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Abstract

Divertor detachment is key to the handling of power-loads within fusion reactors. However, Tokamak
edge-regions are regularly subjected to strong bursts of heat from the plasma core. Detailed investigation
into the response of a detached divertor to the onset of these heat-pulses has yet to be carried out.
This report presents an analysis of this response through the use of a 1D plasma-fluid code. Rapid
divertor re-attachment was found to produce high amplitude sound waves originating in front of the
target and travelling upstream. Furthermore, the deposition of energy far above that contained within
the pulse was observed. This was a result of the transfer of energy flow from radiative losses to target
heat-flux. Increasing upstream density was found to increase this effect on both MAST-U and ITER.
Additionally, expanding the magnetic flux area close to the target was found to both reduce Divertor
heat-loads, in proportion to the expansion in area, and better maintain radiative losses. Thus, an overall
more robust divertor was produced. Additionally, target heat-loads scaled linearly with the background
energy entering the edge-region. These observation have several implications. For a detached divertor,
there is a limit to the size (power and duration) an ELM can reach before the Divertor re-attaches. Once
this occurs, an increased volume of energy would be deposited on the target. Furthermore, Physical
measurements of target heat-loads may overestimate the energy expelled from the core plasma during
ELM transients.
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1 INTRODUCTION

1 Introduction

Magnetic confinement fusion (MCF) aims to achieve a net output of energy through the fusion of Deu-
terium (D) and Tritium (T) in the reaction,

D+T=He+n+17.6 MeV

MCF does this by confining charged particles in the form of plasma, thus, minimising energy losses.
The Tokamak (shown in Figure 1) is recognised as the optimal geometry for achieving this confinement.
However, energy and particles still eventually leave the plasma core. Therefore, to prevent excessive
damage to plasma facing components (PFCs), energy and particles must be quickly removed from the
plasma edge. As described in the sections below, several techniques have been developed to achieve this.
Even so, excessive power-loads within the edge region of Tokamak reactors remain a major obstacle to
the production of net energy through fusion.
Inner Poloidal field coils
(Primary transformer circuit)

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

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1. Diagram of a Tokamak, showing both toroidal and poloidal coils, the toroidal
plasma and helical magnetic field. The inner poloidal field coils induce a current in the plasma
which provides resistive heating and produces the confining poloidal field (Image source: euro-
fusion.org).

Advancements in Tokamak edge plasma technology, such as Divertor physics (see section 2.2), have
greatly improved the power and particle control of Tokamaks within steady-state. However, transient
modes now pose the biggest threat to MCF research. Promising operational modes of increased energy
confinement have been discovered. Unfortunately, these modes are accompanied by undesirable eruptions
of energy into the edge region. These eruptions, known as Edge-localised modes (ELMs), (depicted in
Figure 2) are described within section 2.5. ELMs result in the rapid deposition of energy onto PFCs
and can result in their melting or sublimation. Because of this, the development of detailed models of
ELM-driven edge-plasma evolution and power-load mitigation methods are major goals of MCF research.
Furthermore, these high-confinement modes are aided by additional edge-plasma states. Most notably,
plasma detachment (see section 2.4) drastically aids power and particle control. Detachment sees the
build-up of neutral gas in front of PFCs and helps to cushion against strong heat transfer. Consequently,
future Tokamaks plan to operate within high confinement modes containing detached edge-plasma. How-
ever, little research has so far been carried out into the response of detached plasma to heat-pulses. For
this reason, the work presented within this report formed an investigation into this response.

This report hopes to provide an answer to several questions relevant to the understanding of Heat-
pulses, such as ELMs, within Tokamak reactors. Firstly, a key focus was to understand the processes
effecting the deposition of pulse-energy onto PFCs. Furthermore, what sort of heat-loads can be expected
within physical reactors such as MAST-U or ITER and, more importantly, how do the sizes of these pulses
(power and duration) influence heat-loads? Another question to be answered was if the Super-X Divertor
design, present on MAST-U [1], is worth the extra cost and complexity? To answer this question, the
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impact of varying the magnetic flux expansion close to the target was to be tested. Finally, the affect of
increasing the degree to which the divertor has detached was investigated.

Figure 2. A high speed image of the MAST plasma during ELM eruption. ELMs can be seen
as filaments twisting around the spherical shape (Image source: euro-fusion.org).

In Section 2, we begin by discussing the general physics behind many of the topics discussed in
this report. In Section 3, we will move onto the program and methods used for data collection and
validation. Then, results will be presented alongside some discussion of their relevance within Section 4
before conclusions are drawn within Section 5.
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2 Theory

This Section will cover the physics most relevant to this investigation of Tokamak edge plasma. These
will include the processes determining heat flow and loss within the edge, the various operational states
of this region and its different designs.

2.1 SOL Heat Transport

Charged particles stick to solid surfaces long enough to allow recombination to occur. Surface recombi-
nation can deposit energy through two main effects. Firstly, assuming a hydrogenic plasma, 13.6 eV is
deposited as an electron enters the ground state of the newly formed atom. Following this, atoms can
combine to form molecules on the surface and deposit around 2.2 eV more [2]. Newly recombined neutrals
can then back-scatter into the plasma to be ionised once again. This process is know as recycling. Since
charged particles are re-released from the surface, an energy sink is formed but not a mass sink. Thus,
conduction is a permitted mechanism of energy transport in plasma sink action.

To implement plasma sink action, a solid surface (target) must be placed across open field lines,
forming a scrape-off layer (SOL) beyond the separatrix (last closed magnetic field line). The initial
presence of a particle sink accelerates plasma towards the target. Due to their reduced mass, electrons
rush ahead of ions in the first few ps. A negative charge builds up on the solid surface forming a
potential between the plasma and the target. This potential slows electron loss but increases ion loss.
The formation of a debye sheath shields the bulk plasma from most of this negative charge. However, a
small field penetrates upstream, further diverting ions to the target.

The heat sink coupled with the ion diverting field helps to protect most PFCs. However, another
problem arises from the use of a solid target. The competition between poloidal and the much slower
perpendicular (to the magnetic field, B) transport leads to a very small plasma ‘wetted’ surface area
[3]. Poloidal transport is a combination of sink action, motion parallel to B and various particle drifts.
In contrast, perpendicular transport results from drifts and turbulence alone. Provided the plasma
is sheath limited (see below), parallel particle motion dominates the transport of heat in the SOL.
Therefore, heat carried by particles will cover a large poloidal distance before travelling far across field
lines. Unfortunately, this results in a thin SOL width (~ ¢m) [4] and small target areas over which
extreme heat-loads are deposited.

