron-proton recombination is the dominant
electron cooling term at high 𝑝n, while in the low density case it is only significant at
the highest 𝑝n value. At lower 𝑝n MAR is the dominant process.

tribution of MAR in reducing 𝑇e does not scale with 𝑝n. Therefore, in Magnum-PSI,

plasma cooling is enhanced by the increased of neutral pressure primarily through

ion-molecule elastic collisions.

One can see from figure 4.13 that there exists a net electron energy loss through

the vibrational excitation of H2 molecules to a higher state. In the simulations pre-

sented in this paper, this is accommodated with the transport of vibrationally excited

H2 molecules from the plasma into the gas bulk and eventually to the cold chamber

walls, where the molecules are de-excited into the ground state. Other de-excitation

pathways are radiative decay and relaxation of the vibrationally excited molecules

with the gas. The former is not expected to be significant in the plasma regime

discussed in this paper, and the latter is not expected to be significant as the gas

density (H2 and H) is low within the plasma beam. When the excited molecules un-

dergo electronic de-excitation within the plasma, the excitation energy is returned to

the electrons. Thus, the net electron energy loss is the difference between the inte-
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Figure 4.11. Individual contributions of different plasma collision processes to the
volumetric heat loss, 𝑄vol, normalized to 𝑄u, where the contribution of ionization
potential Φvol𝐸𝛼 and Φu𝐸𝛼 are omitted. Elastic collisions of H2−H+ are the most dom-
inant plasma heat loss channel at high neutral pressure, 𝑝n.

Figure 4.12. The spatial distribution of plasma heat losses within the plasma beam
in the low density case, locally normalized to 𝑄vol in each grid cells. The heat losses
are from charge exchange, H+ - H2 elastic collision, and the aggregate of electron
energy losses. The distribution is shown for 𝑝n = 0.27 Pa (top row), 2.0 Pa (middle
row) and 4.4 Pa (bottom row).

grated electron energy loss from excitation and energy gain from de-excitation. The

transport seems to be concentrated at the periphery of the plasma beam in the low

density case as shown in figure 4.14. When 𝑝n is increased, this process becomes the

dominant electron energy loss channel, albeit relatively small compared to the total
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Figure 4.13. Individual contributions of different electronic processes correspond-
ing to the electron loss term shown in figure 4.11. Electron-ion recombination yields
plasma heating for the high density case and at high 𝑝n for the low density case. MAR
has significant contributions in the electron loss term, but it does not scale with 𝑝n.
There is an additional electron loss term due to the vibrational excitation of molecules
and its subsequent transport exiting the plasma beam.

Figure 4.14. The spatial distribution of electron energy losses within the plasma
beam in the low density case, locally normalized to the total electron energy loss in
each grid cells. The processes listed here are the net loss from vibrational excitation
and de-excitation of H2, excitation of H, and the dissociation of H2. The distribution
is shown for 𝑝n = 0.27 Pa (top row), 2.0 Pa (middle row) and 4.4 Pa (bottom row).

plasma heat loss at ∼ 10%. As previously mentioned, the source of atomic H that con-

tributes to CX is produced by the dissociation of H2, which is clearly demonstrated
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to be concentrated at the beam center. Another process that results in electron en-

ergy loss is the excitation of H atoms and the spontaneous emission of photons to

the ground state. This process is shown to be localized near the target where the

density of H is high and at the beam center. Both dissociation of H2 and excitation

of H are relatively important only at the low density case with 𝑝n = 0.27 Pa, where
𝑇e ∼ 3 eV.

4.5. Effect of vibrationally excited molecules on collision
rates

B2.5-Eunomia treats vibrationally excited H2 molecules as test particles. The density,

temperature, and flow velocity are resolved for states 𝑣 = 0 − 14. It is known that

vibrationally excitedmolecules increase the effective rate ofMAR and dissociative at-

tachment (collision number 10 and 14 in table 4.1) [30]. When thesemolecules are not

treated as test-particles, the population distribution is assumed to be in equilibrium

for a given electron temperature using a quasi-steady state (QSS) model. This partic-

ular approach neglects the separate effects of vibrational molecule transport and is

likely to give an overestimate of the recombination rates [31]. In a B2-EIRENE study

of detachment in ASDEX-U the detached plasma solution is found to re-attached

when the vibrationally excited H2 molecules are treated as test particles [32]. Here

the rates of MAR and dissociative attachment will be compared between the QSS

model and vibrationally excited densities resolved by B2.5-Eunomia. The QSS model

employed in this paper resolves the density fractions of vibrationally excited H2 us-

ing the collision rates listed in table 4.1. In steady state, the density of H2(𝑣), 𝑛H2
𝑣 ,

can be expressed in linear form:

(𝐶(𝑣,𝑣+1) + 𝐶(𝑣,𝑣−1) + 𝐷𝑣) 𝑛H2
𝑣 = (4-26)

𝑛H2
𝑣−1𝐶(𝑣−1,𝑣) + 𝑛H2

𝑣+1𝐶(𝑣+1,𝑣) (4-27)

where 𝑣 is the vibrational level ranging from 𝑣 = 0 − 14 , 𝐶(𝑣,𝑣+1) and 𝐶(𝑣,𝑣−1) are

the rate coefficients of, respectively, excitation and de-excitation of the vibrational

state level 𝑣 via electron impact and 𝐷𝑣 is the rate coefficient of dissociation of the

vibrational molecule. The dissociation of H2(𝑣) occurs in three different processes,

namely MAR, dissociative attachment, and electron impact dissociation (collision

number 10, 14 and 16 from table 4.1). Therefore, the rate coefficient 𝐷𝑣 is the sum of
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the three processes and can be expressed as:

𝐷𝑣 = 𝐷𝑣,MAR + 𝐷𝑣,Dis.Attach. + 𝐷𝑣,Dissociation (4-28)

The rate coefficients 𝐶 and 𝐷 are 𝑇e dependent rates from the H2VIBR database [24].

Using the 𝑛e and 𝑇e values gained from B2.5-Eunomia, the equilibrium distributions

of H2(𝑣) in radial and axial positions can be obtained by solving the coupled linear

equations of (4-26). The equilibrium distributions are then used to obtain the to-

tal collision rate for processes involving H2(𝑣) that result in plasma recombination

i.e. MAR and dissociative attachment (collision number 10 and 14 from table 4.1).

The equilibrium distribution is also resolved in B2.5-Eunomia with the addition of

particle transport. The total collision rate of MAR and dissociative attachment us-

ing the density distribution resolved by B2.5-Eunomia is compared with the QSS

model and shown in figure 4.15. It can be observed that both MAR and dissocia-
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Figure 4.15. The collision rate profile for MAR and dissociative attachment processes
at the target TS position (Z=0), using the plasma and H2 densities of the low density
case where 𝑝n = 2 Pa. The collision rates are evaluated using the equilibrium distri-
bution of vibrationally excited H2 from the QSS model and simulation results. The
error bars on B2.5-Eunomia results are the standard error of the H2 density caused
by statistical noise. The QSS rate overestimates MAR and dissociative attachment by
more than a factor of 2 on average.

tive attachment rates are overestimated by more than a factor of 2 on average when

the transport of vibrational species is neglected. This overestimation is larger near

the plasma beam center and results in a very peaked collision rate with QSS com-

pared to the flat profile obtained using the B2.5-Eunomia distribution. The collision
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rates of MAR and dissociative attachment are greatly enhanced by the presence of

highly vibrationally excited states H2(𝑣 = 𝑝, 𝑝 ≥ 4) [24]. Thus, the distribution of

these highly excited states has a great influence in determining the collision rates

and consequently, plasma recombination. To elucidate this further, the population

density fraction of H2(𝑣 = 𝑝, 𝑝 ≥ 4) is summed and compared between the QSS

model and B2.5-Eunomia. The ratio of the population between the QSS model and

B2.5-Eunomia is shown in figure 4.16. At 𝑍 = 0 the population fraction of highly
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Figure 4.16. The ratio of population density fraction between the QSS model and
B2.5-Eunomia. The population density is the sum of all vibrationally excited H2(𝑣)
where 𝑣 = 4 − 14. Values greater than 1 indicate an overpopulation of these states by
the QSS model. The population ratio at Z=0 shows a peaked overpopulation profile by
the QSSmodel suggesting transport of the highly vibrational states in the beam center.
By contrast, near the target chamber entrance at Z=-0.32m, the overpopulation profile
is off-center.

excited vibrational H2 molecules are clearly overpopulated when the transport of

these molecules is neglected. In addition, the profile indicates a peaked ratio at the

center of the beam, which is in line with the QSS approximation of MAR rates in

figure 4.15. A recent Magnum-PSI experiment with similar plasma parameters, but

higher molecular density, used optical emission spectroscopy (OES) to measure the
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population density of excited atomic H and found a hollow density profile [33]. The

hollow profile was attributed to the deficiency of MAR in the beam center which is

caused by the rarefaction of molecular H2. While the rarefaction is also observed in

the B2.5-Eunomia simulation of this paper (see 4.11), using the QSS model with the

same rarefied molecular density profile does not yield a hollow rate profile as seen

in figure 4.15. It is rather caused by the transport of H2(𝑣). However, further inves-
tigation is required as the transport of H2 in this simulation does not produce a very

pronounced hollow profile as was observed in the OES experiment. It is observed

that the role of H2(𝑣) transport in reducing the effective MAR rate in the center of

the beam is less pronounced near the target chamber entrance, as indicated by the

population ratio at Z = -0.32 m, shown in figure 4.16. At this location the population

of the higher vibrational states is better captured by the QSS model, with the effects

of transport more prominent off axis. Moreover, the MAR rate is more relevant in

this location compared to Z = 0 as shown in figure 4.6. Thus, the overestimation of

the MAR rate due to the neglect of high states H2(𝑣) transport is somewhat lessened

as the largest impact is not where the MAR rate has the most significant contribu-

tion. In addition, a change in the MAR rate may not significantly change the relevant

quantities in detachment, namely the particle and heat flux, due to the interchange

with 3-body recombination, as was shown in a SOLPS study [34]. The mechanism

behind this interchange can be non-existent or achieved differently in a linear de-

vice. This can be investigated with a comparison of the simulation using QSS rates

and the result of this paper in future studies. Regardless of the effect to detachment

characteristics, transport remains important when a local analysis of the MAR rate

is done to compare, for example, with experimental measurements.

