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Department: Department of Surface and Plasma Science
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Abstract: Energy and particle exhaust is the key issue for future fusion reactors
based on magnetic plasma confinement, namely for tokamaks. Good understand-
ing of processes controlling plasma heat fluxes impinging the first wall of tokamaks
is of a main concern for fusion research. This doctoral thesis is focused on experi-
mental investigation of plasma heat fluxes in different locations of the COMPASS
tokamak. A new infrared thermography system was built for this purpose as a
part of this PhD research. There are four main topics studied using the system.
First of all, a narrow near-SOL heat flux channel with a very steep radial profile is
characterised in HFS limited discharges. It is shown that the near-SOL heat flux
decay length is consistent with the drift-based model of the SOL heat transport.
Secondly, heat loading of leading edges of misaligned limiters is broadly stud-
ied. The optical approximation of the heat flux distribution around a poloidal
leading edge is confirmed as a valid approach. Heat loading of a magnetically
shadowed side of a toroidal limiter gap is observed experimentally for the first
time confirming predictions of particle-in-cell code simulations.
Thirdly, localised hot-spots caused by the impact of runaway electrons as well as
the synchrotron radiation produced by a runaway electron beam is studied.
Finally, dependence of the L-mode heat flux decay length on main plasma para-
meters is studied and compared to several former scalings derived from tokamaks
TCV, AUG and JET. First infrared measurements of the peak ELM energy flu-
ence in H-mode on COMPASS are presented and show good agreement with
predictions derived from other tokamaks.
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Introduction
Global warming and rising energy demands require searching for a new clean
energy source for humanity. Thermonuclear fusion is a promising CO2-free, safe
and basically limitless source of energy which can cover this demand. However,
there are still many challenges to be overcome on the way to the first fusion power
plant despite the tremendous progress in the several decades lasting research. The
interaction of plasma with solid structures in fusion devices presents one of the
key issues. Enormous heat flux density1 impinging on the first wall is of a main
concern for future fusion power plants. Good understanding of processes ongoing
in the edge plasma and proper characterisation of plasma heat fluxes in this region
is a crucial step in fusion research.

There are still many open questions, such as: What controls the heat flux
decay length and the plasma-wetted area in tokamaks? How can we influence
it? What is the connection between plasma properties and fluxes of particles and
energy onto plasma facing components? How to shape plasma facing components
in order to accommodate incoming heat flux?

The doctoral thesis is focused on study of plasma heat fluxes incident to
different locations inside of the COMPASS tokamak. The aim of the thesis is
to help answer several urgent questions raised in the fusion research community
mainly during the process of design and construction of international tokamak
ITER. For illustration, there is the lack of precise knowledge of the plasma heat
flux profile shape near the last closed flux surface in the start-up phase of a plasma
discharge needed for the design of first wall panels in ITER. Moreover, precise
characterisation of the heat flux distribution around misaligned edges of plasma
facing components was needed for design of the ITER divertor.

The thesis covers a brief introduction of related physics of plasma and toka-
maks (Chapters 1 and 2), then it introduces diagnostic methods used in the
experimental study, mainly the infrared (IR) thermography system developed as
a part of this PhD research (Chapter 3), describes methods used for the heat
flux calculation (Chapter 4) and summarises four different experimental studies
performed within the scope of this PhD research on the COMPASS tokamak:

• heat loading of the central column due to the near scrape-off layer heat flux
channel in high field side limited discharges (Chapter 5),

• heat loading of misaligned edges of limiter tiles (Chapter 6),

• first wall heat loading due to runaway electrons (Chapter 7),

• divertor heat fluxes in Low confinement mode (L-mode) and High confine-
ment mode (H-mode) with edge localized modes (ELMs) (Chapter 8).

The first two studies were performed in broader collaboration within international
research teams including representatives from ITER Organization. The author
of this doctoral thesis performed all presented experimental measurements using
IR thermography and consequent data analysis with the exception of the analysis
presented in Figure 5.6 which was done mainly by J. Horáček.

1Referred to as heat flux in the rest of the thesis for simplicity.
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A short motivation and introduction to physics related to individual experi-
mental studies is provided at the beginning of the individual chapters. References
to publications (co-)authored by the author of this doctoral thesis are put in bold
throughout the text of the thesis.

There are two different conventions used for the temperature in the thesis—
the temperature of solid objects related to infrared measurements is either in [K]
or in [°C], but the temperature related to plasma physics (electron and ion plasma
temperature) is in [eV].2

2T [eV] = kB
e T [K]
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1. Thermonuclear fusion and
tokamaks

1.1 Basic principles
Similarly to nuclear fission of heavy elements, products of nuclear fusion of light
elements have slightly lower total mass compared to initial reactants. This mass
difference is released in the form of energy. For example fusion of a deuterium
nucleus and a tritium nucleus produces a nucleus of helium (α particle) and a
neutron with a total energy gain 17.6 MeV:

2
1D+ + 3

1T+ −−→ 4
2He2+ (3.52 MeV) + 1

0n (14.06 MeV). (1.1)

Repulsive forces of positively charged nuclei have to be overcome in order to
achieve fusion reactions. Neutral working gas used as fuel for fusion (e.g. D-T
mixture) becomes plasma during its heating—quasi-neutral mixture of ions and
electrons. The fusion cross-section increases with energy of particles (it reaches
its maximum around 100 keV for the D-T reaction), so the most promising way
is to heat fusion fuel to temperatures high enough so that energetic particles at
the velocity distribution tail gain sufficient energies. Optimal temperature for
D-T fusion is in the range of 10–20 keV. The condition of reaching ignition for D-
T fusion, i.e. the state where the fusion process becomes self-sustaining without
necessity of external heating, can be expressed in the form of fusion triple product

nTτe ≥ 3–5 × 1021 m−3 keV s, (1.2)

where n and T are the ion density and temperature, respectively and τe is the
energy confinement time defined as

τe = Ep

PL
. (1.3)

Ep is the energy stored in the plasma and PL is the power of energy losses from
the plasma. The precise value of the constant on the right hand side of Equation
(1.2) depends on the shape of n and T profiles inside the plasma (Wesson et al.,
2011).

1.2 Tokamaks
Hot fusion plasma can be confined using Lorenz forces acting on charged particles
in the presence of magnetic field. In magnetic field, charged particle j (electron,
ion) follows a helical orbit with the gyration radius referred to as the Larmor
radius

ρj = v⊥

ωcj
= mjv⊥

QjB
, (1.4)

where v⊥ is the particle velocity perpendicular to the magnetic field, mj and
Qj are the mass and charge of the particle, respectively, B is the magnitude of
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magnetic induction and ωcj is the cyclotron frequency

ωcj = QjB

mj
. (1.5)

1.2.1 Plasma confinement and magnetic equilibrium
The most advanced concept of a device for magnetic plasma confinement is toka-
mak, where the external magnetic confining field is twisted into a toroidal shape,
creating the toroidal magnetic field Btor (usually in the order of several T). With
the increasing major radius R of the torus Btor decreases because of the toroidal
geometry

Btor ∝ 1
R
. (1.6)

Tokamak geometry (mainly the curvature and the radial gradient of the tor-
oidal magnetic field) leads to several different drifts of charged particles. The
most important drifts are described in Section 2.1.3. The external toroidal mag-
netic field has to be combined with the poloidal magnetic field Bpol induced by the
toroidal electric current driven inside the plasma (up to several MA) in order to
compensate the drifts of plasma particles occurring in the toroidal geometry. The
resulting magnetic field has a helical structure where particles travelling along the
field lines spend part of the time in the region of higher magnetic field at the in-
ner side of the torus, so called high field side (HFS), and part of the time in the
lower magnetic field at the outer side of the torus, so called low field side (LFS).
The plasma current is induced by transformer effect using the central solenoid as
a primary winding—see Figure 1.1. The plasma current is also used for ohmic
heating of plasma up to approx. 2 keV. Ohmic heating is not efficient above this
temperature because of the low plasma resistivity so additional heating systems
are needed in order to heat plasma to higher temperatures.

Figure 1.1: A schematic view of a tokamak (IAEA, 2012).
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To stay in equilibrium, the force produced by the plasma pressure p has to be
balanced by the Lorentz force of the magnetic field

j × B = ∇p, (1.7)

where j is the plasma current density.
Magnetic field lines lie on nested surfaces of constant plasma pressure and

poloidal magnetic flux ψ

ψ(R0, Z) =
∫ R0

0
Bz(R,Z)2πR dR . (1.8)

Radial and vertical components of the poloidal magnetic field can be derived from
the poloidal magnetic flux function as

BR = − 1
2πR

∂ψ

∂z
, (1.9)

Bz = 1
2πR

∂ψ

∂R
. (1.10)

The helicity of the magnetic field at a given magnetic flux surface is described
by the safety factor

q(ψ) = 1
2π

∮ 1
R

Btor

Bpol
ds = dΦtor

dψ , (1.11)

where s goes over a single poloidal circuit around the flux surface and Φtor is the
toroidal magnetic flux enclosed by the magnetic flux surface (IAEA, 2012, chap.
3.2.2.3). Magnetic surfaces with rational values of q are prone to reconnection of
magnetic field lines and creation of magnetic islands. Magnetic islands effectively
short-circuit plasma pressure over some extent in the radial direction and lead to
degradation of plasma confinement.

Magnetic surfaces can be shaped to various shapes in the poloidal cross-section
by the means of external poloidal field coils. An example of two basic con-
figurations of plasma shapes in the COMPASS tokamak—limiter and divertor
configurations—are shown in Figure 1.2. Two separate regions can be distin-
guished in both configurations: region of confined plasma with closed magnetic
field lines and the scrape-off layer (SOL)—a region with opened field lines (mean-
ing that they intersect internal structures of the vacuum vessel). The magnetic
surface defining the confined region is called the last closed flux surface (LCFS)
in the limiter configuration and is created by insertion of solid structure, limiter,
usually placed either at the inner wall (IW) (at the HFS of the vacuum vessel)
or at the outer wall (OW) (at the LFS). The place of intersection of the LCFS
with the limiter in the poloidal cut is usually called the contact point—see the
red dot in Figure 1.2a. Most of the plasma heat flux is typically deposited in the
area close to the contact point. More details can be found in Chapter 5.

The distance along a magnetic field line to the limiter or the divertor target
in the SOL is called connection length. The typical (average) connection length
L∥ in the case of a continuous toroidal limiter is proportional to the major radius
and the safety factor

L∥ ≈ πRq. (1.12)
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Figure 1.2: A poloidal cross-section of the COMPASS tokamak with (a) the
limiter plasma configuration (plasma limited by the HFS limiters) and (b) with
the divertor plasma configuration. Contour lines represent surfaces of constant
poloidal magnetic flux ψ.

In the divertor configuration, magnetic separatrix is created by using an ex-
ternal divertor poloidal magnetic field coil with the same orientation of the elec-
tric current as the plasma current. A region with zero poloidal magnetic field,
so-called X-point, is created in this configuration leading to infinite connection
length of magnetic field lines lying at the separatrix and to improved confinement.
The separatrix creates two divertor legs below the X-point. The area enclosed
between the divertor legs is called the private flux region (PFR). Two strike lines
(strike points in the poloidal cut) are created by intersection of the separatrix
with the divertor surface. Most of the plasma heat flux is typically deposited in
the area close to strike lines. More details can be found in Chapter 8.

Spatial separation of the location of plasma surface interaction from the con-
fined plasma region is beneficial from the point of view of plasma dilution by
impurities and it enables achievement of plasma detachment for example (see
Chapter 2). Furthermore, advanced confinement modes like H-mode (high con-
finement mode, see Section 8.3) can be reached in the divertor configuration.

The plasma shape can be described by set of parameters (Luce, 2013):

Major radius: Rgeo ≡ (Rmax +Rmin) /2 (1.13)
Minor radius: a ≡ (Rmax −Rmin) /2 (1.14)

Inverse aspect ratio: ϵ ≡ a/Rgeo (1.15)
Elongation: κ ≡ (zmax − zmin) /2a (1.16)

Upper triangularity: δu ≡ (Rgeo −Rzmax) /a (1.17)
Lower triangularity: δl ≡ (Rgeo −Rzmin) /a. (1.18)

See figure 1.2b for the definition of individual geometrical dimensions.
Safety factor diverges at separatrix in the divertor configuration, therefore q95
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is used instead (safety factor at the poloidal magnetic flux surface enclosing 95%
of the toroidal magnetic flux). The cylindrical safety factor qcyl (Eich et al., 2011;
Eich et al., 2017) is sometimes used as an alternative to the standard safety factor

qcyl = 2πaϵBtor

µ0Ip

(1 + κ2)
2 = a

Rgeo

Btor

Bpol

√
1 + κ2

2 , (1.19)

where µ0 = 4π × 10−7 H m−1 ≈ 1.257 × 10−6 N A−2 is the vacuum permeability
and Bpol is the poloidally averaged poloidal magnetic field (Eich et al., 2011) at
the LCFS

Bpol = µ0Ip

2πa

√
2

1 + κ2 . (1.20)

1.2.2 Mapping along magnetic field lines
Many plasma parameters like electron density ne or temperature Te are often
assumed to be constant along magnetic flux surfaces. It is often necessary to
relate a measurement done at some specific poloidal location θ to another one.
Mapping along magnetic field lines (surfaces) is therefore needed. Mapping to the
outer midplane (OMP) region (the LFS region at the plasma equatorial plane) is
often used in order to compare quantities from different tokamaks.

Spatial mapping (e.g. of radial profiles of various quantities) is done by fol-
lowing magnetic flux surfaces. Depending on the poloidal variation of the radial
distance of magnetic flux surfaces, the profile shrinks or expands. Poloidal mag-
netic flux ∆ψ across the horizontal surface ∆S enclosed in-between two magnetic
flux surfaces has to be constant in all poloidal locations:

∆ψomp = ∆ψ(θ) (1.21)
∆SompBomp

pol sin βomp
pol = ∆S(θ)Bpol(θ) sin βpol(θ) (1.22)

2πRomp∆rompBomp
pol = 2πR(θ)∆r(θ)Bpol(θ), (1.23)

where βpol is the angle between a horizontal plane and the magnetic flux surfaces
and ∆r is the perpendicular distance of the magnetic flux surfaces. The poloidal
magnetic flux expansion coefficient in the poloidal location θ is then defined as

fpol(θ) = ∆r(θ)
∆romp =

RompBomp
pol

R(θ)Bpol(θ)
=
Btor(θ)Bomp

pol

Bomp
tor Bpol(θ)

. (1.24)

The poloidal magnetic flux expansion can be effectively increased by tilting
the divertor target in order to spread plasma heat flux to larger area and decrease
the surface heat flux density. The mapping of distances along the divertor target
to the OMP is then done by using the effective poloidal magnetic flux expansion

fx = fpol

sin βpol
, (1.25)

here βpol is the angle between the divertor target and flux surfaces.
Absolute value of flux quantities (e.g. heat flux parallel to magnetic field

lines q∥) has to be mapped following the change of the absolute value of the local
magnetic field. The total magnetic flux expansion coefficient is therefore defined
as

ftot(θ) = q∥(θ)
qomp

∥
= B(θ)
Bomp

Bpol≪Btor
≈ Romp

R(θ) . (1.26)
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1.3 Tokamak COMPASS
The COMPASS tokamak was designed and operated in 1990s by UKAEA Culham
in the United Kingdom. The tokamak was moved to Prague in the Czech Republic
in 2007 and is operated by the Institute of Plasma Physics of the CAS (Pánek
et al., 2016).