Strong particle flow is not always necessary for the transport of heat in the SOL. If there exists
a high plasma density in the SOL, a transition from sheath-limited to conduction-limited heat transfer
occurs. In a sheath-limited plasma little to no temperature gradients exist along the SOL. Therefore,
the heat flow along this region is determined by the rate of heat transfer across the sheath in front of
the target. Whereas, in a conduction-limited plasma, large temperature gradients are present and the
heat conduction rate determines SOL heat transport. A transition to a conduction-limited plasma can be
understood as the reduction of particle mean-free paths (A) due to the increased plasma density.

2.2 Limiters and Divertors

So far, two key target designs have been used within Tokamaks - Limiters and Divertors. A Limiter is
formed by simply placing the solid target through field lines just beyond the separatrix. Limiters are
successful in producing sink action and heat removal. However, they have a drawback in the form of
impurity emission. Impurities are released from Limiter surfaces through mechanisms such as sputtering
and ablation [2]. The close proximity of Limiter targets to the bulk plasma allows these impurities
to easily migrate across the separatrix and into the plasma core. This can be detrimental to reactor
performance as prolonged operation may result in impurity-driven radiative cooling [5]. Thus, Limiters
tend to be found on older machines and have lost the focus of MCF research.

The Divertor design offers a solution to the issue of impurity contamination. The Divertor region is
situated away from the core plasma and linked via an additional coil, carrying a current Ip (Depicted in
Figure 3). In the Divertor design, the target is placed such that it cuts through the magnetic flux surfaces
surrounding Ip. Now, particles entering the SOL travel away from the bulk plasma to the Divertor region,
where active pumping can remove impurities released from the target [6]. With this, it is clear that the
Divertor design, along with active pumping, greatly reduces the risk of impurity contamination.
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Figure 3. A CAD representation of a single ITER W Divertor cassette highlighting some
key physics features of the design. Many of the features present in this design highlight the
complexity of the Divertor and its influence on the neutral fluid and Divertor detachment (see
section 2.4). This image has been taken from [7].

2.3 Mechanisms of Heat Loss

Once heat has been transferred along the SOL it must be removed from the system. There are several
ways in which this energy can be lost within the SOL. Heat can be deposited directly onto surfaces
such as the Divertor target. This happens through two processes, the simple transfer of thermal energy
due to collisions and the more complex surface recombination described in section 2.1. In an ideal
scenario this sort of heat loss would be minimised. Therefore, energy must be removed through other
channels. Fortunately, several exist. Notably, radiative heat losses in the edge plasma are proving a useful
mechanism of target heat-load reduction. It has been determined by H. Kubo et al [8] that impurity
radiation in the SOL is a key mechanism by which energy, originally carried by ions to the target, is
lost in the Divertor. If target energy-loads resulting from a heat-pulse are to be analysed, the various
mechanisms of heat loss in the SOL must be understood.

Energy carried by the SOL plasma can be passed to neutral particles, for example through plasma-
neutral collisions. However, this form of energy transfer does not remove the heat from the system but
simply stores it within the neutral fluid. Other than deposition onto solid surfaces, there is only one other
way in which energy can be lost from the system - the emission of radiation. On top of impurity radia-
tion, a number of processes contribute to the total radiative losses in the SOL. Ion-neutral interactions
such as excitation, charge exchange and ionisation result in the emission of radiation. Additionally, the
recombination of ions and electrons further contributes to these losses. It has been well established that
these processes take place within the Tokamak edge region and, in fact, play key roles in the resultant
state of the system [9, 5]. Therefore, it is important to understand how the rate of each of these emission
mechanisms varies with the plasma state; this is shown in Figure 8.

The deposition of energy onto target surfaces tends to be the dominant mechanism of heat loss within
the SOL. However, these target heat-loads must be kept to acceptable levels to allow extended reactor
lifetimes. Multiple ways of characterising heat-loads have been suggested. Some of these include the total
heat-flux incident on Divertor targets (g ;) [10] and AE/v/t, where AE is the energy density deposited on
a target surface in a time interval, t. For both of these quantities there exists damage defining thresholds.
For actively cooled structures, ¢, < 10 M Wm =2 would result in acceptable Divertor lifetimes. However,
during transients (~ 0.1 ms), this limit is increased to 20 MWm™2. In contrast, most thresholds in units
of AFE/+/t are much more strict and define points beyond which a change of state can occur, such as
melting (40 M.Jm~2s~'/2) or sublimation (~ 45 — 50 M.Jm~2s~/2) [3]. It should also be noted that
Divertor lifetimes may be reduced significantly with high values of AE/v/t, even below a change of state
threshold. Due to the transient nature of the heat-pulses simulated throughout this investigation, AF//t
is a more relevant quantity for defining heat-loads.

2.4 Detachment

Several strategies have been employed in present day machines including JET [11], amongst others, to
reduce Divertor target heat-loads. Poloidally inclining the Divertor targets and increasing the magnetic
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flux expansion both act to maximize the area over which power is deposited. However, a mode of operation
known as detachment has shown particular improvement for target heat-loads due to the increased level
of radiative losses observed. This phenomenon of detachment sees the plasma edge, at which boundary
conditions apply, appear to move upstream away from target surfaces. In fact, what is actually happening
is a build up of neutral gas in front of the target, which was first demonstrated by Hsu et al in 1982 [12].
Hsu forced detachment by puffing gas into the the Divertor region. However, before Divertor detachment
can occur, the edge plasma must enter a high-recycling (HR) regime.

The HR regime was first observed by F. Alladio et ol in 1982 [13]. Characteristic of this regime
is the short ionisation lengths present in front of the target. Consequently almost all neutral ionisation
occurs close to the target, leading to high levels of recycling in the ‘recycling region’. Thus, ionisation
rates in the rest of the edge plasma reduce to near zero, resulting in no strong particle flow. Therefore,
the plasma pressure is constant along open field lines and equal to upstream values (p,). To sustain this
pressure an effective pressure of the plasma-neutral mix in the recycling region builds up [14].

Although there is a lack of particle flow throughout the majority of the SOL during the HR regime,
there is still a high plasma flux (nv)|) on target surfaces. The HR regime actually sees a rise in the target
flux, nv||+, caused by the increased recycling rates. As the upstream plasma density (n,) is increased,
nvj|; continues to rise due to reduced A values, ultimately increasing the rate of neutral recycling close
to the target. However, beyond a limit, nv); ‘rolls-over’ and proceeds to decrease with increasing n,,
[15]. This can be understood as a growth in Divertor emissivity, as shown in Figure 4. As A further
decreases, reaction rates continue to increase. However, it is now impurity radiation and volumetric
plasma recombination rates which become important.

High Recycling  MW/m3 — Detached

shol GE50500020 085, B0 seconds

Figure 4. Evidence of increased Divertor emissivity during detachment [16]. This increase in
radiation results in a reduction of nv|| ¢, as the ion momentum is lost to the neutral gas cushion
in front of the target.

To describe the transition from a HR plasma to a detached Divertor quantitatively, power balance
along the SOL must be considered [17].