4.6. Collision processes in different plasma regimes

The B2.5-Eunomia simulations presented in this paper provide information regard-

ing the plasma parameters 𝑇e and 𝑛e ranging from, respectively, 0.1 − 4.0 eV and

1019 − 1020 m
−3
, distributed in radial and axial positions. The particle and energy

losses for the atomic and molecular processes listed in table 4.1 and described ex-

tensively in section 4.4 are also distributed in radial and axial positions. A general

insight can be obtained by mapping the unique collisions to their local 𝑇e and 𝑛e
values. The mapping of collisions responsible for plasma particle sources and sinks

are shown in figure 4.17. The placement of these processes in 𝑇e and 𝑛e space are

determined using weighted averaging and the weighting value is the collision rate
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normalized to 𝑛e (which becomes ⟨𝜎𝑣⟩𝑛). The ionization of atomic H is the only

18.5 19.0 19.5 20.0 20.5
log[ne] (m−3)

10−1

100

T e
 (e

V)

MAR Dis. A  ach. Recombina ion, H+

Ioniza ion, H

Figure 4.17. The distribution of processes contributing to plasma particle sources
and sinks in plasma parameter space, 𝑇e and 𝑛e. The location is based on the average
location of each process weighted on their respective collision rates normalized to
𝑛e. The error bars indicate the standard deviation of the average. The colored patch
represents the span of 𝑇e and 𝑛e values from simulations of the high and low density
case including all neutral pressures.

process responsible for plasma particle source and occur at the highest 𝑇e in the pa-

rameter space. MAR is the most effective at 𝑇e = 1.5 eV, with dissociative attachment

being effective at slightly lower 𝑇e = 0.8 eV. As expected, atomic recombination (ra-

diative and three-body) is effective primarily at the lowest 𝑇e in the parameter space,

in this case 𝑇e = 0.3 eV. The error bars in figure 4.17 indicate the standard deviation

of the weighted average. There is a clear separation between ionization and recom-

bination processes at around 𝑇e = 2 eV. There is also a clear separation between
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MAR and atomic recombination, with dissociative attachment acting as a bridging

gap between the two processes. This separation was also illustrated in figure 4.6.

Recent experiments in TCV investigated the role of plasma-molecule interaction us-

ing measurements of Balmer emission and observed the increase of MAR rate dur-

ing detachment, with the MAR rate being larger than electron-ion recombination at

electron temperatures around 1.5 − 3 eV [35]. It was also suggested that near the

divertor target where the temperature is about 1 − 3 eV, MAR is accommodated by

vibrationally excited molecules, which are simulated in this paper. This observation

is in line with the separation of relevancy between MAR and atomic recombination

shown in figure 4.6.

It was made clear in section 4.4.3 that plasma recombination removes a signifi-

cant part of heat flux going into the target by removing plasma particles that would

deposit their ionization potential. Atomic recombination, which is the most impor-

tant process to achieve total detachment, is only effective in very low 𝑇e, and other

processes are responsible for lowering this temperature. These processes can be

mapped similarly to figure 4.17 with the weighting value changed from collision

rate to heat loss rate normalized to 𝑛e (or 𝑄vol/𝑛e). The mapping is shown in fig-

ure 4.18. The excitation of atomic H and dissociation of H2 are relevant primarily

in high 𝑇e at around 𝑇e = 2.5 eV similarly to ionization of atomic H. The electron

energy loss due to transport of vibrationally excited H2 molecules (H2 exc. de-exc.

in figure 4.18) is centered around 𝑇e = 1 eV. For CX and elastic collisions, which are

elastic H
+
-H and elastic H

+
-H2, the variance of the mappings is rather large. Elastic

H
+
-H2 collisions are the most dominant heat loss channel and play a significant role

in the low 𝑇e regime, where 𝑇e ≤ 1 eV. This is reflected in figure 4.12 where these

collisions are relatively more relevant in the plasma beam edges compared to the

beam center. The reasoning would be that at higher 𝑇e, H2 dissociation or molec-

ular recombination processes remove the molecules from participating in the heat

exchange. The resulting atomic product however, can undergo elastic collision or

CX, and so these collisions are centered in a higher 𝑇e than elastic H
+
-H2 collision as

seen in figure 4.18. Elastic H
+
-H2 collisions as a power loss channel at low electron

temperatures are also found in several tokamak studies [5, 10, 36].

4.7. Conclusion and outlook

This paper is the second part of a detailed study of the detachment experiments

in Magnum-PSI. The plasma volumetric losses i.e., particle, momentum and energy



102 COLLISIONAL PROCESSES AND THEIR RELEVANCE

18.5 19.0 19.5 20.0 20.5
log[ne] (m−3)

10−1

100

T e
 (e

V)

H2 e c. de-exc. H2 dissociation Excitation
CX elastic, H elastic, H2

Figure 4.18. The distribution of processes contributing to plasma heat loss in plasma
parameter space, 𝑇e and 𝑛e. The location is based on the average location of each
process weighted on their respective amount of heat loss normalized to 𝑛e. The error
bars indicate the standard deviation of the average. The colored patch represents the
span of 𝑇e and 𝑛e values from simulations of the high and low density case including
all neutral pressures.

losses have been analyzed in detail. The volumetric particle and energy losses appear

to scale almost linearly with the neutral background pressure which is increased by

gas puffing. The volumetric momentum loss does not appear to linearly scale with

the increase of neutral background pressure, due to the interchange between CX and

elastic H
+
-H2 collision (respectively, collision 3 and 8 in table 4.1) contributions to

the momentum loss. The particle losses are primarly caused by MAR (nr. 10 and 11

in table 4.1) in the temperature range of 𝑇e ≈ 1.5 eV, with atomic recombination (nr.

9 in table 4.1) being dominant in the very low temperatures 𝑇e ≤ 1 eV. Dissociative
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attachment (nr. 14 and 15 in table 4.1) never emerges as the dominant process in

all plasma parameters discussed in this paper. Plasma momentum loss are primarily

caused by CX and elastic H
+
-H2 collisions. Momentum loss by CX occurs near the

target where the density of H is high due to surface recombination and the beam

center where H is produced via dissociation of H2, and momentum loss by elastic

H
+
-H2 collisions occur in the plasma bulk. The main contributor to target heat flux

reduction is plasma recombination (MAR, dissociative attachment and atomic re-

combination) by reducing the particle flux to the target and thereby reducing the

deposited ionization potential energy. Before the most relevant atomic recombina-

tion can occur effectively, the plasma is cooled primarily by elastic H
+
-H2 collision.

There are electron cooling channels due to dissociation of H2 at higher 𝑇e and trans-
port of vibrational H2. However, their contributions to the overall power balance are

relatively small and does not scale with increasing neutral background pressure.

The transport of highly vibrational states of H2 is important to include when de-

termining the recombination rate due to MAR or dissociative attachment. Without

transport, the MAR rate can be overestimated by a factor of 2-3. The highest impact

of transport on MAR occurs at temperatures where MAR is not the most significant

contributor to plasma particle losses, and so the impact of transport on the global

MAR rate is reduced. However, the impact of transport on the MAR rate should be

considered when calculating the local MAR rate. Each collisional process is mapped

in the plasma parameter space, 𝑇e and 𝑛e, in order to define their relevance in differ-

ent plasma regimes. Ionization of H (collision 1 in table 4.1) as a process of plasma

particle source are relevant in high 𝑇e regimes of around 𝑇e = 2.5 eV and sepa-

rate from plasma recombination processes. MAR and atomic recombination occupy

separate 𝑇e regimes, with MAR being relevant around 𝑇e = 1.5 eV and atomic recom-

bination at the low temperature of 𝑇e = 0.3 eV. Dissociative attachment contributes

most to plasma recombination in the temperature regime between MAR and atomic

recombination. Elastic H
+
-H2 collisions are the primary plasma cooling channel and

occur effectively in the low temperature regions where 𝑇e ≤ 1 eV, with CX being

effective around 𝑇e = 1.5 eV. The plasma cooling due to transport of vibrationally

excited H2 is effective at around 𝑇e = 1 eV. At high temperatures where 𝑇e ≥ 2 eV,

electronic cooling due to excitation of atomic H and H2 dissociation are relevant.

In this paper we have shown the importance of different collisional processes

in a plasma undergoing detachment in Magnum-PSI and associating them with dif-

ferent plasma regimes. Several processes that are highlighted in this paper, namely

MAR and elastic H
+
-H2 collisions, have been found to occur in tokamak divertors
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undergoing detachment [5, 10, 35, 36]. It is important to note that in the simula-

tions of this paper and experiments, these processes are exclusively influenced by

the increase of neutral background pressure via gas puffing of H2. Other aspects of

tokamak divertor detachment are neglected, such as the effect of impurity seeding,

geometrical drifts, isotope effects, and divertor closure. Divertor closure is especially

an important aspect since in Magnum-PSI the neutral pressure in the target chamber

is well maintained by the skimmers and the additional effect of plasma-neutral drag,

which can be difficult to attain in a divertor. Future comparisons between the simu-

lation results discussed here and simulations of tokamak divertor closure can further

elucidate the role of plasma-neutral interaction in reaching plasma detachment and

consequently, the particle and heat flux to the divertor targets. The results can also

be used to compare with future simulations which incorporate radiation trapping.