The COMPASS plasma shape is similar to the larger European tokamaks
ASDEX-U (Germany) and JET (UK). Its size corresponds approximately to one
tenth of the ITER plasma (international thermonuclear reactor under construc-
tion in France). The comparison of plasma cross-sections of these tokamaks is
shown in Figure 1.3. An overview of main parameters of the COMPASS tokamak
is summarised in Table 1.1.

COMPASS belongs to smaller tokamaks capable of the H-mode operation,
which is the foreseen reference operation scenario for ITER.

Figure 1.3: A scale of European tokamaks with the cross-section similar to ITER

Parameters Values
Major radius R 0.56 m
Minor radius a 0.23 m
Plasma current Ip (max) 400 kA
Magnetic field Btor (max) 0.9–2.1 T
Vacuum pressure 1 × 10−6 Pa
Elongation κ 1–1.8
Upper triangularity δu 0.3
Plasma shape D D, SND, ellipse, circular
Pulse length ∼0.5 s
Beam heating PNBI 40 keV 2 × 0.4 MW

Table 1.1: An overview of main parameters of the COMPASS tokamak.
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2. SOL physics
An interaction of plasma with solid surfaces (in-vessel components, limiters and
divertor targets) is inevitable in the SOL region. Plasma particles are being lost
by deposition to first wall structures and in opposite neutrals are being released
from the surface and ionised in plasma. This process is usually referred to as
recycling. One of main advantages of the divertor configuration is that the ion-
isation region (usually located close to the divertor targets) is separated from the
confined plasma region in contrast to the limiter configuration where neutrals can
reach the confined region.

Very fast transport of particles and energy parallel to magnetic field lines
towards limiters or divertor targets and relatively slow transport in the perpen-
dicular direction results in short radial decay of plasma parameters (density, tem-
perature, heat flux) in the SOL. Good understanding of SOL processes is crucial
for optimisation of first wall power loading, plasma fuelling, removal of fusion
products and screening of impurities from the plasma core in tokamaks.

2.1 Particle and heat transport

2.1.1 Plasma sheath
Very light electrons which enter the SOL reach tokamak wall (limiter, divertor)
prior to ions because of their high mobility. Conductive electrically floating wall
is negatively charged compared to the local plasma potential Vp and the strong
electric field is created in a thin Debye sheath in front of the wall extending even
further upstream along magnetic field lines in the pre-sheath. The wall bias is
equal to the floating potential

Vfl = Vp + 0.5 ln
[
2πme

mi

(
Z + Ti

Te

)
(1 − δe)−2

]
Te, (2.1)

where Te and Ti are the electron and the ion temperature in [eV], respectively
and Z is the ion charge state and δe is the secondary electron emission coefficient
(p. 647 Stangeby, 2000) (Vondráček, 2012). Vfl ≈ Vp − 2.8Te for deuterium
plasma, Ti = Te and δe = 0.

The ambipolar electric field in the (pre-)sheath secures balance of electron
and ion influx and transfer of energy from electrons to ions. Ions have to reach
the plasma sound speed

cs =
√
e (ZTe + Ti)

mi
. (2.2)

at the entrance to the sheath according to Bohm’s criterion. e is the elementary
charge. The heat flux transferred through the sheath is tightly linked to the local
plasma density and temperature:

q = γeneTecs, (2.3)
where γ is the sheath heat transmission coefficient (p. 649 Stangeby, 2000) (Vondráček,
2012)

γ = 2.5 Te

ZTi
+ 2

1 − δe
− 0.5 ln

[
2πme

mi

(
Z + Ti

Te

)
(1 − δe)−2

]
. (2.4)
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γ ≈ 7 for deuterium plasma, Ti = Te and δe = 0. γ ≈ 11 for deuterium plasma
with ∼ 5 % of carbon (Ā = 2.6, Z̄ = 1.2), Ti = 2Te and δe = 0.6.

2.1.2 Parallel transport: two-point model
Heat transport in the SOL can be carried either by convection or by conduction
or by combination of both. Convection can dominate for example in the limiter
configuration with ionisation (i.e. particle source) occurring inside the confined
plasma region. In the divertor configuration, ionisation of neutral particles typic-
ally occurs just in front of the divertor targets and there is no plasma flow in the
upstream region, while plasma reaches the sound speed (speed of free expansion)
in the entrance to the sheath close to the target. Convection is therefore lim-
ited just to the vicinity of the target and heat transport is carried by conduction
throughout the SOL. A schematic illustration is shown in Figure 2.1.

Figure 2.1: A schematic illustration of the two-point model. Taken from Pitcher
et al., (1997).

The two-point model is often used in order to relate upstream plasma para-
meters (e.g. at the OMP) to those at the divertor. The basic assumption of
the two-point model is that the total pressure (combination of the static and the
dynamic plasma pressure) is constant along a magnetic field line (flux tube):

ptot = nee (Te + Ti) + nemiv∥ =
(
1 + M2

)
nee (Ti + Te) = const, (2.5)

where M ≡ v∥/cs is Mach number relating the plasma speed parallel to magnetic
field lines to the plasma sound speed. This implies the relation of the upstream
and the target density and temperature to be

nuTu = 2ndivTdiv, (2.6)

where Ti = Te = T is assumed and u denotes the upstream quantities and div
denotes target (divertor) quantities.

The conductive parallel heat transport is carried mostly by the electron heat
conduction which can be written according to Spitzer and Härm (Pitcher et al.,
1997; Spitzer et al., 1953) as

q∥ = −D∥∇∥Te = −κe0T
5
2e ∇∥Te, (2.7)
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where D∥ is the parallel electron heat conductivity and

κe0 = (4πε0)2

m
1/2
e ln Λe4Z

. (2.8)

ε0 is the vacuum permittivity, ln Λ ≈ 15 is the Coulomb logarithm and κe0 ≈
2000 W m−1 eV−7/2 for deuterium plasma (Stangeby, 2000, chap. 9.6). The
electron heat conductivity is a strong function of the electron temperature and
D∥ ∼ 107 W m−1 eV−1 for typical tokamak SOL conditions. By integration of
Equation (2.7) along magnetic field lines from the upstream location towards the
target one gets relation between the upstream and the downstream plasma tem-
perature (assuming all the power enters the flux tube in the upstream location)

T
7
2u = T

7
2

div + 7q∥L∥

2κe0
. (2.9)

An important SOL parameter is the self-collisional mean free path of electrons
and ions characterising mean distance between two particle collisions (Stangeby,
2000, chap. 1.6)

λee ≈ λii ≈ 1016T 2
e

ne
. (2.10)

The self-collisional mean free path controls the SOL collisionality—number of
collisions which a particle undergoes on average on its way towards the divertor
target:

ν∗
SOL ≈

L∥

λee
≈

10−16L∥ne

T 2
e

. (2.11)

Several SOL regimes are usually distinguished based on SOL properties. The
basic criteria is the temperature gradient along magnetic field lines which is closely
coupled to SOL collisionality.

Sheath limited regime

The sheath limited regime is characterised by almost constant temperature along
magnetic flux tubes in the SOL. Heat transfer is secured either by low collision-
ality which allows for high particle convection from upstream locations towards
limiter or divertor targets or by the very high parallel conduction. Heat trans-
fer to targets is then limited just by heat transmission properties of the plasma
sheath.

The SOL temperature is set to the value satisfying heat transfer through the
sheath. Tu can be expressed using Equation (2.3) and (2.6) (assuming Tdiv ≈ Tu)
as

Tu ≈ 1
e

(2mi)
1
3

(
q∥

γnu

) 2
3

. (2.12)

The weak parallel gradient of the electron temperature and small upstream
collisionality are usually used as a criterion for the sheath limited regime:

Tu ≤ 1.5Tdiv, ν
∗
SOL ≤ 10. (2.13)

The sheath limited regime is typical for the limiter plasma configuration and
for the divertor configuration with low density and connection length.
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Conduction limited regime

The Conduction limited regime is characterised by significant collisionality and
temperature drop along flux tubes. Heat conduction therefore dominates over
convection and is the limiting factor for power removal from the confined plasma.

The upstream temperature is set to the value providing parallel temperature
gradient large enough to transfer all heat trough the SOL. Tu can be expressed
from Equation (2.9) (assuming T 7/2

div ≪ T 7/2
u )

Tu ≈
(

7q∥L∥

2κe0

) 2
7

. (2.14)

A relation of the radial exponential decay length of the target parallel heat flux
and upstream temperature is then

λq = 2
7λT. (2.15)

The significant parallel gradient of the electron temperature and large up-
stream collisionality are usually used as a criterion for the conduction limited
regime:

Tu ≥ 3Tdiv, ν
∗
SOL ≥ 15. (2.16)

The conduction limited regime is typical for the divertor configuration with
low or medium density. COMPASS usually operates close to the transition from
the sheath limited to the conduction limited regime.

Detached regime

At low temperatures (below ∼ 10 eV) and high densities, neutrals play signific-
ant role and heat is dissipated by several processes—mainly by impurity radi-
ation, charge exchange, volume recombination and ionisation (IAEA, 2012, chap.
7.5.1.2.3). Large collisionality ν∗

SOL ≥ 100 is typically achieved in detachment.
Detached or semi-detached plasma regime is foreseen as standard operation

regime for next step fusion devices as it provides low divertor plasma temperature
and should secure reasonable level of the target heat load and erosion.

2.1.3 Radial transport
Drifts

The radial gradient of the toroidal magnetic field in tokamaks causes the ∇B
drift which moves guiding centres of charged particles vertically with the velocity

v∇B = mv2
⊥

2Q
B × ∇B

B3 . (2.17)

Similarly, the toroidal curvature of the magnetic field causes the curvature
drift with the velocity

vR =
mv2

∥

QB2
Rc × B
R2

c
=
mv2

∥

Q

B × ∇B

B3 , (2.18)
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where Rc is the curvature radius vector (Chen, 1984, chap. 2.3.2).
Both previously mentioned drifts have an opposite direction for electrons and

ions and lead to separation of electric charge and creation of the electric field.
The presence of the electric field leads to the E × B drift of both electrons and
ions with the velocity

vE×B = E × B
B2 . (2.19)

The vertical drifts lead to up-down asymmetric accumulation of particles.
The poloidal asymmetric accumulation of ions gives rise to a parallel pressure
gradient that drives balancing Pfirsch–Schlüter flow parallel to magnetic field
lines (Goldston, 2012). See Figure 2.2.

Figure 2.2: A schematic illustration of vertical ion drifts (blue) and consequent
Pfirsch-Schlüter flows in the SOL pointing upwards near the midplane (green)
and downwards in the divertor (red). Taken from (Goldston, 2012).

Turbulent transport

The combination of the inward plasma pressure gradient and the magnetic field
curvature gives rise to the interchange instability in the region around the OMP.
Plasma structures elongated along magnetic field lines and with several cm in
diameter are created around the LCFS. The ∇B drift and the curvature drift
cause creation of the vertical electric field inside such filaments. E × B force
then drives the filament radially towards the wall with velocity of several km s−1

typically. The cross-field transport is strongly enhanced by this mechanism.
These filaments are usually being referred to as blobs in L-mode plasma. Sim-

ilar behaviour have ELM filaments in H-mode.

Diffusion

Cross-field transport can be characterised by the diffusion coefficient D⊥ in the
simplest approximation (Stangeby, 2000, chap. 1.7, 4.6.1). The characteristic
width of the SOL for particles is then

λn ≈
√
D⊥τSOL ≈

√
D⊥L∥

cs
. (2.20)
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τSOL is the characteristic particle residence time in the SOL

τSOL ≈
L∥

cs
(2.21)

For the simple SOL (sheath limited regime) with the particle source entirely
from the cross-field transport (ionisation is ongoing only in the closed plasma
region), the total particle flux density through the LCFS resulting from classical
diffusion due to particle collisions can be expressed as

Γ⊥ = −D⊥
dn
dr

⏐⏐⏐⏐⏐
LCFS

. (2.22)

Classical diffusion coefficient is very small D⊥ ∼ 10−6–10−4 m2 s−1. Real cross-
field transport in tokamaks is highly anomalous (drifts and turbulence play signi-
ficant role) and the effective diffusion coefficient is much larger, typically around
D⊥ ∼ 1 m2 s−1 (Stangeby, 2000, chap. 4.3).

2.2 Heuristic drift-based model
The particle accumulation due to the vertical particle drifts (see the previous
section) is balanced by parallel flows in the SOL. For the lower single null plasma
discharge with the standard orientation of the magnetic field with the ion ∇B
drift pointing towards the X-point, ions are carried from the bottom of the plasma
either to the top of the plasma (green arrows in Figure 2.2) or towards the divertor
(red arrows in Figure 2.2).

A heuristic estimate of the SOL heat flux decay length λq can be done based on
the characteristic particle residence time in the SOL and the average drift velocity
perpendicular to the separatrix. Such estimation was done by Goldston, (2012)
in the heuristic drift-based (HD) model showing that λq can be approximated by

λq ≈ 2a
R
ρpol, (2.23)

where ρpol is the ion poloidal Larmor radius

ρpol =
√

2mieTi

ZeBpol
. (2.24)

For the energy loss from the SOL dominated by the Spitzer-Härm parallel elec-
tron conduction, the poloidally averaged heat flux decay length can be expressed
as

λHD
q = 5671P 1/8

SOL
(1 + κ2)5/8

a17/8B1/4

I
9/8
p R

(
2Ā

Z̄2(1 + Z̄)

)(
Zeff + 4

5

)1/8
. (2.25)

The HD model estimation of the heat flux decay length can be mapped to the
OMP (Goldston, 2013) using Equation (1.24) as

λHD
q = Rgeo

(Rgeo + a)
Bpol

Bomp
pol

λHD
q . (2.26)
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3. Diagnostics
Several plasma diagnostics were used for the SOL power flux studies described in
the following chapters. The most important ones are described in this chapter—
see Weinzettl et al., (2017) for more detailed description of the whole dia-
gnostics set available on COMPASS.

IR thermography provides valuable information about the surface temperature
of plasma facing components (PFCs) which can be used to derive the local power
flux of incoming plasma. A combination of different electrostatic probes can
provide local plasma parameters, including the power flux, either in a proximity
of a PFC (at the divertor target or some limiter) using embedded probes or in
the upstream plasma using reciprocating probe manipulators.

3.1 Infrared thermography

IR thermography is routinely used in many fusion devices for estimation of first
wall heat loads and machine protection (Balboa et al., 2012; Sieglin et al., 2015;
Sieglin et al., 2016; Gauthier et al., 2007; Takeuchi et al., 2013). Significant pro-
gress in performance of IR cameras in previous two decades allows this diagnostic
to be used also for study of fast effects in the tokamak plasma. Basic principles
of IR thermography are described in this section followed by specification of the
IR thermography system available on COMPASS.