QSOL = QiWLp + QH + Qrec + Qw (1)

Here, Qsor is the power-flux crossing the separatrix, into the SOL, Q;,p is the power-flux radiated away
by impurities, Qg the hydrogenic radiation loss, Q.. the power lost to recombination within the SOL
and @, represents the power-flux to walls and target surfaces. Several of these quantities can be linked
to particle sources and sinks. For example, Qg and Q.. can be described in terms of an ion flux source
(T';on) and volumetric recombination sink (I'..), respectively, with the energy ‘cost’ per ionisation (F;op,)
or recombination (FE,..) event converting to units of power-flux.

QH = Eionrionv Qrec = Erecrrec (2)

When combining equations (1) and (2) whilst assuming ion flux continuity in the SOL (T';op, = Ty +Trec),
an equation for the particle flux to PFCs (T',,) can be determined,
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— QRsor — Qimp — Lyee(Bion + Erec)

Ty 3
Eion + Ew ( )

Here, FE,, is the energy transferred to PFCs by each particle impinging on them. E,, encompasses both
the kinetic energy deposited and the energy transferred due to processes such as surface recombination.
For HR and detached plasma, the temperature close to the target is relatively low (~ few eV). Therefore,
the kinetic energy term in E,, is small. Thus, assuming the cost of ionisation is much greater than that
associated with volumetric or surface recombination, (3) can be simplified to,

_ Qsor — Qimp

Ly
Eion

- Frec (4)

To characterise Divertor detachment, two key measures can be taken. As shown in Figure 5 Divertor
detachment sees a dramatic drop in pressure at the Divertor resulting in electron temperatures below
5 eV. Furthermore, Equation (4) shows that, for a constant Qsor,, a reduction of plasma flux to target
surfaces is only possible through an increase in impurity radiation or volumetric recombination. For these
reasons, it can be said that the detachment of a Divertor plasma will be observed as sub 5 eV target
electron temperatures and a rollover in target plasma flux caused by increased impurity and volumetric
recombination-driven radiative losses.
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Figure 5. An attached SOL plasma demonstrates the halving of plasma pressure from upstream
to the target. However, a dramatic loss in plasma pressure at the target, due to increased ion-
momentum reducing collisions, forms a detached plasma. This occurs for target plate electron
temperatures (Tg piate) less than 5 eV [18].

2.5 Edge-localised Modes, ELMs

Thus far, our discussion has focused on steady-state operating scenarios. However, edge plasma is often
subjected to transient bursts of heat, known as ELMs. ELMs are only observed in a regime of increased
bulk plasma confinement known as H-mode (‘H’ for high confinement). H-mode, was first observed on
ASDEX in 1982 [19]. Once a threshold power is reached a transition from L-mode (low confinement) to
H-mode occurs, approximately doubling the energy confinement time and drastically increasing the core
temperature and pressure. The increased confinement arises from sharp radial pressure gradients present
in the SOL. Measurements of electron density and temperature have established that these gradients
occur across a few centimeters beyond the separatrix [20]. The gradients act as a pedestal lifting plasma
parameters in the core to much greater values, as shown in Figure 6. The specific cause of the L to H-
mode transition is unknown, but is of little relevance in this report. The important point to understand
is that H-mode dramatically increases the confinement of energy in the bulk plasma, which is undeniably
a positive. For this reason, future MCF reactors such as ITER will aim to operate within H-mode.
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Figure 6. Typical radial pressure profiles for both L and H-mode plasma. ay is the radius from
the plasma core to the separatrix.

However, H-mode also has it’s drawbacks. The H-mode pedestal not only confines energy but also
acts as a particle transport barrier. Consequently, impurity retention is increased within the core. The
H-mode pedestal continues to grow until a limit is reached. At this point an ELM instability causes the
rapid relaxation of the edge pressure, with a burst of heat and particles crossing the separatrix. After this
ELM transients, the pedestal is re-established and the edge pressure builds towards the next ELM [21].
A single ELM can increase the target power-flux up to 60 MWm~2 on average [22] and can be detected
as D, signals similar to that of Figure 7. Despite the potential threat a rapid burst of heat into the edge
region could pose, ELM-driven particle transport across the separatrix is a vital mechanism of impurity
control within H-mode. Hence, ELM filled H-mode is the current planned initial operating scenario of
the ITER reactor.
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Figure 7. A D, signal showing the variation of ELM frequency with increasing auxiliary
heating power (Pypr). An average pulse time of ~ 1.0 ms can also be seen. The terms stated
above each graph refer to the locations of target plates where measurements were taken. This
image was taken from [23].
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3 Methodology

The methods described within this section where those used to produce the results shown in section
4. Additionally, some discussion of potential errors and limitations of the methods employed will be
provided. However, further error analysis is provided within the sections following this one.

3.1 SD-1D

The program used throughout this study to simulate the Tokamak edge region was SD-1D (SOL and
Divertor in One Dimension), developed by B. Dudson et al [24]. SD-1D simulates a plasma fluid inter-
acting with a neutral gas in one dimension (parallel to the magnetic field, B = B - b). SD-1D models
many aspects of this system, including radiative losses and both the advection and conductive transport
of energy.

3.1.1 SD-1D Model

SD-1D evolves the density (n), static pressure (p) and parallel momentum density (m;nv)) of both plasma
and neutrals along the SOL. Throughout simulation, isotropic ion and electron temperatures are assumed
(T'=T; =T.) and are given in units of eV. To achieve this, equation (5)—(8) are solved.

on
E =-V- [bv”n] +S,—S (5)
o3
a ip Z—V'qe—l—’UH@Hp—FSE—E—R (6)
0
5 (mmvu) =-V- [mianbUH] - 6||p —F (7)
5
Qe = 5Pbyy — K9 Te (8)

Here, J) = b- V. The external particle source (S,) is adjusted using a proportional-integral (PI)
feedback controller to maintain the inputted value of n,. An external power source (Sg) inputs energy
upstream along a region 10 m in length, at a constant rate. Coupling to neutrals is modelled via
the implementation of several quantities: sources and sinks of particles (ionisation & recombination)
are represented by S, energy exchange by E, radiative losses by R and frictional forces, resulting from
ionisation, recombination and charge exchange, by F.

Another three similar equations are solved for the neutral fluid pressure (p, = en,T),), density
(nn) and parallel momentum (m;n,v),). Neutrals are not confined by magnetic fields. Therefore, their
velocities can contain a perpendicular component. This cross-field motion contributes to the upstream
transport of neutrals within the SOL. To allow the mimicking of this process in a 1D model, a parallel
projection of this lateral motion is included in the effective neutral parallel velocity equation,

Bs\> 6)pn
Up = V||n — (¢) L (9)

By ) vm;n,

Here, the ratio of toroidal magnetic field (By) to poloidal field (By) represents a cross-field neutral
diffusion coefficient and is defined by the system geometry. (Bgs/Bp)? was set to 10 within all testing
presented here. v is a collision frequency including charge exchange, ionisation and neutral-neutral
collisions. There is no similar cross-field term included in the calculation of plasma velocity. This is
because ions are assumed to be tied to magnetic field lines, whereas neutrals can cross freely.