Photon re-absorption is expected to lessen the electronic energy loss channel in the

simulation [37]. However, if elastic H
+
-H2 collision is indeed the primary energy

loss channel during Magnum-PSI detachment, the effect of radiation trapping to the

overall energy balance should be minimal, since the photons are not an important

loss channel in the simulation.
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4.10. Appendix A. Rate coefficients of relevant collisions

The rate coefficients of relevant collisions discussed in this paper are shown in fig-

ure 4.19.
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Figure 4.19. The rate coefficients of relevant collision rates. The ionization of H
(collision 1 in table 4.1) and charge exchange (CX) (collision 3 in table 4.1) rate co-
efficients are obtained from [22]. The other rate coeffcients are obtained from [23].
The rate coefficients of MAR (nr. 10 and 11 in table 4.1) and dissociative attachment
(nr. 14 and 15 in table 4.1) are the effective rate coefficients assuming vibrational H2

distribution in local thermal equilibrium. The rate coefficient of H+ recombination
(nr. 9 in table 4.1) is temperature and density dependent. In this figure the electron
density is assumed to be 1014 cm−3

4.11. Appendix B. Neutral densities in front of the target

The radial density profile of neutral hydrogen and hydrogen molecules (the aggre-

gate of all vibrational states) in front of the target is shown in figure 4.20. The den-

sities are obtained from the low density case simulations for neutral background
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pressures, 𝑝n = 0.27 Pa, 2.0 Pa, and 4.4 Pa.
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Figure 4.20. The radial profiles of neutral densities for (a) atomic hydrogen and (b)
molecular hydrogen. The profiles are taken in front of the target at Z= 0.087 m. The
error bars indicate the standard deviation of the average based on several simulation
cycles.
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Chapter 5

Numerical modelling of lithium
transport

The previous two chapters have discussed plasma detachment as a method to pro-

tect divertor components from excessive damage. This chapter focuses on an alter-

native approach using liquid metal as a divertor component. One serious concern of

its application is the danger of core plasma contamination by the high evaporation

and sputtering rate of metals, which can significantly reduce fusion performance.

Lithium is an element suitable for this purpose due to its low melting temperature

and low atomic number compared to other metals. The latter is important as the

effects of plasma dilution can be more forgiving. Nevertheless, excessive quanti-

ties must be prevented in reaching the plasma core. Understanding the mechanism

behind lithium transport is therefore crucial in determining its suitability and ap-

plication as a liquid metal divertor component. This chapter contains the study of

lithium particle transport using B2.5-Eunomia simulations in the Magnum-PSI envi-

ronment. More specifically, B2.5-Eunomia simulates lithium generated from a liquid

lithium target housed in the target chamber. The introduction of this capability in

B2.5-Eunomia is described in this chapter. The distribution of lithium in the tar-

get and connecting chambers gathered from the simulation provides insight into the

transport of lithium from the target towards the plasma upstream.

This work is being prepared for a submission as a paper publication.
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Numerical modelling of lithium
transport from liquid lithium target
experiments in Magnum-PSI

Abstract - The divertor components of a fusion reactor are subject to extreme heat

and particle exposure from the plasma. Liquid metal as a plasma facing component

promises advantages such as immunity to erosion and extra cooling channels via

evaporation, vapor shielding, and convection of the liquid. One of the disadvantages

is core plasma dilution by the liquid metal particles. Understanding the transport of

liquidmetal particles from the components towards the plasma upstream is key in as-

sessing the feasibility of liquid metal as plasma facing components. In this study, the

liquid lithium prototype experiments in Magnum-PSI are modelled using the numer-

ical code B2.5-Eunomia. The capabilities to simulate lithium transport and processes

are implemented in the code. The simulation revealed the ionization of lithium as

a key process in determining lithium transport upstream and redeposition. In the

environment of Magnum-PSI, the transport of lithium towards the plasma source is

severely limited by the presence of skimmers between the vacuum chambers. This

highlights the importance of physical obstructions in maintaining lithiumwithin the

divertor volume.
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5.1. Introduction

The divertor components of a fusion reactor are subject to extreme heat and particle

exposure from the plasma. The longevity of these components is reduced by several

damage mechanisms such as melting and erosion due to sputtering. The risk of

melting is exacerbated by transient plasma events such as ELMs. The current design

of ITER will employ tungsten as divertor plasma-facing components (PFCs) [1] with

the combination of plasma impurity seeding to exhaust the majority of the power via

radiation. For DEMO and beyond, power dissipation with impurity seeding will be

limited as too high concentration will dilute the core and consequently reduce fusion

performance. A proposed alternative solution is to utilize liquid metal PFC instead

of solid tungsten components. Immunity to erosion is the foremost advantage as the

eroded surface can be regenerated. The second advantage is the added avenues of

power dissipation through evaporation [2], vapor shielding [3], or convection of the

liquid [4]. Liquid metal is also more robust to transient heat and particle load, as the

evaporation strength increases during the event, shielding the underlying material.

As a result of these advantages, liquid metal PFCs have a larger window on the heat

flux constraint compared to solid tungsten PFCs. The current researches on liquid

metal PFCs focuses on lithium and tin, or the alloy of both, as the metal of choice.

While liquid metal PFCs possess great promise as an alternative divertor concept,

there are also disadvantages. One disadvantage, which is of a technical nature, is the

problem of retaining the liquid at the surface of the component, while simultaneously

replenishing the material during operation. Current divertor designs involve the

utilization of porous structures to retain and replenish the liquid metal on the surface

using capillary action [5–7]. The state-of-the-art concept uses 3D printing to create

the porous structures and prototypes have been tested experimentally in the linear

plasma device Magnum-PSI [8]. Another disadvantage is the obvious introduction

of impurities in large quantities, which is subject to the same limitation as impurity

seeding done in conjunction with solid tungsten PFCs. A recent modelling effort

[9] suggests that without employing sophisticated designs such as the vapor box

concept [7], dilution of the core plasma by evaporated and sputtered material can

be severe. The amount of lithium or tin transported upstream can be reduced when

strong redeposition occurs. When the mean free paths of neutral metal atoms are

shorter than the plasma length scale, a large portion (∼ 99%) will locally ionize and

redeposit to the target [10].

In this paper, we will attempt to elucidate the feasibility, limitations and require-
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ments of a liquid metal PFCs by studying the transport and redeposition of lithium in

a magnetized hydrogen plasma using numerical modelling. The transport of lithium

from liquid lithium PFCs is modelled using a multi-fluid plasma code B.25 [11] cou-

pled with a 3D Monte Carlo code Eunomia [12] for neutral species. B2.5-Eunomia

has been used to extensively model linear plasma experiments in Pilot-PSI [12] and

Magnum-PSI [13, 14]. This paper is a purely simulation study that is contextually

based on the experiments of 3D-printed liquid lithium targets in Magnum-PSI [8],

and the validation with experiments through quantitative comparison will be done

in the future. The collisional processes involving lithium and hydrogen, as well as

evaporation and sputtering as lithium sources, are implemented in B2.5-Eunomia for

the modelling purpose in this paper and described in section 5.2. The simulation is

conducted using different liquid lithium target temperature and plasma conditions

resulting in a steady-state distribution of lithium of varying concentration. The sim-

ulations are done in a geometry limited to the target chamber of Magnum-PSI to

focus on the plasma region near the liquid target, as well as a full Magnum-PSI ge-

ometry to observe the lithium distribution up to the plasma source and the effect of

skimmers to the lithium transport upstream. The parameters of the simulation and

the results are shown in section 5.4. The redeposition strength is calculated for each

of the steady-state result using the particle balance and discussed in section 5.5. As

the presence of lithium contributes to plasma cooling, the total effect and its corre-

lation with lithium transport and redeposition are discussed in section 5.6. Finally,

the implications of the result to the utilization of liquid lithium as divertor PFC are

discussed in section 5.7. The conclusion and outlook of this paper are presented in

section 5.8

5.2. Lithium modelling in B2.5-Eunomia

B2.5-Eunomia is a transport code that couples the multi-fluid plasma code B2.5 [11]

with the Monte Carlo solver Eunomia [12] for neutral particles. B2.5-Eunomia was

used to to model detachment experiments in Pilot-PSI [12] and Magnum-PSI with

hydrogen as themain plasma species [14]. To use B2.5-Eunomia inmodelling lithium

species, the collision processes involving lithium and hydrogen are implemented.

Lithium is introduced into the system from liquid metal targets through mechanisms

which depend on the target surface temperatures. This feature is also implemented

to provide a closer approximation to the amount of lithium emitted from the liquid

target.
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5.2.1. Collision processes involving lithium and hydrogen

The collision processes implemented in B2.5-Eunomia are a reduced set based on

several assumptions. Two main assumptions are listed below.

• The ionization of lithium is limited to the first ionization state (Li
+
), as the

second ionization potential of lithium (Li
2+
) is 71.25 eV. This assumption is

justified since for steady-state plasmas generated in Magnum-PSI the temper-

ature rarely exceeds 5 eV. While this temperature is also expected in a divertor

of future fusion reactors, the second ionization stage and fully ionized lithium

must be considered when simulating the full SOL of a tokamak, as the temper-

ature at the midplane can reach 100 eV.

• Lithium can chemically react with hydrogen to form hydrides. This reaction

is expected to occur on the liquid lithium surface forming a lithium hydride

(LiH) layer. It is assumed that any hydride escaping the surface is dissociated

into its Li and H parts and thus the LiH molecule is not simulated.

Other assumptions are tied to the specific collisional processes implemented in the

simulation.