3.1.1 Basic principles

IR thermography is based on detection of thermal radiation, electromagnetic ra-
diation emitted by any object at the temperature T > 0 K (−273.15 ◦C). The
maximum radiant power that can be emitted by the unit projected area (the area
projected into the plane perpendicular to the direction of view) of an object to
unit solid angle in given wavelength range (λ, λ+dλ) is described by the Planck’s
law

LBB
λ (λ, T )dλ = 2hc2

λ5
1

e
hc

λkBT − 1
dλ , (3.1)

where LBB
λ (λ, T ) is the spectral radiance in [W m−3 sr−1], h ≈ 6.626 × 10−34 J s is

the Planck’s constant, kB ≈ 1.381 × 10−23 J K−1 is the Boltzmann constant, c ≈
2.998 × 108 m s−1 is the speed of light in vacuum, T is the absolute temperature
of the object given in [K] (Vollmer et al., 2011). The spectral radiance peaks for
the given temperature T at the wavelength λmax given by the Wien’s displacement
law

λmax = b

T
, (3.2)

where b ≈ 2.898 × 10−3 m K is the Wien’s displacement constant.
The total radiant power emitted in the given wavelength range (λ, λ+ dλ) by

the unit surface area of the black body is given by the spectral excitance Mλ(λ, T )
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with units [W m−3]

Mλ(λ, T ) dλ =
∫

hemisphere
Lλ cos δ dΩ dλ =

=
∫ π

2

0

∫ 2π

0
Lλ cos δ sin δ dδ dφ dλ = 2πhc2

λ5
1

e
hc

λkBT − 1
dλ .

(3.3)

The total excitance M(T ) (with units [W m−2]) of the unit area of the black body
is then given by the Stefan-Boltzmann law

M(T ) =
∫ ∞

0
Mλ(λ, T ) dλ = σT 4, (3.4)

where σ = 2π5k4
B

15ch3 ≈ 5.67 × 10−8 W m−2 K−4 is the Stefan-Boltzmann constant.
The radiance value given by the Planck’s law can be reached only by an ideal

emitter, so-called black body, which absorbs all incoming radiation. In contrast,
real objects emit just part of the radiation emitted by the black body at the same
temperature and their radiance is angle-dependent. The ratio of the radiance of
an object and of the black body is given by emissivity 0 ≤ ε ≤ 1

ε(λ, δ, φ, T ) = Lλ(λ, δ, φ, T )
LBB

λ (λ, T ) . (3.5)

In general, the emissivity depends on material, surface structure, angle of view
(here described by the zenith angle δ and the azimuth angle φ), temperature and
radiation wavelength. Incoming radiation can be either reflected, transmitted or
absorbed by an object. This is described by reflectance ρ, transmittance τ and
absorptance α. All these parameters are linked together

ρ+ τ + α = 1, (3.6)

and the absorptance is equal to the object’s emissivity. The emissivity can be thus
expressed as ε = 1−ρ for opaque solids. The design of an IR thermography system
requires high enough emissivity of an observed object (e.g., some plasma facing
component in a tokamak) and low enough reflectance and absorptance/emissivity
of optics. Cautious surface treatment of targets used for thermography is therefore
necessary. Sandblasting is widely used for production of rough surface in order
to increase its emissivity. Moreover, material selection is important as well—
sandblasted graphite typically reaches ε > 0.8, whereas metallic surfaces have
much lower emissivity typically, e.g. sandblasted tungsten reaches ε < 0.5.

The surface reflectance of an optical element with the complex refraction index
ñ2(λ) = n2(λ) + ik2(λ) is given by Fresnel’s law as

ρsurf (n1, ñ2) = (n1 − n2)2 + k2
2

(n1 + n2)2 + k2
2

(3.7)

in case of normal incidence of IR radiation from transparent material with refrac-
tion index n1(λ) (Bass et al., 2009, sec. 12.3).

The internal transmittance of an optical element is described by the Bouguer–
Lambert–Beer law (Bass et al., 2009; Vollmer et al., 2011)

τint(λ, d) = 1 − α(λ, d) = Lλ(λ, d)
Lλ(λ, 0) = e−γ(λ)d, (3.8)
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where d is the travelled distance of radiation within the material, γ is the at-
tenuation coefficient which equals to the absorption coefficient for non-scattering
solids and is connected with the imaginary part k of the index of refraction (ex-
tinction index) as

γ(λ) = 4πk(λ)
λ

. (3.9)

However, in reality Equation (3.9) represents only a lower limit for the absorption
coefficient as it increases with the temperature because of quantum effects.

The total transmittance is given by combination of the internal transmittance
(absorption of the radiation inside the material) and the surface reflectance. Mul-
tiple reflections of radiation in-between both surfaces of an optical element result
in the total transmittance

τ(λ, d) = (1 − ρsurf)2e−γd

1 − ρ2
surfe−2γd

= 16n2
1n

2
2e− 4πk2d

λ[
(n1 + n2)2 + k2

2

]2
−
[
(n1 − n2)2 + k2

2

]2
e− 8πk2d

λ

.

(3.10)
Equation (3.10) can be simplified for non-absorbing materials to the form

τ(λ) = 1 − ρsurf

1 + ρsurf
= 2n2

1n
2
2

n2
1 + n2

2
. (3.11)

The total reflectance is then

ρ(λ) = 2ρsurf

1 + ρsurf
= (n1 − n2)2

n2
1 + n2

2
. (3.12)

IR detectors

There are two main groups of detectors for IR thermography: thermal detectors
and photon (quantum) detectors (Vollmer et al., 2011; Rogalski, 2010). Both
detectors transform thermal radiation into electronic signal which can be further
analysed.Thermal detectors are based on a change of physical properties of the de-
tector material (metal or semiconductor) with a change of its temperature which
is induced by absorption of an incident radiation (e.g. temperature-dependent
electrical resistance in a bolometer). Thermal detectors are quite slow and could
have troubles with signal leakage among individual detector elements because
of their principle. The main advantage of thermal detectors is their lower price
compared to photon detectors. A more detailed description of the functionality
of a bolometer is given in the section 3.1.5.

Photon detectors utilise internal photoelectric effect—production of free elec-
trons in the semi-conductive detector element during absorption of photons of IR
radiation. The number of electrons that is possible to store in a single detector
element (pixel) before its saturation is called detector well depth. Generated free
electrons are recorded for example thanks to the changed electrical resistance
of the detector element (photoconductors) or via the generated additional pho-
tocurrent across a p–n junction in a semiconductor (photodiodes). The cutoff
wavelength of the detector (given by the smallest photon energy necessary to
move an electron to the conduction band) is defined by the used material. E.g.
mercury-cadmium-telluride (MCT) detectors are operated in the long-wavelength
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(LW) IR region (∼8–15 µm), indium antimonide (InSb) is widely used for the
medium-wavelength (MW) IR region (∼3–5.5 µm) and InGaAs detectors are used
in the short-wavelength (SW) IR region (∼1.4–3 µm). Photon detectors have to
be cooled in order to decrease background noise. Stirling coolers are frequently
used to cool down detector below 80 K.

Detectors are usually used in a form of focal plane arrays (FPAs). The FPA
is an array of individual small rectangular detector elements (pixels). The size
of an array cell is described by the parameter detector pitch, which is typically
10–30 µm. The fraction of the FPA area covered by an active detection material
compared to the whole FPA area is described by the filling factor. The smallest
temperature difference of a black body that can be distinguished by a detector
is described by the noise equivalent temperature difference (NETD). Just a small
sub-window out of the whole detector can be used in some photon detectors in
order to increase frame rate (so-called windowing). It is possible to reach up to
tens of kHz with a small detector window size by this means.

3.1.2 IR thermography on COMPASS
IR cameras

The COMPASS tokamak is equipped with several IR cameras which can be posi-
tioned to different torus locations in order to secure monitoring of different plasma
facing components and locations inside the vacuum chamber.

IRCAM1 is a slow long-wavelength infrared (LWIR) camera with a micro
bolometer detector sensitive to 7.5–13 µm radiation (Vondráček et al., 2013).
It’s frame rate is 120 Hz with 160 × 120 px. It is used mainly to monitor inner wall
limiters (IWLs) in L-mode limited discharges (see section 5.2) or for observation
of synchrotron radiation emitted by runaway electrons (see chapter 7).

IRCAMCEA is a slow medium-wavelength infrared (MWIR) camera with an
InSb detector sensitive to 3–5.2 µm radiation (Vondráček et al., 2016). It
provides 50 Hz frame rate with 320 × 240 px. This camera was loaned to COM-
PASS from CEA Cadarache for several years and was used for monitoring of IWLs
for purposes of Near-SOL experiments described in section 5.2.

FIRCAM is a fast MWIR camera with an InSb detector sensitive to 3–5.5 µm
radiation. It can reach 1.9 kHz frame rate in the full frame mode (320 × 256 px)
(Vondráček et al., 2017a). Subwindowing can be used in order to reach frame
rates up to 90 kHz. The camera also allows automatic exposure control, provid-
ing autonomous real-time control of an optimal exposure time to reach requested
detector’s well filling, and other advanced acquisition control capabilities as En-
hanced High Dynamic Range Imaging, in which data are combined from multiple
frames recorded with different exposure times. This camera is part of the new
divertor thermography system. All cameras are placed in a magnetic shielding
box made out of several millimetres thick soft iron. A detailed description of
parameters of the cameras is summarised in Table 3.1.

Field of view

A direct view through the radial OMP port is used to monitor IWLs with
∼0.3–0.5 mm/px (depending on a used lens). Similarly, the tangential OMP port
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Camera IRCAM1 IRCAMCEA FIRCAM
Sales name TIM-160 Jade MWIR FAST-IR 2K
Manufacturer Micro-Epsilo CEDIP Telops
Detector type micro bolometer InSb InSb
Detector pitch 25 µm 30 µm 30 µm
Spectral range 7.5–13 µm 3–5.2 µm 3–5.5 µm
Spatial resolution 160 × 120 px 320 × 240 px 320 × 256 px
Sensor cooling uncooled Stirling Stirling
Typical NETD 300 mK 20 mK 25 mK
Frame rate 120 Hz 50 Hz 1.9 kHz

(320 × 256 px)
57 kHz

(320 × 4 px)
90 kHz

(64 × 4 px)
Exposure time — ≥1 µs ≥1 µs
Windowing — — Centred window
Dynamic range 14 bits 16 bits
Lenses 35.5 mm, 6° × 5° 50 mm, 11° × 8° 50 mm, 23°

5.7 mm, 48° × 31° 100 mm, 5° × 4° 100 mm, 11°
divertor endoscope

Table 3.1: An overview of IR cameras used on COMPASS

(a) (b)

Figure 3.1: (a) An overview of the IR fields of view (FoVs) in the COMPASS
poloidal cross-section and (b) in the top view. HFS limiters (green), inner di-
vertor (blue), outer divertor (yellow), OMP protection limiter (brown). The new
divertor IR system is marked in red.
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provides observation of the OMP protection limiter with ∼1 mm/px. The outer
divertor region can be observed using both previously mentioned ports in combin-
ation with tiltable mirror reaching ∼1.5 mm/px on the divertor surface. Vertical
view through the top HFS vertical port using a 100 mm lens provides view to
the inner divertor region with ∼0.5 mm/px. Full radial coverage of the divertor
region is foreseen with the new divertor IR system, which is under construction.
An overview of the different FoVs is indicated in Figure 3.1.

Divertor IR system

The COMPASS tokamak is equipped with an open lower divertor with graphite
tiles serving as PFCs. Direct observation of approx. 190 mm × 152 mm divertor
region from the top of the machine is secured by the divertor IR system, which
was commissioned in 2018 (Vondráček et al., 2019). This system provides
measurements of the full radial profile of the divertor heat flux with temporal
resolution ∼20 µs (50 kHz, 320 × 4 px) and up to ∼11 µs with a limited radial
divertor coverage (90 kHz, 64 × 4 px). A special 1 m long IR endoscope consist-
ing of 14 silicon and germanium lenses was designed and constructed in order to
keep the IR camera out of the toroidal magnetic field. In addition, the endoscope
secures radially off-axis FoV of the IR system placed above the HFS upper ver-
tical vacuum port equipped with the sapphire viewport (see Figure 3.2). Basic
information about the FoV of the IR system is summarised in Figure 3.3.

(a) (b)

Figure 3.2: (a) An overview of the new divertor IR system. (b) Optical design of
the IR endoscope.
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Figure 3.3: A basic overview of the IR FoV for the COMPASS standard diverted
discharge: (a) poloidal cut of the divertor region with the highlighted IR field of
view (red) and separatrix (blue), (b) pixel resolution on the divertor surface, (c)
pixel resolution mapped to the OMP, (d) magnetic field lines incidence angles to
the surface of the special divertor tile, (e) distance from the separatrix mapped
to the OMP.

A special graphite divertor tile optimised for IR thermography was installed
into COMPASS. A special rail mounting system provides precise alignment of
the tile with the neighbouring tiles securing elimination of magnetic shadowing
and precise tile tilt compared to magnetic field necessary for proper extraction
of the parallel heat flux. An embedded heating cable at the bottom tile surface
in combination with embedded thermistors enables camera in-situ calibration
and measurements with increased tile base temperature (up to ∼250 ◦C). In
addition, a narrow deep hole (3 mm × 15 mm) in the top surface acting as a
black body radiator provides a reference signal for a calibration of the surface
emissivity during experimental campaigns. The tile is mounted to the rail system
via four mounting points in its corners with poor thermal connection to other
vacuum components. Thermal radiation is thus the main cooling channel under
the vacuum conditions and tile surface temperature equalises after switching off
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the heating system thanks to high thermal conductivity of graphite.
The 1 mm high roof-shaped structure on the top surface increases magnetic

field lines incidence angles by 3° to secure precise extraction of the parallel heat
flux and to increase detector signal. The tile design is visualised in Figure 3.4.

Thermistors

Calibration

hole

Heating wire

Roof-shaped 

structure

Figure 3.4: The special graphite divertor tile optimised for IR thermography.
Typical IR FoV is marked in blue, positions of strike lines for the standard dis-
charge are shown by the green dashed lines.

3.1.3 Calibration

Temperature calibration

The digital output S of an IR detector is proportional to the incoming in-band
radiance (radiance in the wavelength range of the detector sensitivity). It is ne-
cessary to make several steps in order to assign digital levels S to the temperature
of an observed object. The camera signal for radiance corresponding to radiation
of a black body with the temperature T is given by

S(T ) = γ
∫ λ2

λ1
RλL

BB
λ (λ, T ) dλ+ δ. (3.13)

Rλ is the spectral response of the camera which is given by the spectral sensitivity
of the camera detector and by the spectral dependence of the transmittance of
each part of camera optics (detector window, cold stop, filters, lens, etc.). The
gain γ and offset δ are dependent on a lens and a filter used, but also vary
with the detector exposure time. These constants can be evaluated by camera
calibration using a black body calibration source (with the emissivity close to 1).
The camera has to be placed close to the black body during the calibration in
order to eliminate radiation attenuation in the atmosphere.