In order to derive equations (5)—(8), several assumptions were made. For example, equation (8) con-
tains the parallel thermal conductivity coefficient, x| = koT®/2. k| is determined from the Spitzer-Harm
model, in which particle mean free paths (A, ;) are assumed to be much shorter than the characteristic
length scale of temperature variation [25]. However, at high powers, for example during ELM eruption,
this model could potentially break down. Large powers entering the SOL result in increased electron
temperatures and, since A ; Tf,i, Ae,i Will likely increase with this input power. If this value becomes
a significant fraction of the length scale simulated by SD-1D, any r| value calculated using the Spitzer-
Harm model would be too large and, in a real reactor, heat transport would become advection dominated.

11
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For this to become a real problem, T, ; values above ~ 200 eV would have to be present in the SOL
[26].

Beyond the Spitzer-Harm assumption, various other simplifications have been made. The cross-
sections assumed for the calculation of interaction rates were taken from previous work and are shown
in Figure 8. To ensure cross-sections are always calculable, any temperatures below 1 eV are assumed
to be 1 eV during calculation. This could pose a potential issue, since detachment can see the Divertor
region drop far below 5 eV and, as discussed in section 2.4, radiative heat losses and recombination are
important mechanisms during detachment. This could in particular make the investigation of the degree
of detachment difficult, as there may be a limit to the level of detachment that SD-1D can reach. Finally,
recycled neutrals are assumed to have parallel momentum away from the target corresponding to the
Franck-Condon energy (3.5 eV') [27].
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Figure 8. The variation of plasma-neutral interaction cross-sections with electron temperature
[28, 29].

3.1.2 Numerical and Computational Methods

The numerical methods employed within SD-1D have been covered in previous work carried out by B. D.
Dudson et al [24] and therefore will not be discussed in detail here. However, due to the transient nature
of the system being modelled, it is important to note the way in which wave propagation is handled by
SD-1D. Heat-pulses result in rapid pressure changes and, thus, pressure gradient-driven plasma flux. SD-
1D uses a Minmod flux limiting method for the calculation of advection terms of the form V - [bwj f] [30].
Furthermore, in order to model waves travelling in both directions, this flux is split into two components.
This can become computationally expensive but is simplified using the HLL method [31]. This method
assumes that the fastest waves in the system travel at the sound speed (vs), with respect to the flow.
Therefore, waves travel with speed v + vs or v — vs. Consequently, supersonic flow is in only one
direction but subsonic flow can have multiple directional components.
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Figure 9. A schematic diagram of the non-uniform mesh of SD-1D with additional features of
the program shown, including up and downstream boundary conditions as well as flux limiting.
The numerical subscripts within the equations shown represent cell indices.
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Figure 9, shows a simple representation of the SD-1D program. Shown at either end of the SOL are
the boundary conditions that apply there. At the upstream boundary a zero-flow condition is applied.
The method used to enforce this results in the reflection of waves off the upstream boundary. The
consequence of this will be discussed in detail below. The downstream boundary conditions enforce the
Bohm-Chodura criterion (see section 3.4.2) by switching from a Dirichlet to a Neumann boundary if
||t > vs. Furthermore, an example of the non-uniform mesh employed by SD-1D is shown in Figure 9.
The gradual reduction of downstream cell width reduces computational expense without compromising
the accuracy of data gathered. most key process occur downstream in the Divertor region including
detachment, recycling, plasma neutral interaction and more. This is the reason for the high downstream
mesh resolution.

3.2 Tokamak Simulation

The simulated fraction of ions re-emitted from the target as neutrals was fixed at frecycre = 0.99. Once the
target becomes saturated with hydrogenic particles, the fraction of ions recycled into neutrals approaches
100%. However, within physical reactors active pumping removes neutral gas from the system. Thus, a
frecycte of 0.99 aims to replicate this setup. Although the value of frccycie chosen will effect the system,
for example by altering the upstream densities at which flux rollover occurs (7 roitover ), the qualitative
results observed should remain experimentally relevant.

Beyond frecycie, the input parameters required to successfully model the machines , MAST-U and
ITER, differ in a number of ways. The most obvious differences are the background power-flux entering
the upstream SOL (Qsoro = 50 MWm™2 for MAST-U and 270 MWm™2 for ITER [32]) and the
geometries modelled (length from upstream to downstream - 30 m for MAST-U and 60 m for ITER).
However, another key difference is the impurity fraction and species used for each reactor. These were
1% Carbon for MAST-U (calculated by B. D. Dudson et al using ADAS data [33]) and 2% Neon for
ITER [7].
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Figure 10. Upstream density scans of target temperature and flux (ncs) for three different
area-expansion factors - 1.0, 2.0 & 3.0. The flux roll-over density moves to lower values for an
increased area-expansion. Obtained through a private correspondence with B. D. Dudson.

In order to reliably investigate the impact of the area-expansion factor, A, (ratio of the total field
at the X-point to that at the target) on the response of a detached SOL plasma, steady-state solutions
displaying equal levels of detachment had to be found for each A value. To permit this, scans of n,
were performed for values of A = 1.0, 2.0 & 3.0 in the MAST-U case. These simulations were carried
out prior to the commencing of this investigation. The results of these scans can be seen in Figure 10.
As discussed in section 2.4, The n, value at which the target flux rolls-over signifies detachment. These
roll-over, densities along with the corresponding fixed upstream densities that were chosen for testing
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(ny,4), are shown in Table 1. In order to produce comparable states of detachment, the n, 4 values
chosen were at consistent percentages above their corresponding 1, roiiover value.

Data of the sort shown in Figure 10 was not available for ITER, so a slightly different approach
was required. Steady-state ITER solutions were reached, where possible, for each A value with upstream
densities far beyond any likely roll-over values. n, was then fixed to a much lower value and the system
allowed to settle back to steady-state. Target temperature (7;) was then plotted against n,, showing
their variation in time. The plot for A = 1.0 displayed a sharp increase in T}, similar to those of Figure
10, below some value of n,. Thus, this point of T} increase was assumed to be the roll-over density.
However, for A = 2.0 & 3.0, n,, reached a minimum and would not drop below 3.2 x 10'Y m =3, posing an
issue for this investigation. Several techniques of introducing various perturbations in power and particle
flux as well as tuning the PI feedback density controller were tried to attempt to force n, below the

minimum value. However, this limit could not be surpassed. Therefore, to permit a reliable comparison
between MAST-U and ITER, it was assumed that,

Ny, A LZTW
Nu,A+1 /) MAST-U "u,A+1/ ITER

N, rollover for A = 1.0 is stated in Table 1, along with the densities found using equation (10).