The electronic processes are the excitation and ionization of lithium via electron

impact. Lithium in the electronically ground state (2s) can directly ionize or excite

to two distinct states with the following reactions:

Li(2s) + e− → Li+ + 2e− (5-1)

Li(2s) + e− → Li(2p) + e− (5-2)

Li(2s) + e− → Li(3p) + e− (5-3)

Excited particles such as the aforementioned Li(2p) and Li(3p) are not treated as

test-particles in B2.5-Eunomia. Instead, due to their very short lifetimes, they are

assumed to undergo spontaneous decay through emission of a photon:

Li(2p) → Li(2s) + hv (5-4)

Li(3p) → Li(2s) + hv (5-5)

or further excitation into higher states that leads to ionization:

Li(2p) + e− →Li(3d) + e− (5-6)

Li(3d) + e− → Li+ + 2e− (5-7)

Li(3p) + e− →Li+ + 2e− (5-8)
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The fate of the excited particle are determined by a probability number, which is the

ratio of the decay rate or the ionization rate to the sum of the two rates. For example,

the probability number 𝑃 for the spontaneous decay of Li(2p) is defined as:

𝑃2p→2s =
𝐴2p→2s

𝐴2p→2s + 𝐾2p→3d
(5-9)

where 𝐴2p→2s is the Einstein coefficient in s
−1

and 𝐾2p→3d is the excitation rate from

2p to 3d state in s
−1
. 𝐾2p→3d depends on the electron temperature and density where

the 2p particle is born. In this example, 𝐾2p→3d is used as a proxy for the ionization

rate of 2p as the excited state 3d is assumed to always ionize. The excitation and

ionization rates are obtained from [15]. Lithium ions can recombine via electron

capture, producing lithium in a high electronically excited state and spontaneously

decay to emit a photon:

Li+ + e− → Li(2s) + hv (5-10)

The recombination rates that resulted in different excited states of lithiuma are con-

densed into an effective recombination rate 𝐴𝐶𝐷Li+ obtained from OPEN-ADAS [16,

17]. Thus, the recombination rate 𝐾Li+→Li can be defined as:

𝐾Li+→Li = 𝐴𝐶𝐷Li+𝑛𝑒𝑛Li+𝑉 (5-11)

where 𝑛𝑒 is the electron density, 𝑛Li+ is the lithium ion density and 𝑉 is the volume.

Non-electronic processes include elastic and non-elastic collisions between lithium,

lithium ion, hydrogen, proton, and hydrogen molecules. A collision between two

neutral particles (of Li with Li, H or H2) is a rotation of the center-of-mass veloc-

ity, where the resulting velocity vector is randomly taken from an isotropic distri-

bution. The cross-section of neutral-neutral collisions is obtained using the diffu-

sivity approximation [18] based on the Lennard-Jones parameters of each species

[19]. The interaction of lithium with protons can be elastic, or inelastic via charge

exchange. The cross-section of lithium-proton (or H-Li
+
) can be obtained from a

quantum-mechanical study [20] and the data is interpolated using a b-spline rou-

tine [21]. The charge exchange rate between lithium and proton or the reciprocal is

obtained from studies of the early universe [22] and only valid for temperatures of

300 - 10000 K. The summary of collisional processes implemented in B2.5-Eunomia

involving lithium is shown in table 5.1
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Table 5.1. Collisional processes implemented in B2.5-Eunomia between lithium and
hydrogen and their ionic form.

Collision formula References

Li + Li → elastic [18, 19]

Li + H → elastic [18, 19]

Li + H2 → elastic [18, 19]

Li + H
+ → elastic [20]

Li
+
+ H→ elastic [20]

Li(2s) + e− → Li+ + 2e− [23]

Li(2s) + e− → Li(2p) + e− [15]

Li(2s) + e− → Li(3p) + e− [15]

Li(2p) → Li(2s) + hv [24]

Li(3p) → Li(2s) + hv [24]

Li(2p) + e− → Li(3d) + e− [15]

Li(3p) + e− → Li+ + 2e− [15]

Li+ + e− → Li(2s) + hv [16, 17]

Li + H
+ → Li

+
+ H [22]

5.2.2. Lithium sources: evaporation and sputtering

The lithium that is introduced into the system are emitted from the liquid lithium

target through evaporation and sputtering. Liquid lithium with a finite temperature

will form a vapor cloud in front of its surface with a certain equilibrium vapor pres-

sure 𝑝Li. This pressure can be calculated for a given surface temperature 𝑇 with the

empirical formula [25]:

ln(𝑝Li) = 26.89 −
18880
𝑇

− 0.4942 ln(𝑇 ) (5-12)

where 𝑝Li is in Pa and 𝑇 is in K. The evaporation flux from the liquid lithium target

Γevap,Li is assumed to follow the Langmuir evaporation law [26]:

Γevap,Li =
𝑝Li√

2𝜋𝑚Li𝑘𝑇
(5-13)

where 𝑚Li is the mass of lithium atom and 𝑘 is the Boltzmann constant. The evap-

oration flux is a strong function of the surface temperature 𝑇 , and so a correct de-

termination of 𝑇 is rather important. The surface temperature will primarily be de-

termined by the incoming plasma heat flux. In B2.5-Eunomia the coupling between
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the plasma heat flux and the target surface temperature is currently absent. Hence, a

simplified approach is used to determined the surface temperature profile of the liq-

uid target. Assuming the surface temperature follows the radial profile of the plasma

beam, the surface temperature profile is approximated using the gaussian function:

𝑇 (𝑟) = 𝑇min + (𝑇max − 𝑇min) exp(
−4 ln(2) 𝑟2

FWHM
2 ) (5-14)

where 𝑇min and 𝑇max are, respectively, the minimum and maximum values of the

gaussian, 𝑟 is the radial position and FWHM is the full-width half-maximum of the

gaussian.

Lithium particles can escape from the liquid when impinged by an ion with ki-

netic energy larger than the surface binding energy. For lithium, the surface binding

energy is about 1.67 eV. This phenomenon is called physical sputtering. The amount

of lithium sputtered Γsput,Li can be defined using the sputtering yield 𝑌 as:

Γsput,Li = 𝑌 ΓH+ (5-15)

where ΓH+ is the ion flux impinging on the surface. The sputtering yield can be

greatly enhanced by the existence of adatoms, particles excited by the impinging ion

but not sputtered, on the liquid surface [27]. An effective adatom sputtering yield

were obtained [28] using an empirical fit to measurements of thermal Li sputtering

[29]:

𝑌adatom(𝑇 ) =
𝑌ad

1 + 𝐴 exp (𝐸eff𝑘𝑇 )
(5-16)

where the best-fit values are 𝑌ad = 2.9, 𝐴 = 9.6 × 10−6 and 𝐸eff = 0.7 eV. As 𝑌adatom is a

function of 𝑇 , the same profile of 𝑇 expressed in (5-14) is used. For the simulations

presented in this paper, it is assumed that 𝑌 = 𝑌ad as the contribution of physical

sputtering is negligible compared to adatom sputtering. The best-fit values of (5-

16) are obtained from experiments using deuterium ions with 50 eV energy. To the

writer’s knowledge, no data is available for less ion energies. Thus, for ion energies

in Magnum-PSI, the sputtering flux could be overestimated.

5.3. Simulation setup

The geometry of the simulation is created to resemble the target chamber of the lin-

ear device Magnum-PSI. The chamber is a cylindrical vacuum vessel that contains

the retractable target holder which houses the liquid target prototype. The liquid



NUMERICAL MODELLING OF LITHIUM TRANSPORT 121

lithium target is represented as a disk with a radius of 1.13 cm to mimic the liquid

lithium surface of a 3D-printed tungsten porous structure used in Magnum-PSI ex-

periments [8]. The simulation grid containing the plasma is constructed based on

the magnetic field lines generated by Magnum-PSI superconducting coils, provid-

ing field strength of 1.2 T. For regions outside the plasma beam, a triangular grid is

placed. The geometry is shown in figure 5.1. The characteristics of the simulation

Figure 5.1. The triangular mesh of the Magnum-PSI target chamber (left). The mesh
is more granular at the region where the plasma beam exists. A simplified version is
provided (right) to mark the boundary segments. The liquid target is denoted as LT
and located at Z=0.029 m. The skimmer opening is denoted as S and located at the
bottom edge. W denotes the cold surfaces of the vessel and A is the pumping surface.
The boundary at R=0 is the axis of symmetry.

boundaries are listed below.

• The axis of symmetry is the boundary at R=0. The grid is rotated around this

axis to generate the 3D structure required for Eunomia. A zero flux boundary

condition is imposed.

• The target, LT, is the boundarywhere lithium particles are launched. ForH and

Li atoms, the target is assumed to be a pumping surface with 100% adsorption.



122 NUMERICAL MODELLING OF LITHIUM TRANSPORT

For H2 it is a reflecting surface.

• The skimmer’s entrance, S, is the boundary where the plasma source is estab-

lished. For Li atoms the target is assumed be a pumping surface with 100%

adsorption to reflect the Li atoms that escapes the target chamber. For H and

H2 it is a reflecting surface as escaping particles can potentially return to the

target chamber.

• The cold surfaces of the walls, W, adsorp lithium with 100% probability to

mimic condensation. Hydrogen atoms have a 10% probability to associate into

H2 molecules. For H2 they are reflecting surfaces.

• Pumping of the target chamber is done with the pumping surface, A, where

all particles can adsorp with a certain probability. The probability is adjusted

every simulation cycles such that the total pressure near the surface is 0.3 Pa.

5.4. Transport of neutral lithium

To understand the distribution of neutral lithium inside the target chamber, several

simulations are conducted with different parameters. The most important parame-

ter that define the lithium particle distribution is the lithium particle flux, which is

separated into sputtering and evaporation fluxes as described in section section 5.2.

