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Abstract

This thesis looks at models of plasma transport in the Scrape-O Layer (SOL) of magnetic
fusion devices, which sets critical heat loads on the components in the divertor. The cross-
eld plasma transport in the SOL is due to lamentary turbulence, carrying particles and
energy radially within the SOL. This thesis builds upon previous work using the STORM
model, which concentrated on modelling individual lamentary structures. Here we simulate
a saturated turbulent state, which is modelled using a system of drift- uid equations, fed
by localised density and energy sources. A review of the STORM model used is given,
implemented in BOUT++, and a description of the upgraded analysis software written.
Comparisons are made between 3D simulations and reduced 2D simulations, which parame-
terize the parallel transport physics. We describe a simulation setup which aims to produce
the closest possible comparison between the 2D STORM model and the 3D STORM maodel,
run for plasma parameters representative of the MAST SOL in L-mode. We found that an
interplay of issues caused by two reasonable-seeming assumptions in the model setup were
the main reason for di erences between the 2D and analogous 3D models. In very high col-
lisionality conditions, the assumptions used to close 2D models are not valid, because high
enough collisionality suppresses thermal conduction so that convection becomes important.
We also found that a source localised above the X-point in the parallel direction for the 3D
simulations causes supersonic ows beyond the X-point. Despite these di erences, the 2D
model successfully replicates the mean density pro le and much of the higher-order statistics
of the 3D models with matched sources and no parameter tuning.
After motivating the coupling of a core region to the SOL models, we adjusted our model by
adding a core region inside the SOL region. We nd that this causes considerable complica-
tions, as the spontaneous formation of large binormal mean ows exhibits strongly non-linear
behaviour. We also examined the e ect of altering perpendicular di usion coe cients, and
nd that both viscosity and density di usion matter a lot for the behaviour of these ows

and for SOL pro les, even when only changed in the core.
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Chapter 1

Introduction

Material in this chapter was published as part of the jointly-authored paper \Re-examining
the role of nuclear fusion in a renewables-based energy mixNicholas et. al., Energy Policy,

Vol. 149, 2021[1]

1.1 Demand for Clean Energy

Historically, there is an empirical link between energy use and development, meaning that as
countries in the Global South develop further, we expect global primary energy use to rise[7].
Theoretical studies have shown that humanities' basic welfare needs could be met with a
minimum global nal energy use 60% lower than 1960's levels[8], but even if that scenario
were realised as a steady-state then primary energy infrastructure will have to be maintained
and replaced inde nitely.

Either way, global society will require many TeraWatts of energy supply to maintain living
standards, and given the clear requirement to limit greenhouse gas emissions to meet sustain-

able development goals[9], the primary energy supply technologies used must be low-carbon.

1.2 Nuclear Fusion

One possible source of low-carbon energy is nuclear fusion. In the IPCC's 1.5 scenario nuclear
ssion power plants contributes up to around 19% of global electricity generation by 2040[9],
and nuclear fusion o ers multiple advantages over ssion technologies (explored in section
1.2.2).

The obverse of nuclear ssion is fusion, in which elements with lighter nuclei combine to

create a larger atomic nucleus. A fusion reaction usually still releases energy - because it

14



Figure 1: Binding energy of atomic nuclei per nucleon. Reactions which decrease their binding
energy will release energy, so either fusion or ssion reactions can be exothermic. Diagram

taken from [10].

increases the binding energy per nucleon (as shown in gure 1).

1.2.1 Fuel choice

Although a multitude of nuclear reactions occur inside stars, allowing many di erent routes
to overall energy production, candidate reactions for terrestrial fusion energy production are

severely constrained. To be possibly useful as an energy source, a reaction must be:
" Exothermic: The products must have more kinetic energy than the reactants.

~ Single step: As stars have the luxury of gravity providing con nement times on the
order of thousands of years, they can use multi-step processes such as the CNO cycle,
where intermediate states have long lifetimes. For example thé3N intermediate state
in the CNO-I cycle has a half-life of 9.965 minutes[11].) Terrestrial reactors must use
single-step exothermic reactions, or else they would need to successfully con ne the
same particles for at least the decay time of the intermediates before generating any

signi cant power.

Two-body: Three-body collisions are extremely unlikely in anything but stellar envi-

ronments, so reactions must involve only two reactants.

15



Multi-nucleon producing: To have a signi cant chance of occurring the reaction must
produce two or more products, as then energy and momentum can be conserved without
producing a photon, which would require mediation by the electromagnetic force, which

would mean a small cross-section.

Nucleon-conserving: The number of protons and neutrons must be conserved, as any
reaction which does not conserve them involves the weak interaction, and therefore has

a small cross-section.

Low-Z: As the nuclei's electrostatic repulsion must be overcome, then the reactants

must have low atomic number Z.

This leaves only a small subset of reactions, the main candidates of which are listed in table

1 D + 3T ! 4He (35MeV) + n% (14:1MeV)
1 1 2
() D + 2D ! T (1:01MeV) + p* (3:02MeV) 50%
(2ii) I 3He (0:82MeV) + n® (2:45MeV) 50%
2
3 D + 3He ! 4He (3:6MeV) + * (14:7MeV)
1 2 2
4 p° + §Li ! 3He (L7MeV) + 3He (2:3MeV)
G) pt + B ! 33He (8:7MeV)

Table 1: Various candidate fusion reactions, and the binding energy released for each.[12]

Almost all the reactions form 3He as a product, because of its very tight nuclear binding. We
can also see thatD-T and D-3He yield almost 10MeV more than any of the other reactions.
However, even after satisfying these constraints, the electrostatic repulsion between nuclei is
so strong that the e ective reaction cross-sections are negligible for colliding particles with
relative incident energies of below around 10keV (as shown in gure 2).

Furthermore stars are so massive that even a relatively low power density can add up to
massive overall power, so reactions with relatively low cross-sections can be important. In
contrast the losses due to the imperfect nature of magnetic con nement (or the transient
nature of inertial con nement) mean that fusion reactors must have extremely high power
densities, and so employ processes with large reaction cross-sections.

Given that Tritium is not a naturally-occurring isotope, and the production of high-energy
neutrons requires reactor materials be resistant to neutron irradiation damage, the possibility

of utilising aneutronic fuels such asp !B is enticing. Unfortunately, Rider[13] shows that

16



Figure 2: Reaction cross-sections for a range of fusion reactions. D-T not only has by far
the largest maximum cross-section, but its maximum occurs at the lowest incident particle

energy. Diagram taken from [12].
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even if the required temperatures of 300keV could be achieved, an aneutronic plasma would
be unlikely to be a net source of energy.