MAST-U ITER
A Ny rollover Ny A Ny rollover Ny A
1.0 3.3+£0.1 3.5 5.2+0.1 5.5
2.0 1.883 £ 0.003 2.0 < 3.2 3.2
3.0 1.34 £0.05 1.42 < 3.2 -

Table 1: Roll-over densities (7 roitover) and the fixed upstream densities (n, 4) chosen for each
area-expansion factor (A) for both MAST-U and ITER. No value of n, 4 could be found, for
ITER with A = 3.0, which resulted in a steady-state solution. Therefore this data could not be
collected. All densities are given in units of 109 m~3].

The upstream density was again important in the investigation into the affect of the degree to
which the Divertor is detached. There is no clear definition of a ‘degree’ of detachment. Therefore,
using Figure 10, it was assumed that beyond 1y ,oiiover, the Divertor becomes more detached with an
increasing n,,. This assumption was rooted in the idea that larger densities further reduce A and, therefore,
increase collision frequencies within the SOL. As n,, is raised, the Divertor becomes increasingly opaque
to upstream plasma prompting further radiative heat losses and plasma recombination rates. Thus,
detachment is enhanced. Figure 11 supports this hypothesis. Using these ideas, with A = 1.0, the
values tested were n, = 3.5 x 101 m=3 and 5.0 x 10'% m=3 for MAST-U and n, = 5.5 x 10! m=2 and
6.5 x 10 m~3 for ITER.

3.3 Heat-Pulse Modelling

Before a heat-pulse could be simulated in SD-1D, it was vital to allow the system to settle into steady-
state. Without this, the system would evolve with or without a heat-pulse, making the task of discerning
between effects of the heat-pulse and the simple evolution of the system difficult. By comparing data from
several heat-pulse simulations, all with the same starting scenario, this became apparent. If a change
was observed in a parameter such as T; or nv, at the same point in time, independent of heat-pulse
length or power, it was deemed that a steady-state solution had not been used as the starting scenario.
An example of this can be seen in Figure 12.

Once a steady-state solution had been found, a heat-pulse could be simulated. Firstly, the input
upstream power-flux (qj|,,) was increased and a length of time, much greater than any ELM-length,
simulated (~ 4 ms, in our case). Then, whilst returning the input power-flux to the background level,
the simulation was restarted from some point in time along the ‘power-on’ simulation, thus defining the
duration of the pulse. By combining the data from both the ‘power-on’ and ‘power-off’ simulations an
entire heat-pulse could be formed. This method results in the modelling of input power-flux as a step
function. However, the resultant target heat-flux profiles are much more shaped, as shown in Figure
18.
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Figure 11. This plot shows the effect of increasing the upstream density on the state of Divertor
detachment. As n, is increased the detached region extends further upstream and the target
temperature lowers. Thus, the degree to which the Divertor has detached has increased. The
data shown was taken from MAST-U steady-state solutions with A = 1.0.
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Figure 12. The effect of a steady-state solution, shown for several heat-pulses of double the
background power-flux and differing duration. Data is shown for a MAST-U simulation with
A =20and n, = 1.5 x 10! m~3. The steady-state solution within this scenario is an attached
SOL plasma. Left: Starting scenario has not reach steady-state and is initially detached. Right:
Starting from the steady-state solution. The dashed line represents the data taken from the
‘power-on’ simulation, whereas the solid lines show ‘power-oftf’ data. The change displayed in
the left-hand side graphs at 5 ms is a result of the attaching of the Divertor plasma and is absent
from the graphs on the right. Additionally, the attached nature of the steady-state solutions
results in much greater target temperatures compared to the detached starting scenario.

There are several possible limitations of this method. For example, ELMs are unlikely to deposit heat
into the SOL in the manner of a step function. A ramp in upstream power is more likely. Furthermore, it
has been well established that ELMs do not only increase the power entering the SOL but also the number
of particles crossing the separatrix [21]. Despite this, our method does not account for increased particle
input. However, the key aim of this investigation is not to produce definitive quantitative estimates
of parameters but rather provide a general insight into the response of SOL plasma to heat-pulses.
Therefore, it can be said that, although the assumptions of this method may be idealistic, they should
produce experimentally relevant results. Therefore, any investigation into the response of plasma to both
power and particle transients combined will be left for future study.
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3.4 Testing

To ensure the simulations carried out produced reliable and reproducible data, tests of SD-1D and the
methods employed were performed. All heat-pulse simulations must be sufficiently resolved in space
and time. Therefore, convergence tests were carried out. Furthermore, comparisons between known
experimental data and theoretical expectations were performed to ensure the program behaved as ex-
pected.

3.4.1 Resolution

Firstly, spatial convergence was tested. To do this several simulations with varying numbers of cells were
ran to steady-state. The final values of target density (n;), temperature and heat-flux for each of these
simulations were then plotted against the number of cells simulated. If SD-1D operated as expected, the
convergence of these values would be observed as the resolution was increased. This was indeed the case,
as shown by Figure 13. To limit program run-time whilst maintaining accuracy, a resolution of ~ 13 cells
per metre was used (400 cells for MAST-U and 800 for ITER).
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Figure 13. The convergence of several quantities with the increase of spatial resolution within
SD-1D for the MAST-U reactor. Also shown is the rapid increase in program run-time. All
quantities lie within the acceptable range of a 10% error above 600 cells. However, above 400
cells the program run-time increases rapidly. Therefore, a resolution of 400 cells for MAST-U
(equivalent to 800 cells for ITER) was used throughout this study. This resolution permitted
the running of the many simulations required for this analysis within the time frame provided.

When probing deeper into the effect of spatial resolution, it became apparent that lowering the
resolution caused a shift in the state of Divertor detachment. As shown in Figure 14, a lower resolu-
tion (number of cells, NOUT) causes a greater degree of detachment - the upstream movement of the
detachment front. This suggests that the lower resolution does not necessarily reduce the reliability of
the system being simulated. Instead, the system can simply be regarded as being more detachment.
Therefore, preserving reliability with a small expense to accuracy.

The system under investigation throughout this report is dynamic. Therefore, it is key that each
simulated heat-pulse is sufficiently resolved in time. The fastest mechanism of heat transfer modelled by
SD-1D is conduction. As explained in section 3.1.1, the conductive transport of heat within SD-1D is
calculated using the Spitzer-Harm model. Using this model the time-scale for conductive heat transport
between the upstream and downstream (7) can be estimated as,

Lj
koT3

T ~

(11)
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Figure 14. Profiles of plasma temperature and density for two different spatial resolutions.