Figure 3.5a refers to measured temperature dependence of the IRCAMCEA
camera signal for 3 different exposure times and filter settings. The dependence
of the camera signal on the corresponding radiance is shown in Figure 3.5b.
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Figure 3.5: (a) The camera signal as a function of the black body temperature.
(b) The camera signal as a function of the in-band radiance received by the
detector.

The relation between the camera signal and the in-band radiance is distin-
guished by fitting the calibration curves. A translation from the in-band radiance
to the temperature and vice versa is then done for example by using look-up tables
calculated by the formula

L(T ) =
∫ λ2

λ1
RλL

BB
λ (λ, T ) dλ . (3.14)

The look-up table is an efficient way how to analyse large amount of IR data
without necessity to perform the time demanding numerical integration of the
Planck’s law each time.

Non-uniformity correction

The IR detector signal (3.13) is not uniform (it slightly differs for each individual
detector element). This non-uniformity can be suppressed by the temperature
calibration done separately for each detector element. Another option is to per-
form non-uniformity correction (NUC) in order to correct the raw output of the
detector. The corrected response Xij of each detector element equals the average
response of the whole detector X

Xcorrected
ij = g

(Xij − oij)
gij

+ o = X, (3.15)

where gij and oij are the original gain and offset of the detector element at the
position ij, respectively, g and o are the gain and offset of the average response
of the whole detector.

NUC is usually done by exposition of all the detector elements to the same
radiance using a black body calibration source either with an extensive surface
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area or placed close to a lens of the camera (in an unfocused area) for two different
temperatures T1 and T2 (two point NUC )(Nawrat et al., 2013). Equation 3.15
can be then modified as

Xcorrected
ij (T ) = [Xij(T ) −Xij(T1)]Aij +X(T1), (3.16)

where Aij is the ratio of the overall gain to that of the detector element ij

Aij = g

gij
= X(T2) −X(T1)
Xij(T2) −Xij(T1)

. (3.17)

Equation 3.16 can be further modified to the form

Xcorrected
ij (T ) = AijXij(T ) +Bij, (3.18)

where
Bij = X(T1)Xij(T2) −X(T2)Xij(T1)

Xij(T2) −Xij(T1)
. (3.19)

An alternative approach to the two-point NUC is to expose the detector to a
homogeneous surface (preferentially out of the focus) using two different exposure
times. A port shutter or a camera lens cover could be used as the surface. This
is a possible solution for the image correction during an experimental campaign
without necessity to dismount the camera.

NUC can be also used to correct so-called Narcissus effect. This effect causes
an overlay of an image of the camera itself into the detected image because of a
reflection from the camera lens, an optical window or an observed object. This
results in a dark (cold) or a bright (warm) circular pattern in the IR image de-
pending on the detector temperature. The Narcissus effect can be also suppressed
by tilting the window.

Bad pixel replacement

There are usually some pixels which deviate a lot from the rest of the detector:
cold pixels (or dead pixels) have low gain and offset, hot pixels have low gain
and high offset. These bad pixels could be replaced by some of their neighbours.
This routine is called bad pixel replacement (BPR). The average value of the
closest neighbouring pixels in the horizontal and vertical direction is typically
used. There are several ways how to determine the list of bad pixels. First
method is based on fixing some range for the gain and offset—pixels exceeding
this range are considered to be bad pixels. Another method is to set a limit for
the noise level.

Optical path and emissivity

Radiation emitted by an observed object is influenced by many effects which have
to be taken into account in order to extract temperature of the object from the
camera signal. Moreover, the radiance coming into a detector is a combination
of different contributions beside the radiation of the observed object itself. The
side contributions originating in, for example, the vacuum vessel, vacuum window,
ambient space, etc., are important especially in case of a comparable temperature
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of all these components. The side contributions can be strongly suppressed by
raising the temperature of the observed object (e.g. heating of the divertor target
described in the section 3.1.2). However, correction for the object emissivity and
the vacuum window transmittance still needs to be taken into account. Some
other effects might be important, such as reflectance of an IR mirror, attenuation
of radiation in atmosphere, etc.

A typical measurement configuration in the tokamak environment is shown
in Figure 3.6.

εo (To) w o (To)

(1-εo) (Tv)

(Tv)

(Ta)

ρw (Ta)

w (1-εo)  (Tv)

object

vacuum
vessel

window

ambient space

(1- w-ρw) (Tw)

Figure 3.6: A typical IR measurement process.

The configuration can be simplified for standard COMPASS operation with
the vacuum vessel and the ambient space at the room temperature. The radiance
of the black body with the same temperature as the observed object can be
expressed for a non-absorbing vacuum window as

L (To) = Lmeas − (1 − τε)Lamb

τε
, (3.20)

where Lmeas is the radiance measured by the camera and Lamb is the radiance
corresponding to the ambient radiation. The attenuation of the radiation in the
atmosphere is not taken into consideration here.

The emissivity of an observed object can be measured by several techniques.
Firstly, for a heated object it can be assessed from comparison between a camera
signal and a direct surface temperature measurement using a contact thermo-
meter. Secondly, it is possible to use a reference object with the same temperature
and known emissivity, for example, in the form of a calibration sticker or paint
placed directly on the measured object. Finally, the third option is to use the
cavity effect of a narrow deep hole drilled into the object. Radiation of such cavity
is close to the black body radiation. Graphite tiles used as plasma facing com-
ponents in COMPASS have the emissivity typically in the range ϵ = 0.55 − 0.95
depending on surface treatment.
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The surface emissivity of a plasma facing component can vary in time. A thin
surface layer is deposited on the component during the process called boronisation
which is typically performed several times during an experimental campaign. The
surface is modified by the interaction with plasma as well. In situ emissivity
calibration is thus beneficial for proper IR data analysis.

An example of time evolution of the average surface emissivity of the special
IR tile during the first experimental campaign after its installation is shown in
Figure 3.7. The emissivity was assessed from comparison of the IR signal and
the temperature measured by thermistors before individual plasma discharges.
Good agreement with the emissivity value ε ≈ 82 % measured in a laboratory was
observed after the installation of the tile inside the machine. Slight increase of the
emissivity value was measured during the experimental campaign probably caused
by deposition of surface layers and by surface erosion. The scatter in Figure 3.7
is caused mainly by shot-to-shot temperature increase of the vacuum vessel and
the vacuum window during each experimental day (the room temperature was
assumed in the emissivity calculation as the vacuum vessel temperature was not
monitored).

15460 15480 15500 15520 15540 15560 15580 15600 15620

shot number

0.70

0.75

0.80

0.85

0.90

0.95

1.00

ε

Figure 3.7: Time evolution of the surface emissivity of the special graphite diver-
tor tile. The red line indicates a boronisation of the vacuum vessel.

The total spectral transmittance of the different viewports used on COMPASS
is shown in Figure 3.8. These data were measured using the IR spectrometer
Thermo Nicolet 6700.

The wavelength-averaged parameters of a window can be measured using an
IR camera and a calibration black body radiator. For non-absorbing materials
placed between the camera and the black body, Equations (3.7), (3.11), (3.12)
can be expressed as

ρsurf = L− Lmeas

L+ Lmeas − 2Lamb
(3.21)

τ = Lmeas − Lamb

L− Lamb
(3.22)

ρ = L− Lmeas

L− Lamb
, (3.23)

where L, Lamb and Lmeas are the radiance of the black body, the radiance of the
ambient space and the measured radiance, respectively. Similarly, the emissivity
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Figure 3.8: Spectral dependence of the total transmittance for different IR view-
ports used on COMPASS. The MW and LWIR regions are marked by yellow
colour.

of an object could be evaluated as

ε = Lmeas − Lamb

L− Lamb
, (3.24)

where L is the radiance of the black body with the same temperature as the
evaluated object.

Wavelength-averaged transmittances of the windows measured using the IR
camera and the calibration black body radiator were used in the IR data pro-
cessing in following chapters (τMW

sapphire = 0.82, τMW
ZnSe = 0.78, τMW

Ge = 0.5, τLW
Ge =

0.83). These values are in a good agreement with the spectral measurement.
The optical performance of the IR endoscope for the divertor IR system was

tested in laboratory during its commissioning. The global transmission of the
endoscope combined with the sapphire vacuum window was measured using a
calibration black body source in the range 100–600 ◦C. The average transmission
τ = 40–50 % was found (Vondráček et al., 2019).

Movement correction

Camera data often suffers from image shaking because of vibrations of the toka-
mak and optical components. Large oscillations are present when the metallic IR
mirror is used because of induced electromagnetic forces. Movement correction
with a sub-pixel resolution has to be used for image stabilisation in order to se-
cure correct heat flux calculation from the data. Phase correlation is used for 2D
image shift detection between frames ga and gb (Foroosh et al., 2002):

r = F−1
(
Ga ◦G⋆

b

|Ga ◦G⋆
b |

)
, (3.25)

where Ga = F (ga) is the Fourier transform of the reference image, G⋆
b is the

complex conjugate of the Fourier transform Gb = F (gb) of the analysed image
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and ◦ is the Hadamard (entry-wise) product. The shift between the two images
is given by the position of the maximum in the phase correlation matrix (3.25).

An example of the image movement time evolution for the LFS divertor view
using the IR mirror is shown in Figure 3.9.
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Figure 3.9: An example of the detected time evolution of the image movement
for the LFS divertor view (the stainless steel IR mirror was used in this config-
uration).

The corrected image is reconstructed via the algorithm illustrated in Figure
3.10. The value of each pixel in the corrected image is calculated as a weighted
average of the intersected original pixels with the weighting factors proportional
to the corresponding areas S1–S4.

Figure 3.10: A movement correction algorithm: the final pixel position is marked
in red.
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3.1.4 FoV and spatial resolution
For a camera with the FPA size b and with the lens focal length f , the angular
FoV is approximately given by

FOV = 2 arctan
(
b

2f

)
. (3.26)

The horizontal and the vertical FoV are usually marked as HFOV and VFOV,
respectively. The instantaneous field of view (IFoV) is the field of view of a single
detector element (pixel). The size x of the object area covered by the camera
FoV in a distance d is

x = 2d tan
(

FOV
2

)
= db

f
. (3.27)

For illustration the object area covered by the IRCAMCEA FoV in 1 m distance
from the camera with the 50 mm lens is approx. 192 mm × 144 mm and 1 px
corresponds to 0.6 mm.

The IFoV gives the minimal size of an object that could be theoretically prop-
erly measured (under the condition of an ideal optics and precise alignment of the
object with the detector element). The unknown mutual alignment of the object
with the detector elements doubles this value. However, the system resolution is
affected by the diffraction of optics and other effects, such as a crosstalk between
individual detector elements, in reality. These effects can be characterised by
the slit response function (SRF)—the normalised system response to a slit-like
object depending on its width. An IR camera is usually able to measure correct
temperature only for objects with size much larger than 2 px. The smaller the
object is, the lower camera response is registered. A limit for the object size could
be set as an object size corresponding to 95% of the camera SRF. For purposes
of measurement of the SRF there could be a steerable optical slit placed in front
of a black body. Measured SRF for the FIRCAM camera with the 50 mm lens
placed ∼1 m from the slit is shown in Figure 3.11. There is 95% level of the
proper radiance reached for the object size corresponding to ∼3.8 px.
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Figure 3.11: Slit response function for FIRCAM camera with the 50 mm lens. 95%
limit for the measured radiance corresponds to ∼3.8 IFOV, 50% limit corresponds
to ∼0.75 IFOV.

31



The spatial resolution of the divertor IR system was tested using the slit
experiment as described in Corre et al., (2017a). A 1 mm wide rectangular slit
placed 720 mm from the sapphire window was viewed by the IR system. An
example of a profile across the slit (image) at the edge of the FoV is visualised by
the blue dots in Figure 3.12. There is 1 px corresponding to ∼0.6 mm in the object
plane. The high resolution profile was obtained by moving the slit laterally with
a step 50 µm (red dots). The corresponding view of the slit by an ideal camera
(object) has a form of a rectangular function (the green line).
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Figure 3.12: Signal of an ideal camera viewing 1 mm wide slit (green) and corres-
ponding signal from the tested IR system (blue). The red dots were obtained by
moving the slit with 50 µm step. The dashed line is a synthetic reconstruction of
the IR system view based on measured spatial resolution (see Figure 3.13).

The camera image is a convolution of the object with the point spread function
(PSF)

Image = Object ∗ PSF. (3.28)
A ratio of Fourier transforms of the image and the object was calculated in
order to get the Fourier transform of the camera PSF, so-called optical transfer
function (OTF). The modulus (magnitude) of the OTF, the modulation transfer
function (MTF), was then multiplied by the sampling MTF to take into account
a random position of an object with respect to the detector (Corre et al., 2017a).
The resulting total MTF was fitted by a Gaussian function in the frequency
domain—see Figure 3.13.

The standard deviation σ of the corresponding Gaussian function in the spa-
tial domain was used to characterise the spatial resolution of the system. The
profile of σ across the FOV is shown in Figure 3.14. A strong variation of
σ ≈ 0.6–0.95 mm (1–1.6 px) was found exceeding the expected value σ < 0.6 mm.
Poor surface quality of lenses was identified as the main cause. Surface error of
individual lenses was measured and included into the IR system model in Zemax
software showing degradation of the optical performance. Re-manufacturing of
the most critical aspherical lens L14 is foreseen in order to reach requested sur-
face front error RMS < 80 nm (currently achieved RMS ∼ 180 nm) (Vondráček
et al., 2019).
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Figure 3.13: Normalised Fourier modulus of the measured slit profile (image,
blue) and of the perfect object (green). The sampling MTF is shown in cyan, the
resulting total MTF by the red dots and its Gaussian fit by the red line. The
standard deviation of the Gaussian fit is equal to σ = 0.58 mm in the spatial
domain for this case.
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Figure 3.14: Dependence of the standard deviation σ of the total MTF of the
divertor IR system as a function of the radial position in the FOV (in the centre
of the FOV in the toroidal direction).
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3.1.5 Temporal deconvolution
Non-physical slow heat flux decay was observed during measurements with the
IRCAM1 camera observing a HFS limiter tile after a plasma disruption (sudden
end of a plasma discharge) (Vondráček et al., 2013). This behaviour was con-
firmed by a simple laboratory experiment using soldering iron as an heat source
and covering the camera detector by a thick cardboard to produce a rectangular
heat pulse. Soldering iron image was still visible a few frames after the detector
had been covered, as can be seen in Figure 3.15.
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Figure 3.15: A comparison of the original (first row) and the deconvoluted tem-
perature signal (second row). Camera detector was covered between first 2 frames
(in the time 0 ms< t < 8 ms).