When charged particles are accelerated, they emit electromagnetic radiation, which carries
away some of their energy. This is normally seen in the context of linear acceleration (such as
in antennas), but can occur if the particle undergoes a large enough transverse acceleration
too. The magnitude of acceleration required for this loss to become signi cant is so large
that it is only normally relevant in circular particle accelerators. However, in an extremely
hot plasma, the radial Coulomb force exerted during a close encounter between an electron
and an ion can cause signi cant radiation emission, in an e ect known asbremsstrahlung
German for \braking radiation”.

For 10 20keV D-T plasmas bremsstrahlung is normally only a small source of loss, but rises
rapidly to become the dominant consideration in the power balance at very high tempera-
tures. Rider[13] nds that, in a p-11B plasma with its electrons and ions at rough thermal
equilibrium, and T;  30CkeV, the power lost to bremsstrahlung would be 70% larger than
the fusion power generated. Forp-5Li with T; 80CkeV the power lost to bremsstrahlung is
nearly 5 times larger than the fusion power. More recent re-analysis with an updated value
for the p-1'B reaction cross-section is more favourable[14], but overall this still indicates that
high-temperature aneutronic fuels likely cannot be used for net energy production.

All remaining fuel choices produce high-energy neutrons, and th® -T reaction has both the
largest fusion cross-section, and its maximum cross-section occurs at the lowest temperature.
These high-energy neutrons present considerable challenges for reactor design, and a ect the

overall characteristics of any future fusion power plant.

1.2.2 Relative Merits as an Energy Source

A fusion power plant based on a D-T scheme has multiple desirable features, e ectively
retaining almost all of the positive characteristics of a ssion power plant whilst mitigating
some of the disadvantages.

Nuclear processes do not release GQor other greenhouse gases, nor create particulate air
pollution. Even after accounting for the emissions currently created during manufacture,
decommissioning and fuel procurement, the C@-equivalent emissions per kWh of existing
nuclear power is orders of magnitude lower than that of fossil fuel plants[15], and preliminary
estimates for fusion plants are similarly low[16]. Like other \low-carbon" technologies, even-
tually these emissions can be decreased to zero by decarbonizing the construction, mining,

and industrial processes involved in the rest of the supply chain.
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The key advantage over wind and solar generation is the ability to generate power on-demand
outside of daylight hours and regardless of local wind conditions, making fusion a form of
so-called rm power generation, which can bedispatched as required. Whilst intermittent
renewables are projected to provide the lion's share of low-carbon electricity, the energy
modelling literature suggests that as penetration of intermittent wind and solar increase,
dispatchable sources become more valuable. Whilst storage technologies help mitigate this
problem, they do not eliminate it. Therefore, overall system costs can be lowered signi cantly
by including some rm dispatchable generation[17, 18], meaning that diversi ed energy mixes
which include non-renewable backup are almost always cheaper overall. Therefore whilst some
studies argue that a 100% renewables energy system is technically possible[19, 20], in any
cost-optimal scenario rm sources will play a crucial role.

Nuclear plants produce a lot of power per square kilometer relative to wind or solar, minimis-
ing the impact of land use change on biodiversity. The neutron-producing core of a fusion
plant is actually much less energy dense than a ssion plant's corg but the spatial footprint

of either is dominated by balance-of-plant and associated site infrastructure.

Deuterium is plentiful: it has a natural abundance of about 1 in 6420 hydrogen atoms in
the ocean, meaning the total reserves represent global energy supply for billions of years.
The other main input to a D-T fuel cycle, Lithium, is considerably more scarce. Using the
approach of Fasel[21] but with updated Lithium availability estimates[22] gives currently-
accessible terrestrial resources of terrestrial lithium as capable of providing 2800 years of
global fusion power. This timescale is an order of magnitude larger than the 100 years
estimated for using Uranium once-through in light-water ssion reactors, but comparable to
using known conventional uranium resources in potential generation IV ssion reactors[23].
Lithium is also present in seawater, but at much lower concentrations than deuterium. It has
been estimated that the energy return ratio (EROI) on Lithium extraction from seawater for
D-T fusion would be barely above 1[24].

Relative to ssion, fusion leaves a reduced radioactive waste burden. The fusion community
originally aimed for all materials involved to meet the criterion of only being classed as low-
level waste (LLW)[25], motivated by LLW legally requiring only surface disposal, not deep
geologic disposal[26]. This was enshrined in the \reduced-activation criterion", which was
de ned as[27]:

\The materials selection for fusion energy's nuclear waste production, after an

1 1:2MW/m @ for EU-DEMO1 vs  300MW/m 2 for a Sodium-Cooled Fast Reactor
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initial 100 years removal from the reactor, can be disposed of in low-level waste

repositories."

Whilst the fusion reaction itself does not produce radioactive by-products, the neutron output
power will inevitably partly be incident on the reactor's rst wall and structural materials.

For this purpose so-called low-activation steels were designed, of which EUROFER97 is the
leading candidate[28], and was chosen as the neutron-facing structural material in the EU-
DEMOL1 design[29]. Whilst early studies predicted that these steels would meet the LLW
criterion[27, 30], more recent research[31{33] instead suggests that trace impurities in the
steels will cause them to exceed the activation limit and be classed as IL? It may however
be possible to avoid this classi cation by relaxing the criteria for ILW. Regardless, the lack of
high-level waste is still an advantage relative to ssion - HLW requires initial active cooling,
and the ILW produced by fusion should not contain radioisotopes with half-lives> 100000
years.

Fusion does have a clear advantage over ssion in terms of avoiding proliferation of nuclear
weapons. Tritium is used in thermonuclear weapons but is of little use alone because s-
sionable material is required in the primary stage. 14.1MeV fusion neutrons can be used to
generate ssionable material, but this is hard to do in a clandestine manner[34].

The other advantage of fusion over ssion is the absence of meltdown risk. As a nuclear
site with a radioactive inventory, a fusion power plant shares some possible accident scenar-
ios regarding accidental leaks of radioactive material, but the worst possible cases where a
meltdown leads to sustained and uncontrolled release are excluded.

Fusion power plants would still have some disadvantages compared to other sources. As
described above, signi cant volumes[35, 36] of nuclear waste are likely unavoidable, and if
these are classi ed as intermediate-level waste they will require geological disposal. The
complexity, size, and regulatory requirements of a fusion power plant will likely mean that
the monetary cost per kWh is comparable to that of existing ssion plants, so it will not
compete directly with cheap intermittent renewable generation. Steady-state designs would
likely require a high recirculating power fraction, driving down overall plant e ciency[37].
These characteristics likely mean that any future fusion power plants would be competing
instead with other rm low-carbon sources, including ssion, possibly gas with carbon capture

and storage, and geothermal[38].