Since, in the MAST-U case, Lj| = 30 m, ko ~ 2000 and the SOL temperature is typically in the range of
5—100eV, 7 ~ 0.05 ms. Consequently, the resolution chosen for heat-pulse simulation was 0.0107 ms (a
time-step of 500 in the SD-1D input file).

3.4.2 The Two-point Model

The 2PM is a simple model used to relate upstream values on individual flux tubes (surrounding magnetic
field lines), such as m, and upstream temperature (T3), to their corresponding values downstream at
Divertor targets. To achieve this, equations (12)-(14) are used alongside input values of the power
entering the upstream SOL (g) and n,. These equations are a consequence of particle, pressure and
power balance (see section 5.2 of [2]).

2ntTt = TLuTu (12)

7 . T7qlL
T2 =T72 + — 13
L (13)
q=q; = ynikTics (14)

To allow the reduction of SD-1D’s more complex equations to that of (12)-(14), several assumptions
are made:

1. Cross field particle transport is ignored. Including that, during recycling, all ions impinge the target
recombine and are re-ionised along the same flux tube.

2. All plasma is assumed to be stagnant, apart from that which sits in the recycling region.
3. Total pressure is assumed to be constant along a flux tube of length L.

4. No power is lost along an individual flux tube. Therefore, the power entering upstream must equal
the power reaching the target (q;).

5. The only mechanism of heat transport is assumed to be conduction, with a parallel electron con-
ductivity coefficient kg, and sheath heat transmission coefficient ~.

6. The designated upstream location is the only heat source along a flux tube. Similarly, the target is
the only heat sink.

17



3 METHODOLOGY

7. Finally, the Bohm—Chodura criterion, described in [34], provides the boundary condition for the 2
point model at the target: ion velocity at target (v;) must be at least sonic, vy > v ;.

So long as the above assumptions hold within the system simulated by SD-1D, the 2PM can provide
a theoretical foundation from which SD-1D can be validated. SD-1D has previously been tested against
a modified version of the two-point model in which momentum (fp.om) and power (fpow) loss fractions
are included along flux tubes. The results of this benchmark are shown in Table 2. For attached plasma
(below flux roll-over) SD-1D showed good agreement with the modified 2PM.

N [x101 m ™3] ‘ Relative error [%] ‘ Tmom ‘ fpow

1.8 0.003 0.22 | 0.25
1.9 2 0.73 | 0.78
3.0 10 0.73 | 0.92
4.0 80 0.87 | 0.98

Table 2: The comparison of SD-1D results against a modified 2PM as a function of upstream
density. A was set to 2.0. Therefore, rollover occurs ~ 1.9 x 10'® m™3. Data presented was
taken from [24].

3.4.3 Comparing to Previous Work

Comparisons between SD-1D and other one-dimensional simulations were carried out. The profiles of
various parameters including the density, temperature and pressure of both plasma and neutrals within a
detached state, produced with SD-1D, are shown below in Figure 15. The distributions shown match the
typical profiles of a detached SOL plasma which have been reproduced on multiple occasions, by different
one-dimensional codes [35, 36, 37]. Therefore, it can be concluded that SD-1D is capable of correctly
simulating a detached Divertor plasma.
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Figure 15. The profiles of temperature (T'), density (n) and pressure (p) for both plasma and
neutrals with a detached Divertor. Shown is only a small distance in front of the target plate
of a MAST-U like SOL geometry. The sharp reductions in plasma pressure and temperature
in front of the target, along with the density peaks observed there, indicate a detached plasma
state.
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4 Results

Within this section the results gathered using the methods stated above are presented. Furthermore, some
discussion of the potential implications of what has been observed will be provided. Particular emphasis
will be placed upon the qualitative relationships observed between parameters such that conclusions
remain within the limits of the assumptions applied.

4.1 Heat-pulse Driven System Evolution

This sub-section will attempt to detail the evolution of the plasma-neutral fluid in response to a pulse
of heat. Firstly, the energy dumped upstream is conducted downstream to the target. Sound waves are
the next fastest mechanism of information transfer. Thus, one would expect the arrival of a sound wave
to follow any conducted heat. However, there is another key feature observed when simulating a pulse of
heat entering the upstream SOL.
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Figure 16. The evolution of plasma parameters at the Divertor target resulting from a heat-
pulse of duration 0.17 ms and power twice that of the background. The impact of a sound wave
can be seen most prominently in the profiles of plasma flux (nv;.), plasma pressure (p;:) and
the total pressure (p;) around ~ 0.9 ms. The dashed lines of each graph indicate different things
- right: properties of the neutral fluid, left: times during the pulse input.

Figure 16 shows the response of the plasma-neutral mix to the input of a heat-pulse. Within the
time-scale of conductive heat transport (~ 0.05 ms), the system begins to change. The arrival of this
conducted heat is likely to ionise many neutrals close to the target. If this is correct then a reduction
in neutral density at the target (n, ) and a corresponding increase in n; should be observed. n, ; does
indeed reduce within a small time frame by approximately 75% of its original value and an increase in n; is
initially present. However, this is not sustained and n; quickly begins to decrease significantly. This may
seem contradictory but is the result of an increase in dynamic pressure close to the target. The sudden
ionisation of the neutral fluid results in the rapid (< 0.15 ms) re-attachment of the Divertor (shown in
the temperature profiles of Figure 16) and increases the flow of plasma to the target. The consequent
change in dynamic plasma pressure (mmvﬁ) quickly increases the total pressure of the plasma-neutral
mix close to the target. The target density peak is then re-distributed in an attempt to minimise pressure
gradients. However, the particles are limited to the sound speed, preventing plasma flow from equalising
this pressure before the increase occurs. As a result, a secondary sound wave (additional to any primary
upstream wave) is observed propagating away from the target, as shown in Figure 17.

For this simulation, vs was averaged in time and along the length of the SOL. The value calculated
was v = 63+ 1 kms~!. Thus, within MAST-U, the primary sound wave should arrive at the target after
0.476 £ 0.007 ms. After almost exactly this length of time, a slight increase in n; and nv;+ is observed.
Therefore, this must correspond to the primary wave. However, after twice this time a much greater
increase is observed. This peak corresponds to the return of the secondary wave to the target. Since
this wave needed to travel the length of the SOL twice, it makes sense that it should arrive at this time.
Please note, the continued rise in all parameters observed soon after is not a result of this waves return.
Instead, this appears to be the re-detaching of the Divertor. Furthermore, the second peak in nv;; at
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Figure 17. The profile of nv| along the SOL during a heat-pulse. A wave can be seen
originating from in front of the target and propagating upstream.

this time is not believed to be the result of a wave but instead the delay between increased recycling due
to neutral build-up and the onset of detachment.