This behaviour is given by construction of the micro bolometer, which is con-
verting incoming photon flux to electric signal thanks to change of its temperature
and consequently resistivity. Response of each micro bolometer (typically voltage
signal) is a linear function of the temperature difference ∆T between bolometer
and detector substrate (heat sink at constant temperature) for small ∆T

S (∆T ) ∼ R (Ts) [1 + α∆T ] . (3.29)

α is the temperature coefficient of resistance, Ts is the temperature of the sub-
strate, R is the resistivity (Kruse et al., 1997). The temperature increase ∆T is
described by the heat balance equation

c
d∆T

dt + gleg∆T + Prad = εPobj + εPs + Pj, (3.30)

where c is bolometer heat capacity, gleg thermal conductance of a support struc-
ture (connection to the substrate), ε emissivity, Prad radiation power emitted by
the bolometer, Pobj radiation power incoming from an observed object, Ps radi-
ation power incoming from the substrate, Pj joule power produced by applied
bias of IR camera circuitry – see Kruse et al., (1997, ch. 3/II.3) and Rogalski,
(2010).

Radiation power emitted by the bolometer can be expressed using Stefan-
Boltzman’s law

Prad = ε (2A)σT 4 ≈ ε (2A)σT 4
s + 4ε (2A)σT 3

s ∆T = k0 + grad∆T, (3.31)

where we assume that ∆T is small enough and bolometer is very thin layer of
sensitive material with collecting area A, so that 2A is its total surface area. k0 is
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a constant equal to the bolometer radiation at substrate temperature. Radiation
power incoming from an observed object is given by the Planck’s law

Pobj = εobjkL (Tobj) = εobjk
∫ λ2

λ1

2hc2

λ5
1

e
hc

λkBTobj − 1
dλ, (3.32)

where k is a constant and L (Tobj) is the radiance of the ideal black body at
the same temperature as the observed object. λ1 and λ2 are spectral range
boundaries of the camera – 7.5 and 13 µm in the case of IRCAM1. We can
replace radiation power incoming from the substrate by a constant, thanks to its
constant temperature. For simplicity we will assume joule power produced by
applied bias to be also constant. The simplified heat balance equation is then

c
d∆T

dt = εobjk1L (Tobj) − g∆T + k2, (3.33)

where g = gleg + grad is the total thermal conductivity, k1 and k2 are constants.
The temperature output of the camera is extracted from the stationary solu-

tion of Equation (3.33)

∆T = εobjk1

g
L (Tcam) + k2

g
, (3.34)

so that camera output is

Tcam = L−1
[

g

εobjk1
∆T − k2

εobjk1

]
. (3.35)

Camera signal is disturbed for fast events thanks to the omission of the time
derivative in the eq. (3.33) for camera output extraction (eq. (3.35)). Correct
solution of the eq. (3.33) for a step signal of L (L = 0 for t < 0 and L = Q for
t > 0) for t > 0 is

T (t) = Ts + Q

g

[
1 − e−t/τ

]
. (3.36)

Microbolometer temperature responds to IR power with an exponential thermal
response time

τ = c

g
. (3.37)

The thermal response time should be much lower than the time interval between
two frames of a camera – but this is not the case for IRCAM1.

Combining equations (3.33) and (3.34) one can obtain the correct temperature
of an observed object as

Tobj = L−1
[
L (Tcam) + c

g

∂L

∂T
(Tcam) ∂Tcam

∂t

]
(3.38)

Another possible way how to obtain the real temperature of an observed object
is to write Equation (3.33) in an operator form as

K̂∆T = εobjk1

c
L (Tobj) + k2

c
, (3.39)
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where
K̂ ≡ d

dt + g

c
. (3.40)

The solution of the Equation (3.39) could be expressed as a convolution

∆T =
[
εobjk1

c
L (Tobj) + k2

c

]
∗G (3.41)

of the right side with the Green’s function G

G(t < 0) = 0 ∧G(t ≥ 0) = e−t/τ . (3.42)

The temperature of an observed object is then

Tobj = L−1
[
deconvolution

(
c

g
L (Tcam) , G

)]
(3.43)

It is necessary to determine the detector thermal response time τ , translate the
camera signal to the radiance and perform deconvolution (3.43) in order to correct
the camera signal. The response time τ ≈ 9 ms was obtained for the IRCAM1
detector by fitting the time evolution of the radiation intensity calculated from
the temperature signal from the previously mentioned laboratory experiment.

Deconvoluted rectangular signals for 1 pixel calculated numerically in terms of
the Equation (3.38) as well as the calculation using the built-in Python deconvolve
function in terms of the Equation (3.43) are shown in Figure 3.16. A comparison
of the heat flux calculated directly from the camera temperature signal and from
the deconvoluted signal for the IWL heat load experiments is shown in Figure
3.17.
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Figure 3.16: A comparison of the camera temperature signal – original, deconvo-
luted using eq. (3.38) and deconvoluted using eq. (3.43) together with Python
deconvolve routine. Deconvolution using eq. (3.38) strongly depends on numer-
ical differentiation used for the calculation – central difference is used here.
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Figure 3.17: Time evolution of the heat flux to the IWL of the COMPASS toka-
mak during a plasma discharge calculated from the IR camera temperature signal
(original and deconvoluted) by the means of the THEODOR code. The plasma
shot was disrupted in approx. t = 1125 ms, so the heat flux should fall down to
zero value just after this time.

3.2 Probe diagnostics
Probes are frequently used for measurements of basic plasma parameters including
the plasma heat flux, both at targets (e.g., divertor probe arrays) and in upstream
plasma (e.g., using reciprocating manipulators). The most basic type of a probe
is the Langmuir probe (LP)—electrode inserted into the plasma (e.g., a thin
graphite pin). The LP biased to the voltage V inserted into the plasma with the
Maxwellian velocity distribution of particles and equal temperature of electrons
Te and ions Ti collects current I given by

I = I i
sat

(
1 − exp

(
V − Vfl

Te

))
, (3.44)

where Vfl is the floating potential (2.1), I i
sat is the ion saturation current and

Te is in [eV] (Stangeby, 2000). The I i
sat is reached by the LP biased to a low

voltage (V i
sat =−270–−200 V typically on COMPASS), which repels all incoming

electrons. The ion saturation current density is linked to the electron density ne

ji
sat = I i

sat
Ai = ene,divcs,div ≈ 1

2ene,ucs,u, (3.45)

where e is the elementary charge, Ai is the probe effective area for collection of
ions and cs is the ion sound speed (2.2).

The floating potential is linked to the plasma potential Vp and the electron
temperature Te by

Vfl ≈ Vp − αLPTe, (3.46)
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where αLP is the logarithm of the ratio of the electron and the ion saturation
current:

αLP = ln
(

|Ie
sat|

|I i
sat|

)
= ln

(
|Aeje

sat|
|Aiji

sat|

)
. (3.47)

The αLP coefficient is dependent on the geometry of the probe. This is utilised in
the Ball-pen probe (BPP) to lower the dependence of its floating potential VBPP
on the electron temperature (equation (3.46)) (Adamek et al., 2009) (Adamek
et al., 2016). The BPP collector is shielded by a dielectric tube (e.g., boron-
nitride or corundum) resulting in similar ion and electron saturation currents and
αBPP close to zero. The combination of signals from the Langmuir probe and the
Ball-pen probe can be used for evaluation of the electron temperature

Te = VBPP − Vfl

α
, (3.48)

where α = (αLP − αBPP).
The combination of signals from the floating LP, the floating BPP and the

Isat probe provides a fast measurement of the parallel heat flux

q∥ = γji
satTe, (3.49)

where γ is the sheath heat transmission coefficient (2.4).
A recently installed set of three divertor probe arrays (see Figure 3.18) was

used for independent heat flux profile measurements in the LFS divertor region of
COMPASS. It provides two Langmuir probe arrays (in floating and ion saturation
regime), each consisting of 53 rooftop-shaped graphite probes. The third array
consists of 56 floating Ball-pen probes. Probes in each array are distributed with
4 mm poloidal step. Signals are acquired at the sampling frequency of 4 MHz
(see Adamek et al., (2017a) for further details). The coefficients αLP = 2 and
αBPP = 0.6 are used for the divertor probe array based on the evaluation of their
I-V characteristics, giving α = 1.4 for the Te calculation.

Figure 3.18: A photograph of the new divertor probe array consisting of two radial
arrays of 53 rooftop-shaped Langmuir probes and 56 Ball-pen probes (Adamek
et al., 2017a; Weinzettl et al., 2017).
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The COMPASS tokamak is also equipped with two reciprocating manipulat-
ors: one on top of the machine and the other at the outer midplane. Graphite
probe heads equipped with several Langmuir and Ball-pen probes are typically
used. Standard cylindrical graphite LPs with the 0.9 mm diameter, 2 mm length
and αLP = 2.8 are being used.

3.3 Other diagnostics
The COMPASS tokamak is equipped with a large set of diagnostics—see Figure
3.19. Only the most important ones for the experimental study described in
the following sections are briefly introduced here. More detailed description of
individual diagnostics could be find in Weinzettl et al., (2011), Pánek et al.,
(2016) and Weinzettl et al., (2017).

Figure 3.19: An overview of COMPASS diagnostics (top view) (Weinzettl et al.,
2011).

3.3.1 Magnetics
The COMPASS tokamak is well equipped with various types of magnetic dia-
gnostics providing information about basic discharge parameters (loop voltage,
plasma current, plasma position, etc.) as well as about the magnetic equilibrium
and its perturbations (magnetic islands, Toroidal Alfvén eigenmodes, etc.). 440
diagnostic coils are positioned around the vacuum vessel. Three poloidal arrays
of 24 internal Mirnov coil (MC) (pick-up coils) at different toroidal locations are
used for measurement of all three components of the local magnetic field (r, θ, ϕ),
i.e. 3 × 3 × 24 coils in total. One poloidal array of 16 internal partial Rogowski
(IPR) coils is used for measurement of the local poloidal magnetic field (Figure
3.20a and Figure 3.20b). One internal Rogowski coil measures the plasma current
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(a) (b)

Figure 3.20: (a) Top view of the COMPASS tokamak showing toroidal positions of
diagnostic magnetic coils. (b) Poloidal cross-section of the vacuum vessel showing
positions of MCs (red) and IPR coils (blue) (Pánek et al., 2016).

and one external Rogowski coil around the vacuum vessel measures the sum of
the plasma current and the vessel current. Two diamagnetic loops are used for
the measurement of plasma energy. Furthermore, several flux loops and number
of saddle coils could be used (Weinzettl et al., 2011).

3.3.2 Interferometry
The realtime measurement of the electron density used for density feedback on
COMPASS is provided by 2 mm two frequency heterodyne microwave interfer-
ometer (Varavin et al., 2014; Ermak et al., 2016). Two probing waves with
close frequencies (138.9 GHz and 139.6 GHz) are passed through the plasma. The
wavelength dependent refraction index of the plasma is proportional to the elec-
tron density and causes a mutual phase shift of these two probing waves. This
phase shift is analysed after the transition of the probing waves through the
plasma and recalculated to the electron density. The obtained electron density is
further corrected to a real plasma shape (to the real length of the wave chord).

3.3.3 Thomson scattering
Profiles of the electron density and temperature along the whole plasma minor
radius are provided by the Thomson scattering (TS) diagnostics (Aftanas et al.,
2012; Stefanikova et al., 2016; Bilkova et al., 2018). A laser beam is sent through
the plasma and laser light scattering on electrons (so-called Thomson scattering)
is observed by collection optics. The electron plasma temperature and density
are evaluated from the Doppler broadening of the line emission of the scattered
light and from its intensity, respectively.

Two separate collection optics are used on COMPASS—the plasma core view
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provides the spatial resolution of 9–12 mm and the edge view provides the spatial
resolution of 3–5 mm. The both optics observe the same laser beams of two (four
after the upgrade done in 2017) Nd:YAG lasers with 1064 nm wavelength, 30 Hz
repetition rate and 1.5 J pulse energy each (Bilkova et al., 2018).

3.3.4 Spectroscopy
Deuterium emission line Dα with wavelength 656.1 nm is observed separately
at the HFS and LFS using photo-multipliers. Plasma radiation is monitored
using six arrays of AXUV-based fast bolometers monitoring photon energy range
0.01–10 keV. A full radial profile of line-integrated soft X-ray (SXR) radiation
(energy 1–20 keV) is provided by two arrays of SXR detectors (Weinzettl et al.,
2011) (Pánek et al., 2016).

3.3.5 HXR detectors
Strong hard X-ray (HXR) radiation is typically produced during the interaction
of fast runaway electrons (REs) with structures of the first wall (FW) (see Section
7.1 for further details). HXR detectors can be therefore used for evidence of the
REs presence in a tokamak discharge and as an indication of the total level of
the RE population.

NaI(Tl) detectors with the photomultiplier tube (PMT) and composite scin-
tillator (EJ410—ZnS(Ag) embedded in a plastic matrix) with PMT shielded by
10 cm of lead are being used at COMPASS (Ficker et al., 2017a). The un-
shielded NaI(Tl) detectors are sensitive to HXR radiation with energies above
approximately 50 keV, the ZnS(Ag) detectors are sensitive to HXR energies above
approximately 500 keV. The detectors are placed at the tokamak midplane ap-
prox. 4 m from the tokamak major axis and work in current mode operation.
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4. Heat flux calculation
IR thermography is frequently used for estimation of the heat flux incident to
PFCs. The plasma heat flux parallel to magnetic field lines q∥ is usually assumed
to be projected onto the plasma facing component through the simple geometrical
projection (optical approximation)

q⊥ = sin(β)q∥, (4.1)

where β is the magnetic field line incidence angle. Limits of validity of this
assumption is discussed more in detail in Chapter 6. The total surface heat flux
onto the plasma facing component is usually combination of q⊥, the radiative
heat flux and eventually the cross-field plasma heat flux.

The surface heat flux is linked to the temperature distribution inside the
plasma facing component by the Fourier’s law

q(t) = −k∇surfT, (4.2)

where k is the thermal conductivity and ∇surfT is the temperature gradient per-
pendicular to the surface. The temperature distribution inside the plasma facing
component is described by the heat diffusion equation

ρcp
∂T

∂t
= ∇ · (k∇T ) , (4.3)

where ρ is the density and cp is the specific heat capacity of the plasma facing
material. k, ρ and cp generally depend on the temperature.