2The implications of the production of Intermediate-Level Waste when comparing fusion's advantages and

disadvantages to other energy generation technologies have been explored in Nicholas et al. (2020)[1]
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As an aside, whilst fusion and ssion are normally considered as di erent technologies, there
are arguments for building a ssion-fusion hybrid reactor, which utilises ssionable material

in the blanket of a fusion device[39].

Some of these various advantages and disadvantages are summarized in gure 2, which is

adapted from [1], where a more comprehensive discussion can be found.

1.2.3 Ciriteria for Net Energy Gain

No scheme designed to con ne the reacting fusion ions will perfectly con ne their energy.
Instead that energy will slowly escape from the region of con nement, with a characteristic

timescale given by the energy con nement time g, de ned as

e= (1.1)

1
I:)Ioss

where W is the energy density, andPj.ss is the power lost per unit volume. As no present-
day machine yet produces signi cant fusion power in steady state, they havePgss = Paux,
meaning that g is an easily-measurable quantity.

For a steady state reaction the plasma must have a constant temperaturd , and for a plasma
consisting of a 50:50 mix of D-T, the thermal energy density of both ions and electrons
together is

W =3nkgT: (1.2)

The number of fusion reactions per unit time per unit volumef is given by
N P
f=nDnThV|=Zn hvi; (1.3)

where is the fusion collision cross section from gure 2,v is the relative velocity of the
colliding ions, and hi denotes averaging over all velocities in a Maxwellian velocity distribution
of temperature T, and their combination hv i is the rate coe cient of the reaction.

In order for the fusion power to exceed the rate of energy loss (and therefore meet the so-called
Lawson criterion) then

fEch  Ploss (1.4)

where E, is the energy of the charged products. (The uncharged products will not remain
con ned by the magnetic eld for long enough to redepaosit their energy back into the plasma.
Substituting in (1.1), (1.2) and (1.3) gives

3nkg T
E

%nzhv i Ecn : (1.5)
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which can be rearranged to get

1XgT

n L —
E Ecnhvi

(1.6)

For D-T fuel the product T=hv i has a minimum around T = 26keV (note this is di erent

to the the peak of the collision cross-section in gure 2). Therefore, to generate net energy, a
fusion reactor operating at the optimum average temperature of 26keV must also maintain

n and g at values high enough such that their product exceedd.. A fusion reactor oper-
ating at a slightly lower temperature will need to compensate such that the so-called \triple

product” nT g is large enough.

1.2.4 Dierent Con nement Methods

The prototypical fusion reactor is a star, such as the Sun. Whilst stellar cores have very
high densities ( 100gcm 2 in the Sun), they have surprisingly low power densities (only
about 0:2kWm 3 in the Sun - about the same as a pile of compost). This is because the
protium-dominated environment (and comparatively low reaction rate) only allows fusion to
proceed through relatively ine cient reaction chains - primarily the proton-proton chain in
the Sun. However the energy con nement time of a star is huge - the di usion timescale for
a photon to escape from the core to the surface of the Sun is 1.7 10° years[41]. This
is a consequence of their enormous size, and obviously does not represent a viable pathway
towards terrestrial fusion.

Terrestrial fusion schemes can be broadly divided into two types depending on whether they
attempt to maximise n or .

Inertial con nement schemes aim to assemble or compress a target to very high densities,
so high that the inevitably short con nement time before the target violently disassembles
is outweighed by the high momentary density. These schemes cannot be steady-state by
de nition, and instead a power-producing reactor would need to compress a new target
multiple times per second to produce signi cant power output.

In contrast, magnetic con nement schemes con ne only a low density plasma (around 10°
times the number density of air), but for a comparatively long time. A large pressure gradient
is still necessary - otherwise the reactor would need to be physically huge in order to have any
region of the plasma which reached the required pressure. The magnetic con nement problem
is therefore chie y concerned with creating and sustaining large pressure gradients using a
magnetic eld, with transport losses low enough that the energy con nement time satis es

the Lawson criterion, and sustaining the plasma for long enough to generate a worthwhile
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amount of net energy.

1.2.5 Single-particle Con nement

No solid vessel could achieve steady-state con nement at the temperatures required for fusion,
because the plasma particles would lose their heat to the wall in a fraction of a second.
Instead, in Magnetic Con nement Fusion (MCF) the approach is to use the gyromotion of
a charged particle in a magnetic eld to localise the particle, and con ne it to a particular
region of space.

A uniform magnetic eld can be produced by a cylindrical solenoidal array of magnets. The
uniform eld would achieve con nement in the radial direction, but as the patrticles are free
to travel parallel to the eld lines then they will stream out of both ends of the solenoid.
These losses can be mitigated by joining the ends by bending the cylinder into a torus, but
the resulting inhomogeneity of the magnetic eld complicates the physics.

A torus is the only shape which can meet this criteria - the hairy ball theorem for example
implies that a vector eld of magnetic eld lines topologically-spherical surface will always
have locations in which the eld is normal to that surface, which would allow particles to
escape.

The motion of charged particles is only circular in a completely uniform magnetic eld and in
the absence of collisions. Deviations from uniformity in time or space, or the presence of other
body forces such as due to an electric eld, will alter the motion (see [42]). If the variation or
additional force is small compared to the e ect of the uniform background eld then we can
represent these e ects as higher-order corrections, which take the form of constant-velocity
\guiding-centre drifts" on top of the gyromotion and the motion parallel to the eld lines.
For example, a spatial variation in the strength of the B- eld creates a drift perpendicular
to both B and the variation in B (r B). This is because a gyrating particle will experience a
stronger eld on side of its orbit than the other, so it will have a di erent gyration (Larmor)
radius, and the asymmetry causes a net drift as in gure 3. Bending the solenoid to connect
the ends causes both a radial variation in eld strength, and a bending of the eld lines, both
of which produce vertical drifts through the grad-B and curvature drift e ects respectively.
This continuous vertical drift will prevent the plasma being con ned in a magnetic eld which
points purely in the toroidal direction. This happens because the grad-B and curvature drifts
act oppositely on the oppositely-charged ions and electrons. The two species are therefore
vertically displaced from one another by these drifts, a displacement which produces (and is

limited by) the production of a vertical electric eld.
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Figure 3: Diagram of the guiding-centre drift of a charged particle in a spatially-varying

magnetic eld.

The vertical electric eld causes a new guiding-centre drift, theE B drift, which moves both
ions and electrons radially outwards, causing them to rapidly escape the con ning magnetic
eld (we will do the ordering that shows exactly how rapidly in chapter 3).