Following the secondary waves return, the system transitions back into its original state. However,
prior to this, the systems evolution appears to slow. This is particularly apparent in the left hand graph
of Figure 16. Therefore, it could be argued that the return of the secondary wave aids to push the system
back into a detached state. The sudden compression brought on by the return of the secondary wave
will result in an increased density and a consequent reduction in target temperature. As shown in Figure
8, a reduction in temperature corresponds to a decrease in the rate of ionisation as well as an increase
in the rate of recombination. Therefore, provided that pulse energy is no longer entering upstream, the
temperature decrease caused by this wave could begin a run away cooling effect as more neutrals radiate
energy from the system. It should be made clear that the secondary wave is not believed to be the
primary cause of re-detachment but instead provides only a perturbation which speeds up the processes.
Nevertheless, the propagation of strong secondary waves could play an important role in the re-detaching
of the Divertor following a heat-pulse such as an ELM.

Considering the apparent role of the secondary waves, it is important to question how realistic they
are and within what system could they be observed. To return to the target the secondary wave must
be reflected from the upstream boundary. The boundary conditions enforced within this model ensure
that this is the case. Yet, the SOL of a physical Tokamak does not have a zero flow boundary condition
applied to it and waves are free to pass through this boundary. Thus, any propagating waves would likely
dissipate much of their energy before returning to the target. With this, it is possible that the role of the
secondary wave is exaggerate by the model. However, there is a system in which these secondary waves
could appear as if reflected from the upstream boundary. A dual Divertor setup should result in two
counter propagating sound waves. These waves would pass somewhere along the SOL and appear as if
reflected from the point of view of either Divertor. Fortunately, MAST-U incorporates this dual Divertor
design and is a good candidate for the type of Tokamak this model could be applied to.

4.2 Heat-pulse Energy Dissipation

To understand the effect of a heat-pulse entering the SOL it is important to determine how the heat
contained in the pulse is lost within this region. As stated in section 2.3 there are several mechanisms
by which this heat can be lost. Furthermore, the amount of energy lost to each specific channel changes
depending on the state of the plasma. As the plasma simulated here is initially detached, a significant
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fraction of the externally inputted energy is either lost to radiation or transferred to the neutral fluid.
However, the heat-flux to the target surface remains the dominant energy transfer channel. Within this
section the changes to the respective flow of energy through these various channels will be analysed.

The energy data presented in this section was calculated through the integration of the various energy
fluxes (target heat-flux, radiative losses, etc) and therefore represent energy densities (Jm=2). To permit
this a very simple numerical integration method was employed. Each curve to be integrated was divided
into the smallest time segments possible. This is given by the simulation resolution (dt = 0.0107 ms).
The total area of each segment was then combined to give the area under the curve. An example of this
sort of integration is shown in Figure 18. What can also be seen is the small scale of errors resulting
from this method of integration. Hence, for most cases, this error can be ignored. However, as the pulse
duration is decreased these errors could become large due to the reduced number of segments.
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Figure 18. The variation in both the target (¢ ;) and input (g)),,,) heat-flux for a pulse lasting
0.26 ms at twice the background input power (qj|,4,0). Also shown is an example of the simple
rectangular integration method used to determine the total deposited energy density during a
pulse. The initial peak caused by sudden re-attachment can also be seen at 0.1 ms as well as
the return of the secondary wave around 0.9 ms

Figure 19 suggests that, for certain pulse powers and durations, the change in the energy density
deposited at the target (AQ;) can be around four and a half times that which is inputted upstream
(AQsor). The target heat-flux was calculated as a combination of plasma thermal energy (ynv)T) and
the energy released through surface recombination (E,.. = 15.8 eV, see section 2.1). The appearance of
this additional heat suggests that energy which, prior to the pulse, would have been lost to a mechanism,
such as radiative emission, is now directly impinging on the Divertor target. This hypothesis would also
explain the reduction in the deposited fraction as pulse power and duration are increased. As the energy
contained within a pulse becomes much greater than that which was once lost to other mechanisms, the
influence of the pulse energy would become dominant and the curve should tend towards one, as is the
case in Figure 19.

To determine the loss mechanism from which this additional energy has been taken, plots similar to
that of Figure 19 were produced for several loss mechanisms. Figure 20 suggest that the main cause of the
increased deposition fraction is the decrease in radiative emission from electron neutral excitation (AR.).
As neutrals are ionised by the heat-pulse, the rate of electron neutral interaction will decrease. Thus,
reducing the energy lost through this mechanism. Furthermore, the sum of the impurity radiation losses
(ARjmp) with AR, matches that of AQ;. This solidifies the idea that the increased energy deposition
on the target is caused by the transfer of energy flow from loss mechanisms to target heat-flux.
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Figure 19. The fraction of pulse energy which reaches the target as a function of pulse duration
and magnitude. AQ:/AQsor defines the energy density, above background, that is deposited
onto the target (AQ;) as a fraction of the energy density, above background, contained within
the upstream pulse (AQsor). All simulations which comprise the source of this data were ran
using MAST-U inputs with A = 1.0.
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Figure 20. The change in radiative losses (AR) resulting from a heat-pulse. Data shown was
taken from a pulse with power-flux twice the background input (g, = 2qj|,4,0) on MAST-U with
A =1.0. The fraction of pulse energy deposited onto the target is also shown for comparison.

4.3 Target Heat-Loads

To determine the scale of a heat-pulse’s power-flux to target surfaces, AE/v/t was calculated for several
different pulses. ¢ was defined as the time take for g, to drop below its background value after the initial
rise. AE was then defined as the area under the g ; curve during this time and was calculated using
the numerical integration method described in section 4.2. As previously stated, reducing the duration
of the heat-pulse can result in an increased error for AE. However, this error remains a minute fraction
of the total area because of the inclusion of the background flux. Thus, errors in AE/+/t were considered
negligible. As the duration of a pulse is increased, the total energy inputted increases proportionally.
Therefore, if the method of defining ¢ is effective, one would expect to see the relationship AFE/v/t o< V/t.

22



4 RESULTS

This is indeed observed, as shown in Figure 21. Furthermore, the measured AFE/v/t values of long
duration pulses diverge from the direct deposition cases. This is likely to be a result of the extended
target deposition times, an example of which is shown in Figure 18.
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Figure 21. The variation of AE//t with heat-pulse duration and magnitude. Also shown
are the curves corresponding to directly depositing the pulse energy onto the target within its
duration (dashed lines). In some low duration cases, AE/+/t was seen to exceed the direct case,
in agreement with the results presented in section 4.2.

The AE/\/t curves, shown in Figure 21, do not cross the damage thresholds stated in Section 2.3.
This is a positive prospect as it seems MAST-U will be free from excessive Divertor target damage due
to heat-pulses of the kind simulated here. However, this may not be the case for larger reactors. As
previously stated, ITER is expected to produce ELMs of vastly greater energy. Therefore, it is important
to understand the effectiveness of heat-load mitigation methods on all machines if the most effective
techniques are to be revealed.