As both sputtering and evaporation is a function of the target temperature, the tar-

get temperature can be treated as an input parameter that determines the lithium

particle flux from the liquid target. The temperature profile parameters are listed in

Table table 5.2. This target is exposed to a hydrogen plasma that is generated with a

Table 5.2. Parameters of the target temperature following the gaussian function
described in (5-14).

Nr. 𝐴𝑚𝑎𝑥 (K) 𝐴 (K) FWHM (m)

1 550 400 0.009

2 650 500 0.009

3 700 550 0.009

4 800 650 0.009

5 850 700 0.009
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peak density, 𝑛𝑒 = 1020 m−3
, and peak temperature, 𝑇𝑒 = 5 eV, with a full width half

maximum of 0.02335 m, at the skimmer’s entrance.

5.4.1. Target temperature scan

The simulations produce the steady-state distribution of lithium in the target cham-

ber as shown in figure 5.2. At 550 K, the lithium density in the target chamber is

Figure 5.2. The steady-state distribution of the lithium atomic density, 𝑛𝐿𝑖 , in the
target chamber for different target temperatures. The lithium density increases with
the rise of target temperature. All temperatures exhibit a hollow lithium distribution
in the plasma beam.

negligible. The overall lithium density increases with the rise of target temperature,

which is expected with increasing lithium particle flux from the liquid target. At 850

K, the lithium concentration reaches 1020 m
−3

near the liquid target. The highest

lithium concentration is located right in front of the liquid target and gradually de-

creases in the radial direction. In the plasma beam, the plasma temperature is high

enough to ionize lithium, causing steep gradient in the lithium density in the parallel

direction. As the lithium is ionized, the resulting singly-charged ion is dragged along

the hydrogen plasma flow. The magnetic field prevents major radial diffusion of the

ion, and consequently the ion flows back into the liquid target. The sudden ioniza-

tion of the lithium ejected from the target and the re-deposition of the ion cause the
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hollow density profile observed in both the neutral lithium density in figure 5.2 and

lithium ion density in figure 5.3. The transport directions of lithium particles are

Figure 5.3. The steady-state distribution of Li+ density, 𝑛𝐿𝑖+ , in the target chamber
for different target temperatures. The concentration is very localized in front of the
liquid target.

illustrated in figure 5.4 where the streamlines of lithium flow velocities are drawn.

The background colouring represents the speed of the particles. There are a couple

of notable features. Firstly, lithium appears to flow freely from the liquid target to

the walls of the chamber. The flow distribution almost represent an isotropic point

source, with the exception of the direction perpendicular to the target and parallel

to the plasma beam. In this direction the streamlines are pointing back towards the

target, indicating that the lithium particles are picking up the plasma velocity due

to ion-neutral drag. Any neutral lithium particles that enters the plasma beam ex-

periences the same drag and is quickly transported back to the target. Secondly, the

lithium flow slows down as it reaches the walls. The decreases in speed is caused

by interaction with the ambient hydrogen gas in the chamber. The interactions are

neutral-neutral collisions between lithium particles and atomic hydrogen, molecu-

lar hydrogen, or other lithium particles. The level of interaction can be described

by the mean free path of lithium particles, 𝜆Li, emitted from the liquid target, where

𝜆Li = (𝑛𝜎 )−1. In figure 5.5, the mean free path of lithium particles are shown for each
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Figure 5.4. The streamline of lithium neutrals in the target chamber for different
target temperatures. The color represents the speed of the flow. The flow distribution
almost represents an isotropic point source with the exception of the direction perpen-
dicular to the target and parallel to the plasma beam.

radial point from the liquid target at R= 0 to the outer walls at R= 0.25 m for each

target temperature. Only neutral-neutral collision cross sections are included in the

calculation of 𝜆Li = (𝑛𝜎 )−1.[refer to BGK] At R> 0.03 m, indicated on the right of the

dashed line in figure 5.5, the lithium particles have interactions with the hydrogen

gas in the target chamber, and 𝜆Li = 0.2mwhen leaving the plasma beam and short-

ened to 𝜆Li = 0.1 m closer to the walls. On average, lithium particles undergo a few

collisions with the ambient gas before reaching the outer wall. These collisions are

responsible for slowing down the lithium flow to the walls. As the target tempera-

ture increases, lithium self collisions increase dramatically at the center of the beam.

From 700 K and hotter, the lithium density is high enough such that 𝜆Li is sufficiently

small (less than the beam width). The lithium particles undergo many self collisions

before diffusing towards the beam edge. This has implications in the re-deposition

of lithium back to the liquid target as will be explained in section 5.5.
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Figure 5.5. The mean free path of lithium particles, 𝜆𝐿𝑖 , with flow directly perpen-
dicular to the plasma beam right in front of the liquid target. The mean free path
calculation only includes neutral-neutral collisions between Li, H, and H2, and eval-
uated for each radial point from R=0 to the outer wall at R=0.2 m. The dashed line
indicate the edge of the plasma beam.

5.4.2. Plasma temperature scan

The parallel transport of lithium from the liquid target towards the plasma upstream

is inhibited by the ionization of neutral lithium, and the resulting ionic lithium is

subjected to drag by the plasma main species. To further illustrate the importance of

lithium ionization, a new set of simulations is performed with multiple plasma tem-

perature profiles at the plasma source boundary, while the liquid target temperature

is kept at 700 K. The new parameters are listed in table 5.3. In this parameter scan,

the plasma temperature profile width (2𝜎𝑇 = 0.036 m) is made to be larger than the

liquid target diameter (0.0226 m). The simulations resulted in a steady-state lithium

density distribution for each plasma temperature profile shown in figure 5.6. Com-

paring the lithium distribution at 𝑇𝑒 = 5 eV with figure 5.2 reveals that, with the

broader plasma temperature profile, less lithium is transported outside the plasma

beam. The higher temperatures at the plasma beam edge cause more ionization of

lithium and hence confinement of the ionic species. The effect of lithium ionization
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Table 5.3. Parameters of the plasma temperature and density gaussian profile. 𝑇𝑒,𝑚𝑎𝑥

is the peak electron temperature value, 𝑛𝑒,𝑚𝑎𝑥 is the peak electron density value, 𝜎𝑇
and 𝜎𝑛is the full width half maximum of the gaussion for, respectively, the electron
temperature and density.

Nr. 𝑇𝑒,𝑚𝑎𝑥 (eV) 𝜎𝑇 (m) 𝑛𝑒,𝑚𝑎𝑥 (m
−3
) 𝜎𝑛

1 4 0.018 10
20

0.01

2 5 0.018 10
20

0.01

3 6 0.018 10
20

0.01

4 7 0.018 10
20

0.01

Figure 5.6. The steady-state distribution of the lithium atomic density, 𝑛𝐿𝑖 , in the
target chamber for different plasma temperatures. The plasma width is larger than
the liquid target. The lithium density decreases with the rise of plasma temperature.

on inhibiting lithium transport in the target chamber is clearer at even higher plasma

temperatures as shown in figure 5.6. In contrast, at lower plasma temperature the
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lithium is more freely distributed in the target chamber.

5.4.3. Full Magnum-PSI geometry

While the simulations described in section 5.4.1 were limited to the target chamber,

here the geometry is extended to include the full scope of Magnum-PSI in order to

determine the amount of lithium escaping the target chamber and possibly reach-

ing the Magnum-PSI plasma source. The boundary conditions implemented here is

similar to the ones employed in [14], with the addition of lithium adsorption in the

cold surfaces of other chambers. As the liquid target is effectively further away from

the plasma source in this simulation (1.25 m instead of 0.35 in section 5.4.1), we did

not produce simulations with the same plasma temperature and density in front of

the liquid target. In fact, both of them were lower. With lower plasma temperature,

the ionization of lithium is less effective and more lithium is transported outside the

plasma beam, which is shown in figure 5.7. This is reflected in the higher concen-

tration of lithium in the target chamber compared to 5.2. The transport of lithium

from the liquid target to the upstream is prevented by the skimmer dividing the tar-

get chamber and the middle chamber. Lithium that is ejected from the liquid target

us mostly condensed on the outer walls and the skimmer surface, and a small por-

tion is reaching the skimmer opening.[add detail of ratio] The lithium flux through

the skimmer opening is inhibited by the main plasma flow, and consequently the

lithium concentration in the next chamber is ∼ 5 orders of magnitude lower than the

target chamber. With a second skimmer dividing the middle and the plasma source

chamber, the amount of lithium reaching the plasma source is negligible.

5.5. Lithium re-deposition

When a lithium particle is ejected from the liquid target, there is a chance that the

same particle will be deposited back. This phenomenon is known as redeposition and

plays an important role in determining lithium transport upstream. Redeposition 𝑅
is quantified by the ratio of the lithium flux returning to the liquid target, Φtarget

Li ,

and the total lithium that is emitted from the target, Φgross
Li , from evaporation and

sputtering.

𝑅 =
Φtarget
Li

Φgross
Li

(5-17)

The returning lithium flux is the sum of the neutral and ionic species, as 𝐿𝑖+ is as-

sumed to be neutralized and condensed when redeposited. However, B2.5-Eunomia
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Figure 5.7. The steady-state distribution of the lithium atomic density, 𝑛𝐿𝑖 , in
Magnum-PSI. The area with the highest lithium concentration is the target chamber
where the liquid target is mounted. Next to the target chamber is the middle chamber
and located further is the plasma source chamber. The concentration of lithium in the
middle chamber is orders of magnitude lower than the target chamber, and negligible
in the source chamber.

currently does not have the capability to calcultate the neutral portion of Φtarget
Li di-

rectly. Instead, it can be approximated by the difference between Φgross
Li and the total

lithium flux that is condensed on the outer boundaries of the chamber, effectively

lost from the system. By including the lost lithium flux, Φlost
Li , the redeposition factor

𝑅 becomes:

𝑅 =
Φgross
Li − Φlost

Li
Φgross
Li

(5-18)
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The redeposition coefficient 𝑅 is calculated for all cases presented in section 5.4.1

and section 5.4.2 and shown in, respectively, table 5.4a and table 5.4b. In the simu-

Table 5.4. The redeposition coefficient 𝑅 calculated according to (5-18) using the
total lithium emitted from the liquid target, Φgross

Li , and the total lithium escaping the
system Φloss

Li , for each case described in section 5.4.1 and section 5.4.2. The fluence of
Li+ to the target, Φtarget

Li+ is also listed.