The solution is to introduce a poloidal magnetic eld, so that overall the eld lines twist
around the core, a \rotational transform”. As movement parallel to the eld line is unim-
peded, particles rapidly traverse the entire device. The rotational transform therefore causes
each particle to spend equal amounts of time in the upper and lower halves of the device as
they move around toroidally. The grad-B and curvature drifts are then vertically away from
the core in one half, and vertically towards the core in the other, so overall no vertical electric

eld develops, and the particles remain con ned.

1.2.6 Tokamaks

Having deduced one possible eld con guration which will con ne multiple charged particles,
the eld still must be generated by some combination of currents. While a plasma can
support currents which create elds which act on itself, using the virial theorem Shafranov
showed that \any bounded equilibrium plasma con guration can only exist in the presence of
xed current-carrying conductors "[43]. This means that some external magnets are always
required to achieve steady-state con nement.

For con nement within a toroidal device we need both toroidal and poloidal magnetic elds,
but we can still choose whether all or merely some of these elds are generated by xed
external magnet coils.

A con guration in which the elds are entirely generated by a set of xed magnets is called
a stellarator. In this case to achieve the rotational transform the magnetic placement must
vary along the toroidal direction, leading to complex magnetic design engineering, as can be

seen in gure 4.
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Figure 4. Schematic diagram of a stellarator, showing the various magnetic coils and elds
which produce the con nement. Modern stellarator designs instead use one set of complex,
twisted coils to create both the toroidal and helical eld. In either case no current is required

to be driven within the plasma. Figure from [44].

Alternatively, a hot plasma can support a large toroidal current, which generates a consid-
erable poloidal eld. If a steady current is driven through the torus (for example through
using the plasma as the secondary coil of a transformer) then the rotational transform can
be achieved with an axisymmetric magnetic eld. This exible con guration is known as a
tokamak, a schematic diagram of which is shown in gure 5.

Whilst stellarators have the advantage of not required a current to be driven, Tokamaks
however o er more exibility: by varying the radial pro le of the current the shape of the
magnetic surfaces can be altered signi cantly. Tokamaks are also easier to engineer - repeating

planar coils simplify design and maintenance.

1.3 Heat Exhaust

1.3.1 Power and Particle Balance

For signi cant amounts of fusion power to be produced, we need signi cant collision rates
within the plasma. As we saw in section 1.2.3, this necessitates high pressure in the core, and

thus large pressure gradients from the core to the edge. However, these pressure gradients
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Figure 5: Schematic diagram of a tokamak, showing the various magnetic coils, magnetic

elds and plasma currents which produce the con nement. Figure from [44].

create turbulence, which causes the con nement to be imperfect, as each small-scale turbulent
uctuation can cause a particle to step radially outward onto a neighbouring toroidal magnetic
ux surface. Transfer of particles and heat across magnetic ux surfaces is called cross- eld
transport.

20% of energy from the D-T reaction is in the charged Helium ash, which must be removed
from the plasma as a waste product. Furthermore, for steady-state operation then the toka-
mak must be regularly refuelled with a D-T mixture. The particle balance is in fact mostly
dominated by neutral recycling though: plasma particles recombine into neutrals in the diver-
tor or at the wall, freely move back towards the core, where they are ionised and slowly step

outwards again. The result is a constant ow of charged particles being exhausted radially.

1.3.2 The Scrape-O -Layer

The surface formed by the set of outermost magnetic eld lines which still stay within a
bounded volume (the region of con nement) is called the Last Closed Flux Surface (LCFS)
or separatrix. Once particles leave the con ned core by stepping across the LCFS, they follow
eld lines until they reach a solid surface such as the wall. Their parallel motion is rapid so
there is a thin layer of plasma outside the LCFS called the Scrape-O -Layer (SOL).

This thin layer will impinge on a narrow region of wall surface so we speci cally designate that
surface as the target plates. Their energy is released onto this surface, which if unmitigated

will exceed the engineering limits of the surface material. Particles also sputter from the target
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surfaces, which is detrimental to the core plasma performance. To minimise the amount of
surface-born impurity atoms reaching the core, the target plates are physically separated by
using a divertor con guration ( gure 6), where a magnetic null-point (X-point) divides the

core region from the target region.

Figure 6: Diagram of a tokamak with a divertor con guration. The plasma leaks out of
the core through the separatrix into the scrape-o -layer, where it ows down to the divertor

plates. (Courtesy EFDA/JET www.euro-fusion.org/jet/ )

1.3.3 The Exhaust Challenge

Managing the exhausted heat poses a critical challenge for any commercial power plant design.
We can illustrate the magnitude of this challenge using a simple power balance argument by
Militello[45]. For a reactor in steady state, with equal power owing into and out of the

plasma, we have energy conservation
Paux + Prus = Pout; (1.7)

where Py,s is the power generated in the plasma by fusion reactionsP,,x is the power input
to the plasma from auxiliary heating systems (such as neutral beam injectors), andPq; is
the power coming out of the machine in all forms. The fusion power includes both alphas
and neutrons, soPss = P + P,. The output power Py includes the power that will be

dissipated on the material structures surrounding the plasma,P234, and the power carried

by the neutrons to the breeding bIankets,PgLﬁOd, some of which will eventually be converted

into electricity. If we assume that the neutrons only deposit a small fraction of their energy

in the rst wall then P, P3¢,
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But all good neutron power comes with bad plasma heat. If we splitP229, de ne the energy
multiplication factor Q = Ps,s=Paux, and use the fact that for D-T 20% of the fusion power

goes into the particles and 80% into the neutrons, we have

bad
Pout  Paux+ P

So bad heating is directly proportional to good output power in the limit Q !'1 , and the
problem is worse for nite Q.

Of course, physical structures can only take so much punishment before they melt. For the
vessel wall (which needs to be relatively thin to allow enough neutrons to pass through it
into the breeder blanket) this limit is around ( P=Syax) = IMW/m 2.

For a commercial reactor (and really any technology), smaller is generally better. Smaller
designs in general have lower material costs, are easier to manufacture, and are more amenable
to being mass-produced. By lowering the capital costs, reducing the technology lifecycle
development time, and facilitating economies of scale, design size therefore has an outsized
e ect on the feasibility of the technology as a nancial investment[46]. We therefore ask
\given this exhaust constraint, what is the smallest fusion reactor we could possibly build"?
Even if we imagine that P29 is spread evenly over the inner wall, we nd a signi cant
constraint on the smallest possible major radius of the reactorR. Assuming a perfectly
toroidal vacuum vessel with an inverse aspect ratio , the surface area of the inner wall is

S =4 2R?2. Distributing the power evenly over this area S gives
S

(1:25Q 1+ 0:25)P3%d

R 12 (P:Snax)om ; (1.9

We can put this into context by imagining an ignited (Q ! 1 ) reactor that produces 500MW
of neutron power - a reasonable amount for a compact power plant. With a conventional

aspect ratio of = 1=3, this corresponding to a minimum major radius of 4m.