It is sometimes useful to have an estimation of time evolution of the surface
temperature for constant heat flux and material properties. This can be expressed
analytically as

T (t) = T0 + 2q√
πkρcp

√
t = T0 + 2q

k

√
Dt

π
(4.4)

(Carslaw et al., 1959, chap. 2.9), where T0 is the initial bulk temperature and D
is the thermal diffusivity (or heat diffusion coefficient)

D = k

ρcp

. (4.5)

The temperature decay after switching off the heat pulse of the duration τ is
then expressed as

T (t) = T0 + (Tmax − T0)
⎛⎝√1 + t

τ
−
√
t

τ

⎞⎠ . (4.6)

Tmax is the maximal surface temperature reached at the end of the heat pulse
(can be calculated using Equation (4.4) with t = τ). Equation (4.6) can be
approximated for t ≤ τ by

T (t) = T0 + (Tmax − T0) exp
⎛⎝−

√
t

τ

⎞⎠ . (4.7)
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4.1 THEODOR code
Numerical codes are used to calculate heat flux time evolution from the IR data.
The THEODOR code (Herrmann et al., 1995; Sieglin et al., 2015; Sieglin et
al., 2016) is used on COMPASS for this purpose. The heat flux potential u is
introduced in the THEODOR code to linearise the heat diffusion equation and
simplify the solution:

u =
∫ T

0
k (T ′) dT ′ (4.8)

The heat diffusion equation (4.3) is transformed to the linear form

∂u

∂t
= D∆u. (4.9)

The surface heat flux is then written as

q = −∇surfu. (4.10)

The temperature dependence of the material properties k(T ) and D(T ) is
calculated for each time step by the following analytical function in the code

f(T ) = a+ b(
1 + T

T0

)2 , (4.11)

where a, b and T0 are constants obtained by fitting the available material data
(Sieglin et al., 2016). The heat diffusion equation (4.9) is then solved using the
explicit Euler method. The surface heat flux (4.10) is calculated using the forward
finite difference scheme from the three top grid points

q = −∂u

∂x
≈ 3u(x) − 4u(x+ δx) + u(x+ 2δx)

2δx , (4.12)

where δx is the grid size in the direction perpendicular to the surface (Sieglin
et al., 2015).

4.2 Effect of surface layers
Temperature measured by the IR system can be influenced by presence of layers
deposited on the plasma facing component. The purely thermally bonded layer
causes temperature measurement overestimation and consequently calculation of
negative heat flux after the plasma discharge or after high heat flux fast events.
The heat transmission coefficient α [W m−2 K−1] (Herrmann et al., 2001) is in-
troduced in the THEODOR code in order to characterise the deviation of the
measured temperature TIR from the surface temperature of the bulk material
Tsurf :

TIR = Tsurf + α−1q. (4.13)
The heat transmission coefficient for a thin surface layer of thickness d with

the negligible heat capacity is given by

α = klayer

d
. (4.14)
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The basic criterion used for finding proper α is to omit negative heat fluxes in
THEODOR calculation after the plasma discharge. This condition is equivalent
to the condition of constant stored energy fluence after the discharge which can
be performed by minimisation of the absolute value of the stored energy fluence
time derivative.

The following routine is used in order to calculate the heat transmission coef-
ficient:

• The temporal evolution of the stored energy fluence is calculated (= cumu-
lative sum of the heat flux time evolution) for a set of heat flux calculations
with different α values (e.g., 20 values covering the range 103–107 W m−2 K−1),
see Figure 4.1a.

• The first time derivative is calculated for each stored energy fluence time
evolution at some time after the end of the plasma discharge (e.g., ∼100 ms
after the end of the discharge).

• Stored energy fluence time derivative is interpolated by a cubic spline—see
Figure 4.1b.

• The value of α corresponding to the zero stored energy fluence time deriv-
ative is found.

(a) (b)

Figure 4.1: (a) Top: an example of the stored energy fluence time evolution cal-
culated using different α values [kW m−2 K−1] for one particular pixel, bottom:
the plasma current for the discharge #7235. (b) The corresponding time deriv-
ative of the stored energy fluence in t = 400 ms (dots). The cubic spline (green
line) was used to identify the α value corresponding to the zero time derivative
(50 kW m−2 K−1, indicated by the red dashed line).

The described routine can be processed either for each pixel separately or for
the mean heat flux over the analysed area.

There are other effects resulting in temperature measurement overestimation
similarly to the surface layers. Bremsstrahlung and recombination or molecular
radiation can contribute significantly to the radiation received by an IR detector
mainly in high density plasma. Divertor IR thermography is therefore typically
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very challenging in partially or fully detached plasmas where the high density of
the plasma and the neutral gas is present in the divertor region. Another import-
ant effect, mainly in devices with carbon plasma facing components, is surface
micro-structure and presence of dust particles. The effect of dust particles is dis-
cussed in the following section 4.3 as it was found to have significant impact on
experimental measurements performed in COMPASS and presented in following
chapters.

4.3 Effect of dust particles
A systematic discrepancy in derived radial profiles of the parallel heat flux meas-
ured by the means of the MWIR camera IRCAMCEA (3–5 µm) and the LWIR
camera IRCAM1 (7.5–13 µm) was observed in the COMPASS tokamak. Temper-
ature and heat flux overestimation in the MWIR range was reported for example
from MAST (Delchambre-Demoncheaux et al., 2011) and is supposed to be caused
by a presence of micro-sized hot-spots. This effect is a direct consequence of the
non-linear dependency of the MWIR detector response to temperature in contrast
to LWIR detectors which are closer to the linear dependency. Overestimation is
typically temperature dependent (stronger for lower bulk temperatures) and can
therefore influence shape of measured heat flux profiles as it has different signi-
ficance in different parts of the heat flux profile.

4.3.1 Experimental configuration
A set of circular ohmic discharges (Ip = 110 kA) limited at the HFS was performed
in COMPASS. A special graphite IWL with two vertical (poloidally running)
apexes was installed onto the central column for the purposes of the near-SOL
heat flux study described in Chapter 5. The limiter shape is illustrated in Figure
4.2a. The limiter surface used for this study is inclined by 6◦ compared to the
toroidal direction. The limiter tiles were sandblasted by ballottini, cleaned in
an ultrasonic bath and baked just before the campaign to achieve a high surface
emissivity (ε ≈ 0.9) and avoid any surface layers. See Section 5.2.1 for detailed
description of the limiter.

The limiter was directly observed either by the MWIR or LWIR camera from
the distance ∼ 1 m through a germanium vacuum window—camera FOV is in-
dicated in Figure 4.2b. Two similar plasma discharges were used for this pur-
pose (#7235 and #7266). The 50 mm lens was used for the IRCAMCEA IR
camera providing 0.5 mm/px at the object plane with a Gaussian smoothing of
σ = 0.25 mm (Corre et al., 2015; Corre et al., 2017a). The 35.5 mm lens was used
for the IRCAM1 IR camera providing 0.9 mm/px and σ = 0.9 mm.

4.3.2 Experimental results
An example of the IR image obtained with the MWIR and LWIR cameras is
illustrated in Figure 4.3a. Thermographic data were translated into the deposited
heat flux using the THEODOR code. The parallel heat flux profile was then
obtained using a simple sinus law (4.1). Incidence angles of magnetic field lines
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(a) (b) (c)

Figure 4.2: (a) CAD model of the special graphite HFS limiter (IR field of view
and the analysed area are marked by red and white dashed lines, respectively). (b)
EFIT numerical reconstruction of the magnetic topology of the plasma discharge
#7235 (plasma column is limited at the HFS with the contact point being ∼
40 mm below midplane). IR camera field of view is indicated by the red dashed
lines. (c) A map of distances from the LCFS and magnetic field lines incidence
angles corresponding to the analysed area.

and distances from the LCFS mapped to the outer midplane were calculated using
the EFIT code separately for each pixel—see Figure 4.2c.

Both MWIR and LWIR measurements show clear double exponential decay
of the parallel heat flux in the radial direction in the SOL. This can be described
by Equation (5.3). See Section 5.2.3 for more details.

Temperatures as well as heat fluxes derived from MWIR data are systemat-
ically higher than those derived from LWIR data—see Figure 4.4a. This over-
estimation is not homogeneous across the limiter surface and MWIR data are
significantly noisier than LWIR data with a lot of hot-spots in the profile. Shapes
of the heat flux profiles derived from the MWIR and LWIR data are therefore
slightly different and resulting Rq factors (5.4) are 5.2 and 2.8 for the analysed
MWIR and LWIR profiles, respectively.

The radiance of a hot surface is a non-linear function of its temperature. The
non-linearity is more pronounced in shorter wavelengths with higher sensitivity
to high temperature radiation (Vondráček et al., 2014; Vondráček et al.,
2016)—see Figure 4.5. Any IR detector provides an information about the aver-
age radiance emitted by an area observed by each pixel. Presence of a sub-pixel
hot-spot leads, therefore, to a higher temperature overestimation in the MWIR
range. Presence of such hot-spots with a total amount comparable to the number
of pixels of the MWIR detector can explain observed discrepancy in MWIR and
LWIR measurements and high scatter in the MWIR data.
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(a) (b) (c)

Figure 4.3: (a) The temperature distribution across the analysed area measured
by the MWIR and LWIR cameras in two similar plasma discharges #7235 and
#7266, respectively. (b) The synthetic IR view for the MWIR and LWIR cam-
era. (c) The α coefficient map in the logarithmic scale used for the MWIR data
correction.
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Figure 4.5: The temperature dependence of the in-band radiance emitted by a
hot surface in the MWIR and LWIR range.

The presence of dust particles poorly thermally bonded to the limiter could be
one of possible explanations of creation of such micro hot-spots. Their presence in
the COMPASS tokamak was confirmed by the means of a fast IR camera during
disruptions, when some of these dust particles are repelled from limiters. The
temperature of such dust particles would reach radiative equilibrium depending
on the incident heat flux (Ciric et al., 1995). Dust particles can easily reach
temperatures far above 1000 ◦C and they are rapidly cooled down after the plasma
exposure resulting into negative heat flux falsely calculated by heat flux codes.
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(a) (b)

(c) (d)

Figure 4.4: (a) Experimental radial profiles of the parallel heat flux extracted
from the analysed area. A systematic heat flux overestimation is visible for the
whole profile calculated from MWIR data as well as a flattening of the λq,main
in the main SOL region. (b-d) Synthetic IR heat flux profiles predicted by the
micro hot-spot simulation for the MWIR and LWIR range for surface coverage
0.1 ‰, 0.3 ‰ and 0.5 ‰ by dust (i.e., 1, 3 and 5 dust particles per a pixel area
of the MWIR camera on average).
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4.3.3 Micro-metric hot-spot simulation

Comparison of the experimental IR data with a numerical simulation assuming
presence of dust particles poorly thermally bonded to the limiter is presented in
this section. The temperature T (t) of such dust particles would reach radiative
equilibrium depending on the incident heat flux q (Ciric et al., 1995)

eρcp(T )dT (t)
dt = 3

2q(t) − 6σ
(
T (t)4 − T 4

initial

)
. (4.15)

The density ρ = 1840 kg m−3 and the heat capacity cp are assumed to be the same
as for the graphite limiter tiles. Temperature dependence of cp is assumed, as
it varies significantly in the expected temperature range (cp=639–1882 Jkg−1K−1

for T=0–1000 ◦C). σ is the Stefan-Boltzmann constant. Coefficients on the right
hand side of Equation (4.15) describe shape of a dust particle—the spherical
shape is assumed here.

The dust size distribution and the surface coverage (total amount of dust
particles) are free parameters of the model. Different combinations were tested—
results presented here were simulated using a log-normal distribution of the dust
size with µ = 2.8 µm and σ = 2.4 µm published as a typical dust size in tokamaks
(Sharpe et al., 2002). A basic analysis of dust particles from COMPASS using
an electron microscope confirmed typical grain size in the order of micrometers
(Vaverka et al., 2014).

The observed area of the right hand side of the second limiter apex was sim-
ulated. Virtual dust particles were randomly seeded across the limiter surface.
Dust temperature time evolution was calculated using Equation (4.15), bulk lim-
iter surface temperature was calculated using Equation (4.4).

A constant 200 ms long heat pulse with the double exponential radial profile
was assumed. Obtained temperature pattern was translated into the radiance in
the MWIR and LWIR range. The smoothing effect of the real IR cameras was
introduced by a convolution with the appropriate 2D Gaussian function. These
synthetic IR data were consequently transformed back to the temperature and
to the heat flux in the same way as the experimental MWIR and LWIR data.
The radial profile of the incident heat pulse was then varied iteratively in order
to match resulting heat flux profiles derived from the synthetic and experimental
LWIR data, which are not much sensitive to dust particles. The synthetic IR
view of both IR cameras corresponding to the experimental view in Figure 4.3a
is shown in Figure 4.3b.

Level of the temperature overestimation in the MWIR range is strongly coupled
to the surface coverage by dust. The best agreement with the experiment for
an upper part of the observed limiter region (main SOL region) was obtained
for 0.3 ‰ surface coverage by dust which corresponds to approximately 3 dust
particles per a pixel area of the MWIR camera. Time evolution of the mean
temperature across this region is shown in Figure 4.6.
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Figure 4.6: The time evolution of the average temperature in the top part of the
right analysed area as predicted by the micro hot-spot simulation and measured
by the MWIR and LWIR cameras.

Resulting heat flux profiles for 3 different values of the surface coverage by
dust (0.1 ‰, 0.3 ‰, 0.5 ‰) are presented in Figures 4.4b, 4.4c and 4.4d. Higher
surface coverage by dust leads to higher heat flux overestimation in the MWIR
range and a shallower radial profiles (i.e., higher λq). Main experimental trend
seems to be described by the model, however the surface inhomogeneity plays a
significant role. E.g., the strong dust coverage close to the contact point leads
to the steep near-SOL profile measured by the MWIR camera in contrast to
the broadening predicted by the simulation for the homogeneous dust spatial
distribution.

4.3.4 Correction of experimental data
Presence of dust particles causes overestimation of the measured temperature
similarly to a surface layer. The same routine as described in Section 4.2 for
the heat flux calculation in presence of a surface layer was therefore used for
the heat flux calculation from the experimental and simulated data in presence
of dust. The heat transmission coefficient α was evaluated separately for each
pixel. A 2D map of α values across the limiter surface evaluated from the MWIR
experimental data is presented in Figure 4.3c. The α values varies over multiple
orders of magnitude (range is limited for a better visibility in the figure). Areas
with low α values correspond to areas highly covered by hot spots and with high
temperature overestimation in the MWIR experimental data (see Figure 4.3a).
The α values obtained for the LWIR data are much higher (by several orders of
magnitude) confirming insensitivity of the LWIR measurement to the presence of
dust particles.

The experimental heat flux profiles evaluated using this correction are shown
in Figure 4.7a, the corrected synthetic IR profiles are shown in Figure 4.7b. The
corrected experimental data are much smoother and both MWIR and LWIR pro-
files are comparable, with the Rq factor 2.9 and 2.7, respectively (7 % difference
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compared to 83 % before the correction). The corrected synthetic IR profiles
agree also very well, but quite large amount of outliers remains in the correc-
ted synthetic MWIR profile. One of possible explanation is that too large dust
particles were used in the simulation.

(a) (b)

Figure 4.7: (a) The experimental radial profiles of the parallel heat flux after the
correction using α values shown in Figure 4.3c. (b) The same for the synthetic
profiles.
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5. SOL heat flux in inboard
limited discharges

5.1 Motivation
Plasma-wall interaction is unavoidable in tokamaks and other fusion devices. It
allows particle, heat and fusion products exhaust, but on the other hand it intro-
duces many complications like, e.g., first wall material damage, plasma dilution
and dramatic increase in radiated power from the plasma core, leading to fusion
power suppression, and device lifetime issues.