(a) Target temperature scan

𝑇𝑚𝑎𝑥 (K) Φgross
Li Φloss

Li R Φtarget
Li+

550 5.313e+18 6.515e+16 0.9877 5.316e+18

650 6.251e+19 3.811e+18 0.9390 5.802e+19

700 1.275e+20 3.851e+19 0.6980 7.656e+19

800 3.937e+20 2.416e+20 0.3864 7.365e+19

850 4.821e+20 3.166e+20 0.3433 6.415e+19

(b) Plasma temperature scan

𝑇𝑒,𝑚𝑎𝑥 (eV) Φgross
Li Φloss

Li R Φtarget
Li+

4 1.018e+20 4.088e+19 0.5982 5.153e+19

5 1.294e+20 5.819e+18 0.9550 1.059e+20

6 1.762e+20 3.051e+17 0.9983 1.768e+20

7 1.878e+20 5.093e+16 0.9997 1.794e+20

(c) Full geometry, target temperature scan

𝑇𝑠𝑢𝑟𝑓 (K) Φgross
Li Φloss

Li R Φtarget
Li+

550 3.005e+18 1.267e+18 0.5785 1.159e+18

650 3.238e+19 2.019e+19 0.3765 2.648e+18

700 6.972e+19 4.627e+19 0.3363 1.164e+18

800 1.757e+20 7.142e+19 0.5935 9.198e+17

850 1.810e+20 1.186e+20 0.3449 8.601e+17
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lated case where the plasma source parameters remain fixed, the redeposition coef-

ficient is inversely proportional to the total lithium emitted fluence. This correlates

to the effect of lithium ionization in inhibiting lithium particle transport leaving the

plasma beam. As the target temperature increases;ergo, more lithium is introduced

near the liquid target, more ionization occurs and causes a temperature gradient in

the direction parallel to the magnetic field. The region of ionization moves along

the temperature gradient and in the region near the liquid target the transport of

lithium particles is less inhibited by ionization, but rather by self-collision, as shown

in figure 5.5. This is also reflected by the portion of redeposited lithium being dom-

inantly in ionic form at low target temperatures where ionization is the dominant

transport inhibitor, which is shown by the lithium ion flux to the liquid target, Φtarget
Li+ ,

in table 5.4a. The role of self-collision in redeposition is rather weak compared to

ionization, as ionized particles are confined in the radial direction by the magnetic

field, and in the parallel direction by plasma drag. Thus, the redeposition factor de-

creases with the increase of emitted lithium from the target. The simulated cases in

section 5.4.2 confirms this mechanism by showing that 𝑅 increases with increasing

electron temperature as listed in table 5.4b. With the ionization of lithium being the

primary cause of redeposition, there exist a correlation between 𝑅 and the plasma

temperature in front of the liquid target. The plasma temperature is chosen to be at

the radial edge of the liquid target, as this region mark the last radial point where

lithium ions can be redeposited to the target. Such correlation is shown in figure 5.8

where 𝑅 is plotted as a function of the plasma temperature at the target edge. High

redeposition coefficients of 90% and larger only occur when the electron tempera-

ture is higher than 1 eV. At lower than 1 eV, the redeposition coefficient decreases

linearly with temperature. For redeposition coefficients calculated from the full ge-

ometry simulations, the correlation is not reproduced. At varying target tempera-

tures, the plasma temperatures are similar at the edge at around 0.2 eV. Therefore, it

is unlikely that the redeposition is governed by the lithium ionization process, but

by self-collision of lithium particles near the liquid target. This could explain the in-

crease of redeposition coefficient at 800 K shown in table 5.4c, however we currently

cannot explain this increase and requires further analysis.

5.6. Plasma cooling by lithium vapor

Liquid metal PFCs can have a higher heat flux tolerance than solid tungsten PFCs as

a result of additional dissipation mechanisms, one of them being vapor shielding. In
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Figure 5.8. The redeposition coefficient 𝑅 as a function of electron temperature at the
liquid target’s radial edge. Redeposition decreases sharply at electron temperatures
lower than 1 eV.

steady-state experimental testing, vapor shielding was implied by the observation

of the surface target temperature. When liquid metal is present, the surface tem-

perature is lower than the expected value if only heat conduction is considered, and

the value is insensitive to the plasma heat flux [3, 30], implying a saturation of the

target heat flux. This saturation is observed in the simulations of liquid lithium di-

vertor targets when the strong target temperature dependence of vapor emission is

included in the model[9]. When the target temperature is determined by the target

heat flux, the saturation occurs naturally with increasing heat flux from the plasma

upstream. In B2.5-Eunomia, the target temperature dependence on the target heat

flux have not been implemented. However, the same saturation effect should be ap-

parent when using a fixed plasma upstream and increasing target temperature, as

done in the simulations described in section 5.4.1 and section 5.4.3. The target heat

flux, 𝑞t, from both simulations are calculated using the formula:

𝑞t = 𝑞e + 𝑞i (5-19)
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𝑞e = Γe𝑘𝑇e − 𝜅e
𝜕𝑇e
𝜕𝑧

(5-20)

𝑞i = ΓH+ (𝑘𝑇i + 𝑒𝐸H+) + ΓLi+ (𝑘𝑇i + 𝑒𝐸Li+) − 𝜅i
𝜕𝑇i
𝜕𝑧

(5-21)

where Γe is the electron flux to the target, ΓH+ is the proton flux to the target, ΓLi+ is
the lithium ion flux to the target, 𝑞e and 𝑞i are the electron and ion heat flux to the

target respectively, 𝑇e and 𝑇i are the electron and ion temperature in front of the tar-

get respectively, 𝜅e and 𝜅i are the electron and ion thermal conductivity respectively,

𝐸H+ is the ionization potential of hydrogen at 13.6 eV. and 𝐸Li+ is the first ionization
potential of lithium at 5.39 eV. The target heat flux is evaluated for each radial points

in the simulation from the liquid target center at r=0 to the target edge at r=12 mm

and shown in figure 5.9. The target heat fluxes for the target temperature scan and
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Figure 5.9. The radial profiles of target heat flux, 𝑞t, at different target temperatures
for (a) target temperature scan simulations described in section 5.4.1 and (b) full ge-
ometry temperature scan simulations described in section 5.4.3. The saturation of the
target heat flux is apparent at 800 K and 850 K for both cases.

the full geometry scan are relatively high at 550 K with peak values, respectively,

more that 10 MWm
−2

and 7 MWm
−2
. As the target temperature increases to 700 K,

the peak heat flux decreases sharply. When the target temperature increases further,

the decrease of the heat flux is relatively smaller, implying a saturation value near

the heat flux at 850 K. Thus, a vapor shielding effect is created for the combination of

plasma parameters and target temperatures in the simulations presented here. The

target heat flux as described in (5-19), (5-20) and (5-21) includes conduction and con-

vection terms that depend on the local plasma temperature. The other terms are
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the ionization potential of the plasma particles deposited to the target, which does

not depend on the local plasma temperature and solely on the particle flux. From

table 5-18, it is shown that the 𝐿𝑖+ particle flux to the target does not decrease with

increasing target temperature. Thus, the reduction of heat flux does not come from

the reduction of 𝐿𝑖+ particle flux. The contributions of conduction and convection

terms can be inferred from the local electron temperature near the target as shown

in figure 5.10. The greatest decrease of heat flux occurs between target temperatures

Figure 5.10. The electron density 𝑛e (top) and electron temperature 𝑇e (bottom)
distribution in the plasma region near the liquid target at Z=0.029 m. Each column
represent a different target temperature labeled at the top. The electron temperature
decreases rapidly with increasing target temperature.

of 550 K and 800 K where 𝑇e (and 𝑇i since in these cases 𝑇e = 𝑇i) decreases rapidly
from ∼ 3 eV to below 1 eV. At 800K the low temperature region, where 𝑇e is now
below 0.4 eV, increases upstream, up to a certain point at Z= 0.02 m, and this posi-

tion is maintained at 850 k. The further increase of target temperature from 800 K

does not significantly decrease the plasma temperature any longer. Vapor shielding

can remove energy from the plasma through ionization and excitation of the vapor

particles, and these processes remove energy from the electron, effectively cooling

the plasma. The location of these processes can be determined by looking at the
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electron energy sink term, −𝑆e, and Li
+
particle sources, 𝑆Li+ in B2.5-Eunomia, and

they are shown for all cases of the target temperature scan in figure 5.11. At 550K,

Figure 5.11. The electron energy sink −𝑆e (top), Li+ particle source 𝑆𝑛Li+ (middle), and
the H+ particle sink −𝑆𝑛H+ distribution (bottom) from the target temperature scan
simulations. This shows the plasma region near the liquid target at Z = 0.029 m.
Each column represent a different target temperature labeled at the top. The region
of high electron energy sink coincides with the region of high Li+ sources, indicating
ionization as the primary process for electron energy sink.

the electron energy sink term is small and localized on the liquid target at Z = 0.029

m. The concentration of lithium is small at this temperature and vapor shielding is

absent. With increasing temperature, the electron energy sink increases in magni-

tude and area. The region where the electron energy sink is high coincides with the

Li
+
particle source region indicating ionization as the primary electron energy sink

process. The location of lithium ionization follows the plasma temperature distri-

bution shown in figure 5.10, forming an ionization front. As the reduction of heat
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flux by plasma cooling starts to saturate at 800K, further reduction is from the main

plasma particle flux. The distribution of H
+
particle sources is shown in figure 5.11.