4.3.1 Damage Mitigation Methods

As described in section 3, two methods of reducing heat-loads were tested - expanding the magnetic flux
area close to the target and increasing n,. However, a problem was encountered when carrying out these
investigations. Highly detached simulations (high n, and some A values) resulted in extreme parameter
gradients further from the target. Because of the non-uniform mesh of SD-1D, the spatial resolution
further from the target is reduced. Consequently, these gradients became poorly resolved and lead to
computational instabilities and unusable data. This limited the degree of detachment achievable with
chosen resolution and was most prominent within simulations of ITER.

Increasing A was found to reduce the power-loads to Divertor targets in accordance with the increased
area over which the power is spread. Figure 22 shows that, once adjusted for flux expansion, the AFE/v/t
curves of different A values are near identical above q|| , = 4-q)|,,0- However, below this pulse magnitude
the values begin to diverge. This is because, for these pulses, more power is lost through radiative emission
as shown in the right hand graph of Figure 22. This suggests that expanding the flux area has an effect
additional to simply spreading power over a larger area. Since radiative losses are maintained at higher
levels, raising A appears to increase the retention of neutral fluid.

The graphs of Figure 22 also show the impact of increasing n,. It can be seen that, for low pulse
powers, a larger n, value can drastically reduce the target heat-load. Furthermore, the transfer of power
from radiative losses to target heat-loads is reduced. From this, it can be concluded that an increased
degree of detachment provides better protection for target surfaces. However, this is not a result of pulse
power being radiated but instead the simple maintenance of radiative losses already occurring prior to
the pulse. Thus, a denser upstream plasma produces a more robust state of detachment.
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Figure 22. Left: The change in AE/+/t with pulse power-flux (normalised to q),u,0) for pulses
of duration 0.17 ms. Also shown is the effect of increasing both A and n,. Right: The change
in the target power-loads and radiative losses for the same scan of pulses. Note: each curve has
been multiplied by their respective area expansion factors.

4.4 Extending to ITER

Now that we have built a picture of MAST-U’s response to heat-pulses, we can extend this investigation
to ITER. However, when modelling ITER, several problems were encountered. As discussed in section
3.2, a minimum value of n, = 3.2 x 102° m 3 was reached. Consequently, the only steady-state solutions
achievable for increased A values were at a much greater levels of detachment than had previously
been simulated for MAST-U. Figure 23 shows this increased state of detachment. As stated in section
4.3.1, highly detached states with strong upstream gradients result in unstable solutions. Thus, a reliable
investigation into the effect of area expansion within ITER was not achievable with this method. However,
investigation into the effect of increasing n,, was.
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Figure 23. The temperature profiles of ITER edge plasma close to the target for several A and
n, values. The increased detachment present in the A = 2.0 case can be seen as the upstream
location of the rapid temperature drop.

Increasing n,, was found to have a similar effect within ITER compared to that of MAST-U. Figure
24 shows little difference between the two densities above a pulse magnitude of four times the background.
However, below this, dissimilarities between radiative losses were observed. A higher upstream density
was shown to increase the energy lost to radiation. Therefore, the loss mechanisms within ITER respond
to a heat-pulse in a similar way to that of MAST-U. Furthermore, the heat-loads calculated for ITER
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appear to be five times that of MAST-U, but still within acceptable values. However, pulse powers above
those simulated here would likely exceed damage thresholds.
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Figure 24. Left: The calculated heat-loads for ITER as a function of pulse power. Right: The
change in target power-loads and radiative losses as the power of a 0.17 ms pulse is increased
for ITER. All data shown was taken with an area expansion of A = 1.0.

5 Conclusions

This report has presented an investigation of the response of detached SOL plasma to transient heat-
pulses through the use of a 1D plasma-neutral fluid code. Many assumptions were required to permit the
modeling of specific plasma states and Tokamak reactors. This is likely to limit the accuracy of reactor
specific quantitative data. However, generic relationships and key observations remain experimentally
relevant. Thus, the key conclusions of this report will focus on the qualitative trends and the system
evolution observed. Specific quantitative outcomes will then be commented on within the limit of accuracy
permitted by the model.

Firstly, The evolution of the plasma-neutral mix in response to a heat-pulse was investigated. Con-
ductive heat transport was found to rapidly deplete the neutral fluid. Furthermore, The attaching of
the divertor lead to changes in pressure which forced the re-distribution of plasma and, in some cases,
produces a high amplitude sound wave at the target. Thus, the detection of these waves should act as an
indicator of heat-pulse-driven Divertor re-attachment. The observation of this propagating front could
be achieved through measurements of plasma emission spectra within the SOL [38].

Another key observation of this report was that the energy deposited onto target surfaces can rise
above that contained within a heat-pulse. This is a result of the transfer of power-flux from radiative losses
to target heat-flux. Therefore, a measurement of ELM-driven target power-loads could potentially include
this transferred power and overestimate the energy crossing the separatrix during an ELM. Investigation
into the fraction of ELM energy reaching the target was carried out by A. Kirk et al [23] on MAST using
equilibrium fitting. This suggested a reduced fraction of ELM energy is deposited onto target surfaces.
However, this was demonstrated on an attached plasma and, therefore, does not necessarily contradict
the findings of this report. The sort of methods used by Kirk could be applied to a detached system in
order to test this reports findings within a physical Tokamak.

With a comparable degree of detachment on MAST-U and ITER, the power-loads present in the
ITER case were around fives times that of MAST-U. The background input power-flux used to simulate
ITER was 5.4 times that of MAST-U. Thus, the power-loads induced onto target surfaces by ELMs
appear to increase proportionally with the power-flux crossing the separatrix prior to any ELM-burst
and, therefore, with the power stored in the plasma core. Furthermore, increasing the upstream density,
and thus the degree of detachment, strengthened the Divertors ability to maintain neutral and impurity
radiative losses. This conclusion was reached for both MAST-U and ITER. Additionally, for MAST-U,
the energy density deposited onto target surfaces by a heat-pulse was found to be inversely proportional
to A. Moreover, for low energy pulses, increasing A limited the reduction in radiative losses caused by a
heat-pulse. Therefore, expanding the magnetic flux area appears to aid in the retention of neutral fluid.
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Thus, the Super-X Divertor design may have multiple benefits. This observation could not be confirmed
on the ITER reactor due to the spatial resolution used. To permit the modelling of ITER with area
expansion enabled, simulations with a higher spatial resolution should be ran in the future.

This report has presented a method of simulating heat-pulses using the 1D plasma-fluid code SD-1D.
The results found have provided an insight into the response of a detached Tokamak Divertor to transient
heat-bursts. Finally, this method has also allowed the analysis of key damage mitigation methods and
demonstrated their promising effectiveness.
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