1.3.4 Implications for Reactor Design

Freidberg[47] describes a di erently-motivated but e ectively similar constraint on reactor
size: the neutron ux per square metre onto the rst wall cannot exceed around 4MWm 2.
The higher number is because only a certain fraction of the neutron energy is absorbed (the

rest passes through into the breeder blanket), and the nature of the ux is dierent, but
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a reactor with Q = 1 produces 4MW of neutron power for every 1MW of alpha power,
so Friedberg's wall loading constraint turns out to be e ectively functionally-equivalent to
Militello's (totally-spread out) exhaust power constraint. Freidberg also explains that a
reactor which has< 4MW 2 incident on the wall is economically sub-optimal: it is larger
than it needs to be for the same power output.
If we instead constrain the reactor size using Freidberg's neutron wall-loading constraint, we
can re-interpret Militello's power ux calculation in an illuminating way. Taking the same
exhaust power, and instead of imagining it evenly spread over all the rst wall (which can
handle 1MW ?2), we instead imagine concentrating it all onto divertor surfaces which can
handle 10MW 2. Immediately then the total divertor wetted area must be at least 10% of
the area of the rst wall, otherwise we have exceeded 10MW? somewhere. Whilst an ideal
plasma would radiate a signifcant fraction of power from the edge, in practice a signi cant
fraction of the power is still transported along the eld lines, so this new interpretation is
arguably more representative of how divertors actually operate. However, that 10% is éarge
area to try and spread the heat over. If we had an ITER-width SOL ( g=1mm upstream[48])
in our minimally-sized P, = 500MW reactor (R = 4m, = 1=3), the wetted area (so with
no attempt to spread the plasma exhaust load out through through any method) would be
roughly

2R ¢=25mm?: (1.10)

But in order to stay below an average of 10MW 2 we would need to spread the heat evenly
out over

01 4 ?R?=21m? (1.11)

an area almost 3 orders of magnitude larger!

A 4m-wide ITER may sound like an extreme example, but for a power plant it's not: the
much-lauded ARC design[49] has a considerably higher power densityf,; = 708MW, R =
3:3m). Further, if you take the Eich scaling[48] of o / Btof’:sRO to be broadly correct,
and maintain the same neutron power ux at the wall, then the exhaust situation only gets
worse for larger reactors (which produce more power), and for higher- eld reactors (which
shrink the SOL width). If instead you relax the wall loading constraint, then as Freidberg
shows, the result is a larger design for the same power: easier to build, but inevitably less
economically-attractive.

These arguments are not at all rigorous, but they do illustrate three important points:

1. Any cost-optimal fusion power plant will need to operate near the limit of what its
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material surfaces can handle almost everywhere inside the plasma chamber,

2. The plasma exhaust power will need to be evenly spread out over a very wide area
by the divertor, much wider than the current estimations of the natural width of the

scrape-o -layer at the mid-plane,

3. Even after su cient spreading is achieved then the divertor surfaces speci cally will be

continuously operating near their 10MW 2 material limit.

It should therefore be no surprise that the heat exhaust challenge has famously been re-
ferred to as \probably the main challenge towards the realisation of magnetic con nement

fusion"[50].

1.3.5 Di culties with divertor solutions: No Silver Bullets

Surely there must be some way we can engineer ourselves out of this problem? While there
are many di erent design ideas that can help, unfortunately none of these oer a single
solution alone, and most come with compromises in other parts of the reactor design. We
will now brie y review the main possibilities and show why although they are all potentially
useful, the limitations of each imply that there is no single easy solution to the heat exhaust

challenge.

Double divertor

Some tokamaks, such as MAST, are designed to operate in a double-null con guration, mean-
ing there are (at least) two null-points in the magnetic eld, one above and one below the
core plasma (see gure 7). Each of these X-points has its own divertor, usually symmetric
about the horizontal plane. This creates two separatrices in general, but with the magnetic
eld aligned to su cient precision (or rapidly cycling between disconnected upper null and
disconnected lower null con gurations), 50% of the exhaust power can be directed to the
upper divertor and 50% to the lower. This would immediately halve the heat ux onto all
divertor surfaces compared to the single-null case. However while factor of two reduction in
heat ux is helpful, clearly it won't span the nearly 3 orders of magnitude we need on its
own.

A double-null also brings signi cant drawbacks for a reactor design. Firstly it occupies twice
the solid angle around the plasma, absorbing a signi cant fraction of the neutrons which

ideally would be entering breeding blanket modules instead. While a Tritium Breeding Ratio
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Figure 7: Double null geometry vs a single null. Diagram from [51].

> 1 is still technically achievable[52], this makes another major design constraint signi cantly
tighter.

Secondly divertors are likely to be very expensive components, which require regular replace-
ment. Assuming that two divertors have to be replaced just as often as one, this would
signi cantly increase the maintenance costs of a commercial power plant.

Finally the control of the magnetic eld necessary to maintain a connected double-null is
very ne. If the two separatrices move out of alignment by mere millimetres, the advantage

of the double null is lost and the divertor will be quickly burnt.

Tilted target plates

Calculating the heat ux per unit area by multiplying the width of the Scrape-O Layer by

the circumference of the plasma assumes that the target plates are normal to the magnetic
eld lines.

If instead the target plates are tilted such that the angle between the eld lines and the
material surface is , then the ux per unit area would be decreased by a factor of sin .
However the grazing angle cannot be arbitrarily small - in reality the target consists of
multiple tiles, each of which has a leading edge which instead becomes subject to the heat
ux at small . These considerations lead to ITER using = 2°, capping the bene t to heat

ux mitigation at a factor of around 30 lower.
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Figure 8: Magnetic eld lines tilted with respect to the divertor target plates, to reduce the
heat ux ¢ onto the material surfaces. The surfaces are made up of multiple tiles, which
must have slanted surfaces so as not to present exposed leading edges. In reality the eld lines
are also tilted poloidally, so have a large component into the page on this diagram. Diagram
from [53].

Flux expansion

As the charged particles largely follow the magnetic eld lines all the way to the targets,
spreading these eld lines apart will also spread the heat load on the targets.