At 800 and 850 K, a significant recombination of H
+
occurs near the target as the

plasma density and temperature in this region supports high H
+
recombination rate,

lowering the H
+
particle flux to the target and consequently the deposition of the

ionization potential. Plasma cooling by ionization, and recombination of the main

plasma are also observed in the full geometry simulations as shown in figure 5.12.

As the plasma temperature profile is narrower, ionization only occurs at the center

Figure 5.12. The electron energy sink −𝑆e (top), Li+ particle source 𝑆𝑛Li+ (middle), and
the H+ particle sink −𝑆𝑛H+ distribution (bottom) from the full geometry simulations.
This shows the plasma region near the liquid target at Z = 0.029 m. Each column
represent a different target temperature labeled at the top.

of the plasma. The plasma temperature is also lower compared to the target temper-

ature scan simulations, and so H
+
recombination is more prevalent. Nevertheless,

the same feature can be observed indicating the region of the lithium vapor where
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the electron energy sink coincides with the Li
+
particle source.

5.7. Implications to liquid metal PFC in a divertor

The capabilities of liquid lithium PFC in lessening the heat loads through vapor

shielding have been demonstrated in the previous section, indicating ionization as

the main plasma cooling mechanism. The same mechanism is to be expected in a

tokamak divertor with similar or higher plasma temperature. The application of liq-

uid lithium PFC is not limited by its heat handling capabilities but rather by its poten-

tial to dilute the core plasma. The target temperature scan and plasma temperature

scan simulations have shown that ionization of lithium vapor inhibits the transport

of lithium outside the plasma and towards the plasma upstream. The transport to-

wards the plasma upstream is further impeded by the drag force of the main plasma

flow. The same behaviour can be expected in a tokamak SOL provided such a plasma

flow exists. The problem arises for lithium that is transported outside the SOL. The

simulations have shown that the evaporated and sputtered lithium encounter few

collisions with the hydrogen gas environment, effectively flowing towards the outer

surfaces of the chamber. With the SOL being narrow, a significant portion of lithium

can traverse outside the divertor region and reaches the plasmamidplane, or towards

the private flux region and enter the plasma core through the x-point. Recent simu-

lations in a tokamak [9] suggest heavy contamination of the core plasma caused by

lithium escaping the divertor volume. It is therefore necessary to employ physical

obstruction, such as baffles or a vapor box [7], to limit the lithium transport upstream.

The full geometry simulations show that such obstruction, represented by the tar-

get chamber skimmer, is very effective in limiting the concentration of lithium by at

least 5 orders of magnitude. The simulations presented in this paper also point to the

conclusion that redeposition rate will be low in the operating regime where vapor

shielding is active. Thus, the accumulation of lithium in different parts of the toka-

mak will be unavoidable. This makes the utilization of a vapor box more favourable,

or even necessary, compared to ordinary divertor baffles.

5.8. Conclusion and outlook

We have conducted a B2.5-Eunomia simulation study of the transport and redeposi-

tion of lithium from a liquid lithium plasma facing component and the vapor shield-

ing mechanism that reduces the plasma heat flux to the target in the Magnum-PSI
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linear plasma device. The collisional processes involving lithium and hydrogen as

well as lithium evaporation and sputtering sources based on surface temperature are

implemented for this study. Simulations of varying lithium source strengths have

shown ionization as the main process that inhibits lithium transport from the liquid

PFC towards the outside of the plasma beam and the plasma upstream. Lithium parti-

cles that are not ionized traverse relatively unimpeded towards the outer walls of the

target chamber. The concentration of lithium outside the target chamber is 5 orders

of magnitude less implying negligible amount of lithium escapes the target chamber.

There is a correlation between redeposition of lithium and the plasma temperature

as ionization prevents lithium escaping the plasma beam. At plasma temperatures

less than 1 eV, redeposition decreases as the ionization rate is reduced. Ionization

of lithium appears to be the main process in driving the plasma temperature down

in vapor shielding and consequently reduces heat conduction and convection to the

target. As the temperature decreases further, radiative recombination of the main

plasma is enhanced and so reduces the particle flux to the target. The characteristics

of transport and redeposition shown in this paper suggest the importance of utilizing

the vapor box in liquid PFC application of a tokamak divertor, as the accumulation

of lithium outside the divertor region will otherwise be unavoidable. However, this

study is preliminary. Future validation of the simulations presented in this paper can

support the current conclusions. The validation can be done by extensive simulations

of liquid lithium experiments taking into account measured plasma parameters and

target conditions. Before it can be done, a feedback model between the plasma and

target temperature will be required.
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Chapter 6

Discussion and outlook

The survival of tokamak divertor components is a serious concern for high power

tokamak experiments such as ITER in the near future, or power-producing tokamak

reactors. The work presented in this thesis investigates the physics behind two pos-

sible solutions, plasma detachment and liquid metal plasma facing components, with

numerical modelling. In this chapter, the conclusions and the implications toward

future work will be summarily stated and discussed.

6.1. Plasma detachment

To investigate plasma detachment, B2.5-Eunomia is used to simulate detachment

experiments done in the Magnum-PSI linear plasma device. Plasma detachment in

Magnum-PSI was achieved by increasing the gas pressure in the target chamber with

gas puffing, resulting in reduced plasma heat flux to the target. The same method is

applied in numerical simulation, where the attached plasma state is first replicated

and gas pressure is increased in the target chamber while all other boundary con-

ditions and input parameters remain constant. This particular work was described

in Chapter 3, and the discussions therein provide the answer to the first research

question introduced in Chapter 1:

How does the B2.5-Eunomia output quantitatively compares to experimen-
tal observation of plasma detachment in Magnum-PSI?

It was demonstrated that B.25-Eunomia was able to provide simulated electron den-

sity and temperature that are in reasonable agreement with experimental measure-

ments in different gas pressure values. The important characteristics of plasma de-
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tachment, namely the reduction of particle and heat flux to the target were qual-

itatively replicated. These results provide the avenue to investigate the processes

involved in achieving detachment when the gas pressure is increased. The meth-

ods are described in Chapter 4, and the analysis therein answers the next research

question:

What are the relevant plasma collision processes that lead to detachment in
Magnum-PSI?

The reduction of particle flux towards the target is dominated by molecular activated

recombination (MAR) at electron temperatures of around 1.5 eV. As the temperature

decreases, the contribution of MAR is replaced by electron-proton recombination.

Ultimately, the detached plasma state seen with measurements of H-𝛼 light emis-

sion from the plasma is caused by electron-proton recombination. The cooling of

the plasma is predominantly caused by friction with hydrogen molecules. As the

hydrogen molecular density is increased with gas puffing in the target chamber, the

plasma-neutral molecule friction is increased and so the amount of plasma energy

lost to the neutral molecules, which effectively lowers the electron temperature and

therefore increases the recombination rate. Molecular friction is also responsible for

plasma momentum loss. In combination with magnetic confinement of the plasma,

the slowing down of plasma flow velocity causes stagnation, increasing the plasma

density near the target and consequently increases the recombination rate further.

Based on this analysis, the desired characteristics of detachment can be achieved

in the tokamak divertor bymaximizing the friction between hydrogenmolecules and

the main plasma species. While increasing the molecular density with gas puffing

has limitations due to the core density limit, optimizing divertor closure can help

maintain high molecular density in the region. There are examples of divertor clo-

sure optimization which have been recently investigated, such as the installation of

baffles to close the divertor volume in TCV [1] or the simulation studies of narrow

slot divertors in DIII-D [2]. Both have shown better compression of gas and detach-

ment was achieved with lower upstream density compared to open divertors. The

target chamber of Magnum-PSI can be seen as a divertor with perfect closure because
of three factors. First, the target chamber skimmer coincides with the plasma radius.

Secondly, a strong plasma flow exists which inhibits gas flow from the high pressure

chamber through the skimmer hole. Lastly, the ionization source of Magnum-PSI is

not coupled with the recycled plasma at the target, and so the effect of closure on
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detachment is independent of the source conditions. Hence, the effect of molecular

friction is most likely to be more significant for Magnum-PSI conditions compared

to tokamaks.

6.1.1. Recommendations for tokamak modelling

The study of collisional processes involved in plasma detachment presented in this

thesis was validated by comparison with Magnum-PSI experimental data with rea-

sonable agreement. These processes include reactions with vibrationally excited hy-

drogen molecules in 15 distinct vibrational states. Each vibrational state is simulated

in B2.5-Eunomia as separate simulated species. In Chapter 4, the necessity of this

feature was evaluated by comparing collision rates of MAR between B2.5-Eunomia

and the assumption of vibrational states in local thermal equilibrium. It was found

that in plasma regimes where MAR is a significant recombination process, the dif-

ference is small. In regions where MAR is not significant, the collision rate can be

overestimated by a factor of two when using equilibrium states. Hence, the effect of

simulating distinct vibrational states can be small in the overall particle and energy

balance. However, it is recommended to be used in tokamak modelling to prevent

the overall overestimation of MAR, especially when determining local MAR rates to

provide spectroscopic data from the model. Another reason for implementing this

feature comes from the additional electron energy loss channel from vibrationally ex-

cited molecules that can escape the plasma region and de-excite on the vessel walls,

depositing their energy. This cooling channel is shown to be quite significant in

Magnum-PSI at about 10% of the total incoming energy. For tokamak divertors, the

same cooling channel can be expected to occur, where the proportion of energy lost

depends on the divertor geometry and the molecular density.