Despite discovery of a variety of advanced plasma operation scenarios using
divertor, super-X or snowflake etc., all discharges in future tokamaks are foreseen
to ramp-up and ramp-down plasma in limiter configuration with strong plasma-
wall interaction. The plasma cross-section during plasma start-up in ITER is
visualised in Figure 5.1. Plasma limitation by s.c. enhanced heat flux (EHF)
panels either at the IW or the OW is foreseen to take place for several seconds
in each discharge. The FW panels consist of small beryllium tiles (∼12 mm wide
and 6–8 mm thick) bonded to a CuCrZr substrate and are designed to withstand
steady-state surface heat flux qdesign

⊥peak = 4.7 MW m−2. The EHF panel temperature
equilibration time constant, τ ≈ 2–3 s is much shorter than the plasma start-up
duration (Kocan et al., 2015).

Figure 5.1: A part of the ITER first wall. The EHF panels are placed in the
toroidal rows at the poloidal locations 3-5 (for the IW start-up) and 14-15 (for
the OW start-up). An example of the LCFS shape for ITER start-up on the IW
obtained from a DINA code full scenario simulation is shown in colour (Kocan
et al., 2015) (Lukash et al., 2011).

Any introduction of limiter shaping, which is necessary for protection of limiter
leading edges, implies enhancement of power with respect to a perfectly cylindrical
surface. In order to spread the incident heat flux as uniformly as possible over
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the plasma-wetted area and thus reduce the peak surface heat load, the FW
panels have to be toroidally shaped according to the radial profile of the heat flux
parallel to magnetic field lines q∥. A logarithmic toroidal profile was assumed in
the original ITER FW panels design accounting for a single exponential decay of
the parallel heat flux

q∥(∆rLCFS) = q∥0e
− ∆rLCFS

λq , (5.1)

where ∆rLCFS is the distance from the LCFS, q∥0 is the parallel heat flux at the
LCFS and λq is the characteristic exponential decay length of the profile. λimp

q =
50 mm was assumed in the original design of the ITER EHF panels based on a
database of reciprocating Langmuir probe measurements made on JET (Harbour
et al., 1995) and Tore Supra (Gunn et al., 2007). Further studies on JET, Tore
Supra, DIII-D, C-Mod, KSTAR, TEXTOR, EAST, HL-2A, FTU, COMPASS
and CASTOR showed similar results λimp

q = 43–71 mm (Horacek et al., 2016),
although little data were available very close to the LCFS and most of them were
obtained either at the top or LFS of the plasma column and not directly at the
HFS, which is the preferred location for ITER plasma start-up.

Recent observations using IR thermography at JET (Arnoux et al., 2013)
have revealed unexpected power loading features near the LCFS on inner wall Be
limiters resulting in their melting and partial damage (Matthews et al., 2016).
Either a very narrow parallel heat flux characteristic decay length λq ≈ few
mm in the near-SOL region, or the presence of a cross-field funnelling effect
were identified as a possible source of this enhanced power loading. The JET
observations have some similarities with enhanced heat flux features seen in earlier
pioneering studies with limiter plasmas on T-10 (Chankin et al., 1987), TFTR
(Stangeby et al., 1992), Tore Supra (Mitteau et al., 1999), TEXTOR (Denner et
al., 1999; Finken et al., 2000) and C-Mode (Zweben et al., 2009). But these early
clues were not thoroughly investigated and such narrow SOLs were not accounted
for in the original design of the ITER FW panels, which are shaped to protect
against misalignment (a maximum 5 mm is called for in the ITER FW design)
and which had a similar roof-shaped design to that employed on the JET central
column limiters.

With the ITER FW at the final design review phase, further detailed study
of this issue was urgently required to assess whether the start-up power hand-
ling will be sufficient. Therefore, an extensive multi-machine experimental effort
dedicated to the near-SOL heat flux studies was conducted under auspices of the
International Tokamak Physics Activity (ITPA) Div/SOL in COMPASS (Dejar-
nac et al., 2015a; Horacek et al., 2015), TCV (Nespoli et al., 2015; Nespoli
et al., 2017), DIII-D (Stangeby et al., 2015),C-Mod (Marmar et al., 2015) and
KSTAR (Bak et al., 2017). This effort provided basis for an adjustment to the
ITER FW EHF panels design (Kocan et al., 2015).

5.2 Near-SOL experiments on COMPASS
Thanks to its high flexibility, COMPASS was the first tokamak able to answer the
call from ITER Organisation for further study of the near-SOL heat flux channel
following the results from JET. Several dedicated experimental campaigns were
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held in 2014–2017 in order to study radial profiles of the parallel heat flux in IW
limited L-mode discharges using IR thermography and Langmuir probes.

5.2.1 Experimental configuration
A series of dedicated experiments have been performed on the COMPASS toka-
mak, in which specially designed inner wall graphite tiles have been installed at a
single toroidal location on the central column in the direct view of the COMPASS
IR cameras through the outer midplane radial port (IRCAM1, IRCAMCEA and
FIRCAM were used in different experiments). The special IW limiters consisted
of 3 poloidally separated tiles mounted on the common stainless steel backplate.
The limiters were 133 mm wide, representing the width of two standard inner-wall
tiles and toroidal extent of 22.5° and 340 mm high in the poloidal (vertical) direc-
tion. The IR cameras were placed in distance 1–1.5 m from the limiter providing
spatial resolution 0.5–0.9 mm/px depending on the exact camera position and
used lens. Ge, ZnSe or sapphire vacuum windows were used. The central tile and
part of the upper tile of the special limiter was usually observed—visualisation
of the IR FOV is shown in Figure 5.2.

Figure 5.2: A schematic view of the IR camera FOV observing the IW limiter.
The standard rounded COMPASS limiter is shown in the left figure, the special
double roof-shaped limiter with embedded probes is shown in the right figure.
A typical position of the plasma contact point, placed below the vacuum vessel
midplane to increase extent of the viewed radial heat flux profile, is marked by
the red dashed line.

Several toroidal limiter shapes were examined: a symmetric “double roof-
shaped (DR)” design, featuring 5° and 10° chamfers, an asymmetric “double roof-
logarithmic (DRL)” design with the double chamfer on one side of the tile and a
logarithmic shape profile on the other and finally a “recessed roof-shaped (RR)”
variant having two poloidally running apexes with 5° chamfers–see Figure 5.3.

After getting experience with quite low emissivity and high reflectance of the
DR and the DRL limiter, the RR limiter tiles were sandblasted by ballottini,
cleaned in an ultrasonic bath and baked just before each campaign to achieve
high surface emissivity (ε ≈ 0.9) and avoid any surface layers.
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Figure 5.3: Toroidal cross-section of the special IW limiters. Angles between the
different limiter areas and the toroidal direction are marked in red (the installation
toroidal tilt is not taken into account here, see text for more details). ∆r is radial
misalignment of individual limiters compared to the rest of the central column
used during different experiments.

The IR data were analysed in the usual way to extract first the surface tem-
perature (see Section 3.1.3) and then the heat flux perpendicular to the surface,
q⊥ using the THEODOR code (see Section 4.1). The radiative part of the perpen-
dicular heat flux, qrad

⊥ was estimated from magnetically shadowed areas or from
bolometric measurements. The parallel heat flux was then calculated as

q∥ =
(
q⊥ − qrad

⊥

)
/ sin(β). (5.2)

The magnetic field incidence angle β was calculated using the EFIT code indi-
vidually for each pixel location. Installation limiter tilt, caused by the engineering
manufacturing and assembly imprecision of the COMPASS IW structures, has to
be taken into account because of the small inclination of limiter surfaces com-
pared to the toroidal direction. Analysis of the asymmetry of the heat loading of
the upstream and downstream sides of a limiter in standard and reversed plasma
current direction was used for this purposes. Limiter toroidal tilt of ≈2° was
found. This tilt was partially corrected in some later experiments using washers
placed below the limiter backplate or using a special tilting mechanism allowing
change of the limiter tilt on the shot to shot basis.

5.2.2 Funnelling effect
One of proposed explanations for the JET observations was so-called funnel-
ling effect discussed already in early nineties based on observations on TFTR
(Stangeby et al., 1992). An enhanced radial plasma flux was expected to be
present locally in front of a limiter thanks to the higher radial density gradients
caused by the limiter sink action. The DR limiter was designed in order to test
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this hypothesis. Both the 5° and the 10° chamfers of the DR limiter were expec-
ted to be exposed to similar parallel heat flux for reasonably large λq (expected
to be around ∼3 cm for COMPASS) thus resulting to approximately twice so
large geometrically projected perpendicular surface heat flux on the 10° chamfer
compared to the 5° chamfer. The funnelling effect, expected to take place radially
just very close to the LCFS, would add additional heat flux to the 5° chamfer only
resulting in comparable heat flux to the both chamfers at the poloidal location
of the plasma contact point.

The predicted funnelling effect was not observed in the experimental data.
In contrast, radial profiles of the parallel heat flux extracted from the different
limiter chamfers were consistent together assuming presence of the very narrow
near-SOL heat flux decay length—approximately one order of magnitude smaller
compared to the expected value—followed by the broader main-SOL with a decay
in the originally expected range. An example of the profile is shown in Figure
5.4a—single exponential decay is used for fitting here as the radial extent of the
viewed part of the profile is very short and does not reach the main SOL region.
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Figure 5.4: (a) Radial profiles of the parallel heat flux extracted from the DR
limiter for the plasma discharge #4555 (blue and red data correspond to the 5°
and 10° chamfers of the left-hand side of the limiter, respectively, green and black
data correspond to the 5° and 10° chamfers of the righ-hand side of the limiter,
respectively). (b) Toroidal profile of the deposited heat flux at the plasma contact
point and corresponding profiles calculated using parameters fitted in (a) for a
single exponential decay. qrad

⊥ = 200 kWm−2 was assumed.

5.2.3 Double exponential heat flux profile
The systematic study of parallel heat flux profiles extracted from the different
special HFS limiters, inserted with various misalignment compared to the rest
of the COMPASS central column, revealed presence of the double exponential
profile, which can be described as a sum of two exponentials:

q∥(∆r) = q∥0,neare
− ∆rLCFS

λq,near + q∥0,maine
− ∆rLCFS

λq,main . (5.3)

Here ∆rLCFS is the radial distance from the LCFS, λq,near and λq,main are char-
acteristic exponential decay lengths. λq,near is shorter and dominates first few
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millimetres from the LCFS (in the near-SOL region) and λq,main is longer and
defines heat flux decay in the main-SOL. The decay lengths differ typically by
one order of magnitude. q∥0,near and q∥0,main are the near and the main-SOL chan-
nel contributions to the heat flux at the LCFS. An important parameter for a
first wall design is the ratio of q∥0,near and q∥0,main usually referred to as Rq:

Rq = q∥0,near

q∥0,main
. (5.4)

The Rq parameter thus gives a relative measure of the power arriving at the
limiter surface due to the narrow feature.

A set of 103 discharges with various plasma parameters, Btor and Ip direction,
limiter geometries and insertions compared to the rest of the central column was
analysed. Examples of heat flux profiles fitted by Equation (5.3) are shown in
Figure 5.5a. The narrow near-SOL feature is evident independently of the limiter
geometry and Btor and Ip direction, but tends to broaden with decreasing poloidal
magnetic field (or Ip)—this is analysed more in detail in the following section.

(a) (b)

Figure 5.5: (a) Example of fits of the radial profile of the parallel heat flux for the
DR limiter misaligned by 40 mm and the RR limiter aligned with the rest of the
central column. (b) The variation of the Rq parameter depending on the limiter
insertion compared to the rest of the central column (Horacek et al., 2015).

The insertion of the limiter does appear to influence the value of the Rq factor.
In particular, inserting the special limiters deeper into plasma (as was done for
example with the DR variant) increases Rq. Alignment of the limiter with the
rest of the central column or even its retraction (as was done with the RR limiter)
reduces the Rq magnitude (see Figure 5.5a for an example). The overall increasing
tendency of the Rq parameter with the limiter insertion is illustrated in Figure
5.5b.

Toroidal directional asymmetry of the heat flux was systematically observed.
This asymmetry reverses with the Ip direction: the electron side (the limiter side
facing the counter-current direction, i.e., the left-hand side for the standard Ip
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configuration) is heated up to ∼30 % more than the ion side near the LCFS—see
Figure 5.4a. This asymmetry is consistent with the direction of Pfirsch–Schlüter
flow (see Section 2.1.3).

5.2.4 Plasma current scan and MHD activity
The SOL heat flux decay length was studied extensively in last years at many
tokamaks in different plasma operation regimes. Most of derived λq scalings have
strong dependence on the plasma current or the poloidal magnetic field (which
are directly connected). The near-SOL heat flux decay length dependence on
the plasma current was therefore studied in COMPASS. An inverse dependence
of the λq,near on the Ip was systematically observed independently of the limiter
shape, its misalignment and other plasma parameters.

(a) (b)

(c) (d)

Figure 5.6: Dependence of near-SOL parameters on the plasma current measured
on the RR limiter misaligned by -2, 0 and 4 mm. (a) q∥0,near scales with the ohmic
power ∼ I2

p. (b) The Rq factor increases mainly with the limiter misalignment.
(c) λq,near scales inversely with the plasma current (poloidal magnetic field). (d)
Comparison of measured λq,near with predictions of the HD model (Horacek et
al., 2015).

The plasma current scan on a shot to shot basis was performed using IRCAM1
and IRCAMCEA IR cameras and the RR limiter placed at three different radial
positions. Increase of q∥0,near with the ohmic power ∼ I2

p is visible in Figure 5.6a.
Rq factor values for different Ip are shown in Figure 5.6b. Inverse dependence of
λq,near on Ip is evident from Figure 5.6c. Good agreement of λq,near with the HD
model (see Section 2.2, Equation (2.25)) is shown in Figure 5.6d.
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The plasma current scan within a single discharge was performed using the
fast FIRCAM IR camera and the RR limiter aligned radially with neighbouring
tiles (#15424: Ip =180–35 kA, ne = 2.5 × 1019 m−3, Btor = 1.15 T, κ = 1, see
Figure 5.7 for the shot overview).
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Figure 5.7: (a) Time evolution of the plasma current and the line averaged elec-
tron density for the discharge #15424. (b) The EFIT reconstruction of the mag-
netic equilibrium for the discharge #15424. The plasma contact point was placed
at Z = −35 mm.

The time evolution of λq,near, I−1
p and the magnetohydrodynamic (MHD)

activity spectrogram measured using the IPR coil #16 is shown in Figure 5.8.
Radial profiles of the parallel heat flux corresponding to the time slices indicated
by the dashed vertical lines in Figure 5.8 are shown in Figure 5.9. The decrease
of q∥0,near and increase of λq,near with the decreasing plasma current is clearly
visible. Near-SOL heat flux and the double exponential profile shape diminishes
and profiles become purely exponential for low plasma current.

Plasma discharges with a plasma current ramp are prone to creation of strong
MHD activity occurring during transition over rational values of the edge safety
factor. Significant flattening of the near-SOL heat flux profile was regularly ob-
served under such conditions with a strong deviation from the standard double ex-
ponential profile shape. This is clearly visible for the time interval t =1090–1140 ms
in Figure 5.8. Heat flux profiles prior to and during the strong MHD activity are
compared in Figure 5.10. Discharges with low MHD activity were therefore se-
lected for the analysis presented in Figure 5.6.