This is known as poloidal ux expansion[54], and is one aim of the design of advanced diver-
tors[55], especially the Super-X divertor con guration planned for use on MAST-Upgrade[56].
(The projected bene ts of the MAST-U Super-X have been investigated through a series of
SOLPS simulations[57, 58].)

Whilst poloidal ux expansion is obtained by reducing Bpoidai =B at the target, additionally
\total" ux expansion can be obtained by moving the strike point radially further outwards
(see gure 9).

Again however these benets are limited: poloidal spreading is limited by the area of the
divertor chamber, and radial expansion by the radial position of the toroidal eld coils.
Poloidal ux expansion is also a trade-o with target eld line angle: if the minimum angle is
xed to 2 °, then that can be achieved by tilting plates or poloidal ux expansion, the plates
cannot be tilted to 2° and then the poloidal ux expanded further.

Additionally, as the divertor chamber must be fully enclosed by the toroidal eld coils, ex-
panding the ux either toroidally or poloidally requires increasing the distance of the toroidal
eld coils from the centre of the plasma. This inhibits magnetic control of the core plasma,
increases the total stored energy in the eld, and reduces the B- eld on-axis - all of which
reduce the feasibility of the core plasma scenario for a power-producing tokamak. Flux ex-

pansion therefore represents a design trade-o .
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Figure 9: Schematic diagram of methods of heat ux reduction by geometric means. (a)
shows poloidal tilting of the target plates, (b) poloidal ux expansion, and (c) toroidal ux

expansion by increasing the target strikepoint major radiusR;. Diagram from [59].

Stronger material

There are several constraints which limit the choice of materials to use for the target plates.
The rst is tritium retention - a fusion reactor needs to conserve its tritium carefully in order

to maintain a Tritium Breeding Ratio above 1 (higher again to contribute to the startup of
new fusion reactors). The amount of tritium that can be on site at any one time is also
limited by nuclear safety regulations, which includes tritium embedded into materials. This
rules out using plasma-facing components which will easily chemically bond to hydrogen,
which importantly excludes the carbon walls that have been used on many experimental
devices.

The second is neutron activation. Whether or not the low-level waste criterion is met depends
on the exact choice of neutron-facing materials. Some materials which would have higher
melting points than pure Tungsten (such as Molybdenum) cannot be used without relaxing
the LLW criterion, as they would activate to a degree which easily exceed the activation limits
set out by nuclear regulatory authorities internationally, and produce signi cant volumes of
intermediate-level waste. This is a valid option however, and Molybdenum has other desirable
material properties compared to Tungsten in addition to its higher melting point.

These two contraints are some of the largest - taken together this means that the only way
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to open up new possibilities for using materials which can handle a higher heat ux than
Tungsten is to relax nuclear regulations. A practical material choice also has to have low
enough cost, be manufacturable, have a high melting point, high thermal conductivity, and

high sputtering threshold.

Detachment

If the thermal ux owing along the eld lines to the target were converted into isotropic heat
ux, it could be deposited over a much wider surface area. This can be partially achieved
through \detachment”, where a bu er of neutralized gas is formed in front of the target
plates. The upstream power is then transferred into both the neutral gas and impurities
through collisional processes, especially through the excitation of impurity species. When
these species subsequently re-radiate, they isotropically spread the heat ux over a much

wider area (as shown in gure 10).

Figure 10: Schematic diagram of peak heat ux reduction through volumetric radiation of

energy near the target plates. Diagram from [60].

In the ideal limit 100% of the upstream power would be radiated. This is known as \ultimate
detachment”, de ned[61] as when the particle ion ux at the target reaches zero, which
implies that the conductive ion energy ux equals zero, and all the power must have been
instead lost through radiation (or transferred to neutrals).

If all power were converted to radiation then the width of the SOL would no longer set
the heat ux density at the target. However, not only is 100% radiation very di cult to
achieve, but even in that ideal regime the SOL width is still important. The width of the
SOL a ects how easy it is to access the density and temperature regimes at the targets that
are required to achieve detachment, as well as the total volume from which the xed power

must be radiated. The SOL width also a ects the upstream separatrix density for a given
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SOL power, which sets a boundary condition on the core plasma pro les.

Finally, radiation through impurities in the divertor also introduces the danger of those
impurities migrating back up to pollute the core plasma, and can cause radiative instabilities.
The original motivation for diverted tokamak designs was in fact to keep these impurities

physically-separated from the core.

Conclusion

Tilting, ux expansion and detachment will all need to be employed simultaneously to limit
heat ux to acceptable levels.

Even then, the divertor heat ux is likely to be a limiting factor in the design of tokamak
power plants, so it is crucial to be able to understand and predict the processes which set the

width of the Scrape-O Layer.

1.4 Thesis Outline

In this chapter we have introduced fusion energy, discussed its advantages and disadvantages,
and introduced the challenges of divertor heat management.

In chapter 2 we rst review literature on the turbulent transport processes setting SOL
width, how the SOL is experimentally-diagnosed, and common approaches to computationally
modelling the SOL.

Next we describe in detail in chapter 3 the physical model used in the rest of this thesis,
with a derivation of the equations solved, boundary conditions, and various assumptions. We
also describe how reduced two-dimensional models of the SOL can be obtained from more
complex three-dimensional models.

Then in chapter 4 the computational methods used are described, including a description of
the general architecture of the BOUT++ framework and the STORM module.

Chapter 5 systematically compares the results of 2D and 3D simulations of the SOL, and the
e ect of varying parameters in 2D and 3D.

Chapter 6 adds a core region to the 2D models, and explores resulting challenges. In particular

we describe the spontaneous formation of strong binormal mean ows.
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Chapter 2

Review of Scrape-O -Layer

Turbulence

2.1 Introduction

This chapter will give an overview of the important processes governing SOL turbulence.
The rst half reviews the key experimental measurements of the SOL, and in particular how
both 1D probe time series and 2D imaging techniques point towards an intermittent process
dominating the SOL turbulence, made up of individual lamentary-like plasma structures.
The second half reviews attempts to model this turbulence, in order of increasing complexity
rather than chronological order, starting with a description of the physics of isolated laments

and working up to full simulations of SOL turbulence.

2.2 The Character of Radial Transport

2.2.1 Non-di usivity

In the core plasma the basic picture of con nement is that radial gradients drive transport
which can be treated as e ectively di usive. In a di usive case the transport follows Fick's

law
@n
@r

where - is the radial particle ux (perpendicular to the magnetic eld), nis the local particle

2 = De (2.1)

number density, r is the radial position coordinate, andD. is the e ective particle di usivity
coe cient in the perpendicular plane (assumed to be a constant here). Within this paradigm

the challenge is to identify the small-scale mechanisms which cause that di usivity, in order
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to predict how it will scale with plasma parameters.