The plasma inMagnum-PSI under experimental and simulation studies presented

here consists of hydrogen as the main species. However, the main species of a fusion

plasma will be deuterium, and so collision rates can be different, in particular the col-

lisions relevant for plasma detachment. As stated before, the significant processes

leading to detachment are ion-molecule elastic collision, MAR and electron-ion re-

combination. Ion-molecule elastic collision and MAR rates will be affected by the

mass difference as they are collisions between heavy particles. For MAR, the reac-

tion rates for D2 can be expected to be lower than H2 and dissociative attachment

via the production of D
−
can become relevant [3], thus lowering the contribution of

MAR and increasing the contribution of dissociative attachment in the particle and
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energy balance of deuterium plasmas compared to hydrogen.

6.1.2. Recommendations for Magnum-PSI modelling

The particle and heat flux to the target are often important quantities in testing di-

vertor components in Magnum-PSI plasma experiments. Numerical modelling can

provide these quantities with greater detail than the calculation based on the elec-

tron temperature and density profile obtained by Thomson scattering near the target.

The fidelity of the simulation results can be improved by addressing some of the as-

sumptions shown in this thesis. One such assumption, which is also often used in

experiments, is the notion that the plasma source is unaffected by changes in the

target chamber. This is born from the limitations of the Thomson scattering system

that currently exists in Magnum-PSI. Thus, the plasma parameters near the plasma

source is not prioritized in most Magnum-PSI experiments. In Chapter 3, it is shown

that with large changes in the plasma parameters within the target chamber, the

boundary condition at the plasma source can result in unphysical solutions. In ad-

dition, as discussed in Chapter 2, the electron temperature and density profiles in

the target chamber (or downstream) are sensitive to the profiles used as boundary

conditions at the plasma source. A simultaneous measurement of the profiles at the

plasma source and downstream removes the need for the assumption and can greatly

improve the validity of relevant experiments and modelling results.

The plasma electric current can heat the plasma and increase electron temper-

ature via Ohmic heating. In Chapter 4, it is shown that the contribution of Ohmic

heating to the total energy balance can be significant for low density plasmas. Hence,

the electron temperature obtained by the model can be sensitive to the electric cur-

rent in this plasma regime. In B2.5-Eunomia, the electric current is created by apply-

ing a potential boundary condition derived from measurements of plasma rotation

in Pilot-PSI. The same measurement employed in Magnum-PSI can provide accu-

rate potential boundary condition, or serve as another validation parameter for the

assumed potential boundary.

The comparison between B2.5-Eunomia and experiments are currently limited

to electron density, temperature, and calorimetry measurements. A clearer picture

of the plasma detachment can be extracted from B2.5-Eunomia by producing a syn-

thetic H-𝛼 emission profile. The neutral steady-state distribution obtained from Eu-

nomia can be fed into a collisional radiative model to produce the profile. Addition-

ally, a direct comparison with optical emission spectroscopy measurements can be
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made available. One such model has been used as a post-processing tool in Eunomia

for Pilot-PSI studies [4] and can be revisited in the future.

6.2. Liquid metal as plasma facing components

The promising application of liquid metal as plasma facing components (PFC) in a

tokamak divertor is limited by the risk of impurity transport to the plasma core.

Liquid lithium PFC prototypes have been tested in Magnum-PSI by exposing the

target in steady-state plasma. B2.5-Eunomia has been updated with the capabilities

to simulate lithium neutrals to study the transport of lithium particles from the liquid

target to the surrounding environment in the target chamber of Magnum-PSI and

towards the plasma source. The new implemented features, simulation results, and

analysis were presented in Chapter 5. With this study the final research question

from Chapter 1 can be answered:

What governs the transport behavior of lithium particles emitted from liq-
uid lithium targets within the Magnum-PSI device?

The transport of lithium particles is inhibited by two processes, ionization of the

neutral particle and the ion drag force. As the particle enters the plasma region

with sufficient electron temperature to ionize, the resulting ion is confined by the

magnetic field. This confinement inhibits the particle transport in the radial direction

where the particle can leave the hot plasma and recombine. The ionized particle

is instead dragged by the main plasma flow into the target. Non-ionized particles

travel unimpeded through the neutral gas and are deposited on the outer walls of

the target chamber. The process of ionization cools the plasma, thus the electron

temperature near the liquid target is reduced. This consequently lets more lithium

particles escape the plasma beam. And so, the strength of lithium redeposition on the

target is correlated with the electron temperature near the target. The redeposition

fraction decreases significantly below a temperature of 1 eV. The full Magnum-PSI

geometry simulation revealed that the concentration of lithium outside the target

chamber is negligible. Thus, the amount of lithium that is transported upstream

from the liquid target is minimal. The traversal of particles inside the plasma beam

and through the skimmer opening is limited by the main plasma flow. Non-ionized

lithium outside the plasma beam travels freely upstream, but is physically obstructed

by the skimmer.
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6.2.1. Implications to liquid metal PFC in a divertor

The implications of these findings have been discussed in chapter 5 section 7 and will

be reiterated here. As the transport of lithium is primarily determined by its ioniza-

tion rate, the same behaviour should be expected in a tokamak divertor with similar

or higher electron temperature. Furthermore, the transport of lithium ions parallel

to the magnetic flux can be impeded by the drag force with the main plasma flow,

provided such flow exists in the SOL. Evaporated and sputtered lithium particles that

are not ionized will be deposited on the cold surfaces of the divertor, as the particles

collide infrequently with the ambient gas. The amount of eroded lithium from the

liquid lithium surface depends on the amount redeposited back to the target. This

study revealed that a low redeposition rate will be expected in the desired operating

temperature window of the liquid PFC, where vapor shielding is able to remove the

plasma heat flux significantly. The same low redeposition rate should be expected in

a tokamak divertor, and so a significant dispersion of lithium from the target will be

unavoidable. In open divertor configurations, these particles will leak into the core

through the midplane or through the private flux region. Thus, physical obstructions

are necessary to prevent the lithium leakage. Divertor baffles which are used to in-

crease divertor closure and gas compression can equally serve to prevent lithium

leakage towards the midplane. However, the prevention of lithium leakage in the

private flux region is not yet clear. The leakages can also be prevented when the liq-

uid PFC is entirely enclosed in a separate chamber, not unlike the vapor box design

[5]. In fact, the vapor box concept may be the only feasible method in employing the

liquid PFC without allowing much lithium into the plasma core. The target chamber

of Magnum-PSI mimics a vapor box and evidently the lithium outflow from the tar-

get chamber to the subsequent chambers through the skimmer opening is severely

limited by the plasma flow. However, the skimmer opening rather tightly encloses

the plasma beam, and so the opening of a vapor box may require the same tightness

to achieve the same effect.

6.2.2. Outlook of the simulation study

The study presented in Chapter 5 is very much in its preliminary stage and several

improvements need to be made in the future. While the simulation is sufficient to

describe qualitatively the transport of lithium in differing target surface tempera-

tures, the modelling of lithium sources in the simulation is still rudimentary. For

the purpose of validating the simulation model with experimental data, further im-
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provements should focus on the aspect of lithium source modelling. One important

addition is the model of the target surface temperature that couples with the plasma,

as the sources of lithium, namely evaporation and sputtering, are sensitive to the

target surface temperature. In doing so, a self-consistent picture can be made for the

plasma and lithium quantities. Another possible improvement pertains the influence

of hydride formation on the liquid surface on the lithium evaporation and sputtering

rate. Lithium hydrides have been demonstrated to suppress the evaporation rate of

lithium [6] and predicted to have the same effect on the sputtering rate [7]. A sup-

pression coefficient can be introduced as an additional parameter to tune the erosion

of lithium in the simulation.
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Appendix A

Eunomia source statistics

In this appendix the calculation of individual collision source terms discussed in

Chapter 4 will be described here. As mentioned, to separate the contributions of each

collision event a second simulation with Eunomia is performed while the plasma

steady-state solution is frozen in place. The test-particles are launched again from

the same neutral sources used in attaining the steady-state solution. This method

yields the contribution of individual collision processes between the test-particle

and the background plasma and neutral in every computation cell. To reduce the

statistical noise of this sampling, the source terms are averaged over a number of

cycles.

The values of source terms described in chapter 4 are obtained from the averaging

of 4 cycles, for each cycle a total of 2 million particles are traced. The statistical noise

can be be determined by calculating the standard error of the average. To highlight

its influence in the overall analysis, the standard error is calculated from the integral

of the source terms over the analysis domain. In figure A.1 the comparisons of total

particle losses described in Chapter 4 figure 4.5 are re-illustrated with the standard

error appended as error bars. The same is applied for the total momentum losses

described in Chapter 4 figure 4.7, and is shown in figure A.2. The standard error

in both cases are within 3-9%, and as shown in these figures, the importance of the

collision processes are clearly distinguished.



152 EUNOMIA SOURCE STATISTICS

1 2 3 4
Pressure, pn (Pa)

0.0

0.1

0.2

0.3

0.4

0.5
Φ v

ol
/Φ

u
High density case

1 2 3 4
Press re, pn (Pa)

0.0

0.1

0.2

0.3

0.4

0.5 Low density case

Ionization, H MAR Dis. Attach.

Figure A.1. Individual contributions of different plasma collision processes to the
volumetric particle loss (see figure 4.5). The error bars indicate the standard error of
the average over 4 Eunomia cycles. Here recombination is omitted as their calculation
does not involve sampling.
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Figure A.2. Individual contributions of different plasma collision processes to the
volumetric momentum loss (see figure 4.7). The error bars indicate the standard error
of the average over 4 Eunomia cycles. Only the three most important processes are
described here.
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