This paradigm was also assumed for SOL transport: a 1999 review of di erent theories of
SOL transport generally assumed that a similar ux-gradient relationship held in the SOL
[62].

In a di usive picture the Bohm scaling[63] was considered to be the largest imaginable rate
of di usive transport in the core, with classical di usion being the smallest. However ex-
perimental measurements of SOL transport did not t with this picture - for example SOL
density pro les in ASDEX could only be reproduced in simulations either by assuming a large
radial drift or an e ective particle di usion coe cient D, much larger than the Bohm value
[64].

Density pro les in the SOL generally decay exponentially from the separatrix, which was
originally interpreted as being due to the dominance of strong parallel ows in removing
particles, combined with aD, that was approximately constant in space. However, Umansky
et. al.[65] and LaBombard et al.[66, 67] measured proles and uxes in Alcator C-mod,
and noticed the persistence of large transport when pro les were at. In a purely-di usive
paradigm (such as that described by (2.1)) this would imply that e ective di usivities increase
with radial distance from the separatrix, a counterintuitive result shown in gure 11. This
radial variation was also seen in the JET, DIII-D and TCV tokamaks [68{70], and also when
estimated from turbulence codes such as ESEL [71].

For DIII-D no diusion coe cient could be found which t the experimental edge pro les
when using UEDGE transport simulations[72]. In order to t the pro les an e ective anoma-

lous velocity Ve which varied both radially and poloidally was needed.
@n
= D @r+ n\s (2.2)

However, Garcia et. al.[70] and Naulin[71] attacked the idea of parametrizing SOL radial
transport in terms of e ective di usion and velocity coe cients entirely. They argued that

if the SOL transport could be modelled as advective-di usive, then the normalised particle
ux would follow an linear relationship with inverse density scale length as

B De @n_ 0, + De

n € n @r N

; (2.3)

where ), is an e ective radial advective velocity and B¢ an e ective radial di usion, both
parameters to be determined.
But gure 12 shows that for a range of TCV plasmas, not only is there not a linear rela-

tionship, but there is not any clear functional relationship at all. Linearity would correspond
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Figure 11: E ective cross- eld particle di usivity proles for a range of Alcator C-mod
plasmas. They show that if radial particle transport in the SOL is assumed to be a di usion-
like process, then the local di usivity coe cients would have to increase radially into the
SOL in order to produce the exponentially-decaying density pro les observed. Figure from

[66]

to transport coe cients that are radially-constant, but even if the transport coe cients had

a radial dependence (as a result of radially-varying averaged plasma quantities) one would
expect this plot to display some functional relationship. The fact it doesn't indicates that
the physics of SOL transport cannot be consistently parameterized by an e ective advective-
di usive model, and more complex physics is important, likely requiring rst-principles un-
derstanding to parametrize. (This also indicates that tting a Fokker-Planck di usion law as
described in [73] is also unlikely to work well.)

More recent attempts to parametrize SOL turbulence have applied & model, inspired by
the Reynolds-Averaged Navier-Stokes approach often used in neutral uid turbulence. These
models treat the turbulent kinetic energy as the quantity to be diused, but still require
setting coe cients through a closure obtained from a empirical global scaling law, so are not
truly rst-principles models[74].

It turns out that the small-scale properties of SOL turbulence are signi cantly di erent to

that of the core, and are illuminated by speci ¢ experimental data.
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Figure 12: The relationship between radial particle ux and density gradient scale length for
a range of TCV plasmas. The lack of any clear correlation shows that there is no simple
description of SOL transport involving e ective radial di usivities that are a simple function

of radial position. This indicates that the underlying transport processes are much more

complex, and not well described by a gradient- ux relationship. Figure from [70]

2.3 Experimental measurements

Although multiple di erent diagnostic instruments can be applied to the SOL, two in partic-
ular are responsible for important insights into the nature of SOL turbulence. We will now
see how timeseries from Langmuir probes showed the inherent intermittent properties of the

SOL, and fast cameras revealed its lamentary structures.

2.3.1 Langmuir Probes

A Langmuir probe consists of a conducting element inserted into the plasma, which draws
a measurable current. Since their development by Irving Langmuir in the 1920s, they have
been a workhorse diagnostic tool for laboratory plasmas[75, 76].

As the probes must physically penetrate the plasma, they can only tolerate short dwell times
before they are damaged by the neutron and charged particle uxes. They are therefore
limited to diagnosing the boundary region of tokamak plasmas, and must quickly plunge in
and out, as for example the reciprocating probes on MAST do[77].

Whilst it is the drawn current which is measured directly, the probe can be biased to a

particular voltage before insertion into the plasma. The voltage of the probe a ects the ux
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of electrons to its surface, and by sweeping through a range of values, information about the
plasma density, temperature, potential, and distribution functions can be deduced[78, 79].

If the biasing potential is su ciently negative, then all electrons (and negatively charged
ions) will be repelled from the probe. In that case the drawn current will be solely due to

ion ow - the so-called ion saturation current. It can be shown that

p
lsat/ Ne Te+ Ti; (2.4)

where ng is the electron number density, Te is the electron temperature andT; is the ion
temperature. This proportionality means that uctuations in signals of |g5 are good proxies
for uctuations in density and/or temperature, as can be seen for example in the time traces

shown in gure 14.

Figure 13: Schematic of the mid-plane Langmuir Probe Diagnostic on DIII-D: (a) shows the
poloidal location of the reciprocating probe, and the line it traces when plunging into the
plasma, to a depth just past the separatrix; (b) shows a typical position over time trace for
the probe on the inner part of its plunge; (c) shows the probe head layout, with multiple tips
allowing for measurement of spatially-dependent quantities such as the electric eld. Figure

from [80].

41



Langmuir probe heads often have multiple tips, such as the mid-plane probe on DIII-D
shown in gure 13. By taking di erent measurements at slightly separated spatial locations,
guantities involving speeds or gradients can be deduced, for example the average electric eld
between two tips[80].

As the probe changes spatial position as it plunges into the plasma, measurements along a
radial line can be taken, allowing probes to be used to construct a picture of the density and
temperature along a radial pro le of the plasma.

Whilst the probe head only dwells in the plasma for a fraction of a second, that is much longer
than typical turbulence correlation times ( s), allowing the tips to collect long timeseries
of uctuation data. By binning this data in time, a reciprocating probe can be used to gather

radial pro les of the uctuation statistics.

2.3.2 Intermittent Fluctuations

The Langmuir probe time signals from various tokamaks in gure 14 show uctuations over
time which are highly intermittent. The uctuation levels in the SOL are very large compared

to the mean value - for example in the Caltech tokamak uctuations of 10-90% of the mean
are observed routinely[81]. This is much higher than in the core, which has uctuation levels

of only around 1% [82].

Figure 14: Examples of uctuations in timeseries measured using Langmuir probes in di erent
tokamaks. Intermittent large events, several times larger than the standard deviation, can
be seen. The mean values of each timeseries are indicated by the solid lines. The time is
normalised to the characteristic duration time of the large-amplitude bursts tauy. Figure

from [83].
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The signal is also clearly asymmetric: disproportionately large positive bursts are common,
but negative bursts are not. Whilst rare, these individual large events are important - Antar
et. al. [84] found that the uctuations comprising the top 20% of the value of the signal
account for about 50% of the radial transport near the last closed ux surface.

This type of intermittency is a universally-observed feature of scrape-o layer plasmas. An-
tar et. al.[84] superimposed normalised uctuation signals from Tore Supra, Alcator C-mod,
MAST, and PISCES (gure 15), and found that they all condense onto a single probability
distribution function (PDF). This set of machines included diverted machines (C-Mod), lim-
ited machines (Tore Supra), spherical machines (MAST) and linear machines (PISCES) - on
linear machines plasma rotation creates a centrifugal force which plays a similar role to the
curvature drift in tokamaks[85]. The set displaying universal behaviour was later extended

to include the W7-A and and TJ-II stellarators[86].

Figure 15: Figure from [84], showing universality of ion saturation uctuation probability

density functions across a range of machines.

2.3.3 Statistical Properties

The prevalance of positive uctuations over negatives ones means that the Probability Dis-
tribution Function (PDF) of the signal from a 1D timeseries is positively-skewed. Another
common feature is that this positive skew generally increases further out into the SOL. Figure

16 shows that in the core and edge, the PDFs of the uctuations are close to Gaussian, with
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a low skewnessS, de ned by
X ox x @
S= N —_— (2.5)
i=1 X

where X is a variable with a timeseries consisting oN points, with a mean X and a standard
deviation x. In the far SOL however the skewness increases considerably, and the PDFs
display a long tail representing the rare but consistent large positive uctuations in the signal.
The likelihood of these rare events is further enhanced by the high kurtosis of the signak ,
de ned as » 4

= 1M XX 29

i=1 X

for which values greater than 3 imply that the distribution has tails that asymptotically
approach zero more slowly than a Gaussian, and therefore produces outliers more often than
the normal distribution does. As the normal distribution has a kurtosis of exactly 3, it is
common practice to instead use the excess kurtosis, de ned a€ 3. The kurtosis is also
sometimes referred to as the atness, because a symmetric increase in the weight of both tails
can be roughly imagined as having partially \ attened" the distribution.
The temporal power spectra of the uctuations also show remarkable universality. Across
multiple devices [84, 89, 90] the frequency power spectra collapse onto the same curve, for
example as in gure 17. This correspondence requires a rescaling of the frequency axis.
In gure 17 the scaling parameter is an arbitrary , but the scaling constant can also be
identi ed with a characteristic duration time g, interpreted as a typical duration of one of
the large-amplitude bursts in the signal[91]. In general the power spectra are observed to be
at at lower frequencies and then fall o with a power law at higher frequencies.
The statistics of these signals are consistent with a superposition of independent, uncorrelated
pulses arriving according to a Poisson process, producing a PDF of waiting times between
events described by a Gamma distribution[83, 92{94]. This statistical model is known as

\shot noise" in the context of noise in vacuum tubes[95].

2.3.4 Optical imaging diagnostics

Whilst the statistics of OD timeseries suggest that the SOL turbulence contains intermittently-
emitted structures, 2D imaging diagnostics are required to actually observe the form of these
objects.

The SOL emits light primarily through line emission generated by interactions between the
charged plasma and neutral atoms. If the density of the neutral atoms in the chamber is

No, then the intensity of line emission from collisional excitation of neutral atoms, I opt, is a
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Figure 16: Probability distribution functions (PDFs) of uctuations in ion saturation current
signals plotted at various radial positions in the edge plasma of JET. As we move out from
the core to the far SOL (so following (d) to (a) and increasing the distance from the sepa-
ratrix  r), the signals become more intermittent, with increasing skewnes$ and kurtosis
K. At each location, the skewnessS and kurtosis K broadly follow an expected parabolic
relationship between one another (see eq. (2.12) in [83]). The shear layer is a region of
strong perpendicular ow shear just inside the separatrix, where laments are thought to be

born[87]. Figure from [88].

function of plasma density and electron temperature[96]
lopt = Nof (N; Te): 2.7)

Optical measurements of the SOL usually look at line emission from thé® transition (656.28

nm), from the Balmer series of Deuterium. Whilst the precise form off (n; T¢) can only be

determined from a collisional-radiative model, for densities and temperatures relevant to the
SOL it depends linearly onne and less strongly onTe, similarly to |s5 [97].

As D is almost completely ionised above 100eV [98], thenng is negligible far inside the the
core. This has the convenient e ect of only producing light from the structures in the edge

and the SOL, without images being washed out from light from the much larger core plasma
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Figure 17: Temporal power spectra of uctuation time series from various machines. The
frequency axis is rescaled, after which the spectra from various machines collapse onto a

single curve. Figure from [89].

behind.

Gas pu imaging

The local neutral density can be increased by gas pu ng, in whichD (or He or N») is injected
near the outer mid-plane in order to locally enhance line emission. Gas Pu Imaging (GPI)
setups have been used on NSTX[99], Alcator C-Mod[100], and ASDEX-U[101], and give a
2D image of a localised region of the SOL. Figure 18 shows some gas pu images on NSTX,
in which localised \blob" structures can be seen, propagating both poloidally and radially
outwards. Measurements combining Langmuir probes with GPI in the same ux tube have
been performed, which observe correlations con rming that the same structures are the cause

of the intermittent bursts in the probe time series and the imaged blobs[102].

Wide-angle fast camera imaging

While gas pu imaging only focuses on a small region of the plasma, wide-angle visible imaging
can view almost the entire plasma at once. It also relies only passively on the neutrals already
present in the machine, instead of actively injecting more neutral gas at a speci c location.
This requires that the background neutral density be high enough that the light intensity is
detectable, and also that there is su cient space between the wall and the edge to obtain a
wide angle view of the plasma. MAST has both of these features and so has been regularly

used for wide-angle fast camera imaging studies[104], but the technique has also been used
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