Comparison of λq,near values obtained during the plasma current ramp-down
with several scaling laws is presented in Figure 5.11. Good agreement with the
HD model evaluated using Equation (2.25) was found. Almost identical values
are obtained from the simple relation 2aρp/R (Goldston, 2012). Fixed value for
the electron temperature at the LCFS Te = 35 eV was used and Ā = 2.6, Z̄ = 1.2,
Zeff = 1.8 were used as educated guess to take into account presence of ∼5 % of
carbon in plasma. Reasonable agreement is found also with the L-mode heat flux
decay length scaling (8.13) published by Eich et al., (2013a)— see Section 8.2.
All λq values were mapped to the OMP.
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Figure 5.8: Time evolution of the near-SOL heat flux decay length during plasma
current ramp-down (top, red) compared to the time evolution of I−1

p (top, blue)
and the spectrogram calculated from the IPR coil #16 placed at the LFS (bottom)
for the discharge #15424. Flattening of the near-SOL heat flux profile is observed
in connection with the MHD activity.
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seen for low plasma current values.
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Figure 5.10: Comparison of radial profiles of the parallel heat flux prior to and
during the strong MHD activity in the discharge #15424 (corresponding time
slices are indicated by the green and red vertical dashed lines in Figure 5.8).
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Figure 5.11: Comparison of λomp
q,near values obtained during the plasma current

ramp-down with the HD model, the normalised poloidal ion Larmor radius
2aρp/R and the L-mode scaling (8.13). λq,near values obtained (a) with constant
heat transmission coefficient α = 50 kWm−2K−1 and (b) with α set individually
for each pixel (see Section 4.2 for more details).

The evaluation of λq,near for this discharge has a significant uncertainty—values
different by up to ∼25 % can be obtained depending on precise heat flux calcula-
tion procedure (correction for surface effects, subtraction of the background heat
flux), choice of location of the analysed area etc. λq,near values obtained with con-
stant heat transmission coefficient α = 50 kWm−2K−1 and with α set individually
for each pixel during the heat flux calculation (see Section 4.2) are shown in Fig-
ure 5.11a and Figure 5.11b, respectively. 25 % margins are shown by black dashed
lines in the figures. λq,near values in the time interval t =1090–1140 ms with the
strong MHD activity were excluded from the figures.
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5.2.5 Heat flux decay length prior to and during sawtooth
crashes

A high power ohmic HFS limited discharge (#11663: Ip = 290 kA, ne = 3–7 × 1019 m−3,
Btor = 1.15 T, κ = 1.4–1.5 ) was used to study near-SOL heat flux profile variation
during a saw-tooth period. The saw tooth instability periodically repels energy
from the plasma centre towards the edge and therefore flattens the plasma tem-
perature profile and modulates the edge temperature.

The small central part (20 × 40 mm2) of the special roof-top shaped IW limiter
(IWL#2) with the slope angle 3.5° (taking into account the 1° limiter tilt) was
used for the data analysis. See Section 6.2.1 for the detailed limiter description.
The configuration provided radially first 2–3 mm of the heat flux profile mapped
to the OMP. This covers most of the near-SOL region for this plasma discharge
parameters.

Fast framerate (11 kHz) of the FIRCAM camera secured high enough temporal
resolution to study heat flux profile variation during sawtooth cycles (∼0.5 kHz)
and consequently variation of λq,near depending on variations of electron temper-
ature at the LCFS, as edge Te increases significantly during a sawtooth crash
(Pánek et al., 2016).
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Figure 5.12: (a) Time evolution of the parallel heat flux at the LCFS (measured at
the plasma contact point, not mapped to the OMP) and the core SXR radiation
intensity. (b) An example of radial profiles of the parallel heat flux prior to and
during a sawtooth crash mapped to the OMP—see Figure 5.12a for profiles timing
indication.

A strong modulation of the limiter heat load synchronised with the modulation
of central SXR radiation caused by sawtooth instability was observed—see Figure
5.12a. Even though the heat flux rises during a sawtooth crash, radial profile
decay length seems not to be affected in average. An example of this behaviour
is illustrated in Figure 5.12b for one sawtooth cycle. Comparison of λq,near prior
to and during sawtooth crashes and the ratio of corresponding values is shown in
Figure 5.13. The mean value of the ratio is approximately equal to unity.

This implies that the near-SOL heat flux decay length is probably not strongly
coupled with the upstream electron temperature, similarly to findings on MAST
for L-mode discharges (Militello et al., 2016). This is consistent with the expec-
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ted connection of λq,near with ρpol where Te is under the square root and more
important is the inverse linear dependence on Bpol.
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Figure 5.13: Comparison of heat flux decay lengths measured prior to and during
sawtooth crashes (mapped to the OMP) and their ratio. The mean value of the
ratio is shown by the red dashed line.

5.3 Implications for ITER
Presence of the narrow near-SOL region with a steep heat flux gradient in the
radial direction adjacent to the LCFS was systematically observed in IW limited
discharges in COMPASS as well as in other tokamaks worldwide. This narrow
feature was found to be present irrespective of the direction of the plasma current
and the toroidal magnetic field, insertion distance and geometry of used limiters
and for a large range of plasma parameters. The near-SOL decay length λq,near
scales inversely with the plasma current and is well described by the HD model.

Presence of the narrow feature at ITER would present a serious threat for
the EHF FW panels constructed based on the original design optimised for a
single exponential heat flux decay. Areas close to the limiter apex would be
exposed to heat fluxes exceeding the design steady-state surface heat flux limit
qdesign

peak = 4.7 MW m−2 (see Figure 11c in Kocan et al., (2015)). Furthermore,
the observed increase of the Rq factor with the limiter misalignment even pro-
nounces the importance of the narrow feature for limiters misaligned during ITER
assembly (misalignment of up to 5 mm—comparable to λq,near values—is expected
in ITER).

Modification of the ITER EHF FW panels design was initiated based on these
results and the multitokamak experimental effort. The new shaping of the EHF
panels takes into account the narrow near-SOL feature with λomp

q,near = 4 mm. In
the same time, it will result in only a modest increase in heat load, compared
to the original design, if the narrow feature is not eventually present in ITER
(Kocan et al., 2015).
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6. Heat loading of leading edges

6.1 Motivation
ITER divertor targets will be castellated (see Figure 6.1) consisting of ∼300 000
tungsten monoblocks (MBs) (Pitts et al., 2013). This castellation introduces
presence of thousands of potentially misaligned leading edges (LEs) exposed to
near perpendicular impact of magnetic field lines if no front surface shaping of
MBs is applied. Engineering tolerance specification for the maximum radial step
between toroidally adjacent MBs (placed at separate plasma facing units (PFUs))
is set to 0.3 mm.

Figure 6.1: CAD model of one of the 54 cassette units of the ITER divertor and
enlarged view of a part of the PFU consisting of W monoblocks. The monoblock
design without the front surface shaping is shown here (Pitts et al., 2017).

In the simplest approach, optical approximation (OA), plasma particles fully
follow magnetic field lines and the plasma heat flux impacting the top surface of
a MB can be expressed as Qn = sin βq∥. Typical magnetic field lines incidence
angle to the ITER divertor surface β ≈ a few degrees secures heat flux spreading
to large surface resulting in Qn being reasonably low. In contrast, a side of a
misaligned monoblock (LE) is exposed almost to the full parallel plasma heat
flux Qs = cos βq∥.

Near perpendicular magnetic field impact to poloidally running LEs would
lead to quasi-steady state melting under high performance plasma operation and
transiently during ELMs or disruption induced power loading in ITER. Magnetic
shadowing of LEs would be needed in such case (Carpentier-Chouchana et al.,
2014).

Slightly different distribution of the deposited heat flux around LEs is pre-
dicted by particle-in-cell (PIC) simulations (Dejarnac et al., 2011; Dejarnac et
al., 2014a; Komm et al., 2017b) and ion orbit modelling (Gunn et al., 2017b;
Gunn et al., 2017a). Both show smoothing of the heat flux deposition profile
due to the finite ion Larmor radius. Part of ions impacting the side of a LE in
the OA is predicted to be deposited on the top surface instead. This phenomena

65



is often being referred to as the Larmor smoothing effect. The strength of the
Larmor smoothing effect is however linked with the local non-ambipolarity (ratio
of the heat flux carried by ions and electrons), which is given by the difference
of the LE potential and the local floating potential. See figures 6.2a and 6.2b
for schematic comparison of the heat flux deposition profiles predicted by the OA
and PIC simulations for a floating LE, respectively. Furthermore, the simulations
also predict heat loading of magnetically shadowed sides of toroidal gaps caused
by ion Larmor gyration and E ×B ion drift.

(a) (b)

Figure 6.2: Schematic comparison of the heat flux distribution around the LE
using (a) the OA and (b) the predictions of PIC simulations for ambipolar con-
ditions (ion dominated heat flux). The length of arrows indicates magnitude of
the plasma heat flux.

Precise knowledge of LE heat loading was identified as a crucial issue for
the design of the ITER divertor. An extensive international effort was therefore
initiated under auspices of the ITPA Div/SOL topical group (Pitts et al., 2017)
and different experiments were held at JET (Coenen et al., 2015; Arnoux et al.,
2015; Matthews et al., 2016; Corre et al., 2017b; Coenen et al., 2017), Asdex
Upgrade (Krieger et al., 2017) (Krieger et al., 2018), COMPASS (Dejarnac
et al., 2017; Dejarnac et al., 2018; Dejarnac et al., 2019), K-STAR (Hong
et al., 2017), DIII-D (Nygren et al., 2015) and PSI (Morgan et al., 2017).

6.2 Leading edges experiments in COMPASS
A set of experiments was performed in COMPASS in the period 2014–2017, where
special IW graphite limiter tiles equipped with different gaps and LEs were ob-
served using IR cameras. The experimentally observed surface temperature dis-
tribution around LEs was compared to numerical thermal simulations assuming
different heat flux distributions—based either on the OA or on 2D PIC simula-
tions.

The experimental measurement using IR thermography and the experimental
data analysis was done as part of this PhD thesis. The thermal simulations
and the synthetic IR profiles presented in this chapter were calculated by Y.
Corre (CEA Cadarache, France), J.L. Gardarein and J. Gaspar (Aix-Marseille
University, France). The PIC simulations were calculated using the 2D-3V code
SPICE (Dejarnac et al., 2007) by R. Dejarnac and M. Komm (IPP Prague,
Czechia).
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6.2.1 Experimental configuration

The experimental configuration of these experiments was similar to that of the
near-SOL study presented in Section 5.2.1. Elongated IW limited deuterium dis-
charges were used for purposes of this study (Ip = 110–130 kA, ne = 3.5 × 1019 m−3,
κ = 1.1, Btor = 0.9–1.25 T)—see Figure 6.3a.
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Figure 6.3: (a) Time evolution of the plasma current and line averaged electron
density for a representative discharge #11620. (b) The EFIT reconstruction of
the magnetic equilibrium for the discharge #11620. Plasma contact point was
placed at Z = −24 mm to study the heat flux distribution profile across gaps 2
and 3 of the IWL in this discharge.

A special graphite IW limiter was directly observed using IRCAMCEA or
FIRCAM IR cameras through the eastern OMP radial port (the green FoV in
Figure 3.1). The limiter was 133 mm wide, representing a toroidal extent of
22.5°, and consisted of 3 poloidally separated tiles. The IWL had a simple roof-
top shaped design with 2.5° chamfers. Four 1 mm wide poloidal gaps (PGs) with
different heights of LEs h = 0, 0.3, 0.6, 0.9 mm were created in the central limiter
tile (regions #1–#4 in Figure 6.4). One 1 mm wide toroidally running gap with
h = 0 mm was placed in region #1. In addition, a magnetically shadowed region
was created by closed pocket machined in front of gap 3 where the surface heat
loading from local radiation could be measured (see the inset in Figure 6.4).
Positioning of the plasma contact point to different vertical positions enabled
study of heat flux distribution profiles for different gap geometries—see Figure
6.3b. The central area of the central limiter tile around Z = 0 mm was left
unperturbed by gaps for evaluation of the radial profile of the parallel heat flux.
The limiter apex protruded 8 mm above the neighbouring IW limiter tiles to avoid
magnetic shadowing.
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Figure 6.4: CAD model of the special IWL with the roof-top shaped toroidal
profile with 2.5° facets and four 1 mm wide PGs with h = 0, 0.3, 0.6, 0.9 mm.
The magnetically shadowed mini-SOL region created in front of gap 3 is shown
in the inset (Dejarnac et al., 2018).

6.2.2 Data processing procedure
As there was not available direct experimental measurement of the temperature
and heat flux distribution profile at the side of LEs, complete 2D finite element
thermal modelling of the IWLs was performed using the CASTEM code (Mil-
lard, 1996). Different heat flux distribution around LEs was assumed in the
modelling—based either on the OA or PIC simulations. Synthetic IR top surface
temperature profiles were then reconstructed based on spatial resolution charac-
teristics of the real IR camera following the procedure described in Section 3.1.4
and in Corre et al., (2017a). Finally, the different synthetic temperature profiles
were compared to the experimental measurements.

Precise characterisation of the local parallel plasma heat flux around LEs was
needed in order to produce thermal modelling. A single exponential radial decay
of the parallel heat flux (5.1) was assumed as all the LEs were placed close to the
LCFS and therefore in the near-SOL region (see Section 5.2.3).

The first set of thermal calculations was done based on the OA, where the
normal heat flux Qn(∆rLCFS) to the limiter top surface in the distance ∆rLCFS
from the LCFS can be expressed as

Qn(∆rLCFS) = q∥(∆rLCFS) sin β + qrad
⊥ =

(
q⊥0 − qrad

⊥

)
e

− ∆rLCFS
λq + qrad

⊥ , (6.1)

where q⊥,0 is the total perpendicular heat flux to the limiter surface at the LCFS,
qrad

⊥ is the limiter heat loading due to plasma radiation and β is the magnetic
field lines incidence angle to the limiter surface. Similarly, the OA of the heat

68



flux impacting the side of a LE can be expressed as

Qs(∆rLCFS) = q⊥0 − qrad
⊥

tan β e
− ∆rLCFS

λq . (6.2)

The exponential heat flux decay length λq was evaluated experimentally from
a flat-top phase of a reference discharge with the plasma contact point placed
in the central unperturbed area of the central limiter tile. The surface heat flux
q⊥0 was determined in unperturbed part of the IWLs downstream far from gaps,
close to the apex, to match the measured local temperature. qrad

⊥ was found iter-
atively by matching the thermal modelling with the experimental measurement
in unperturbed areas of the limiter.

Time evolution of heat flux distribution across the limiter tile is quite complex
in reality. λq is changing during plasma current ramp-up and during plasma initial
shaping. The heat flux at a given vertical position at the limiter tile is changing
in time depending on plasma contact point movement as all the discharges were
started with the contact point at Z = 0 m and the contact point was then moved
to the appropriate position of the studied LE during the plasma ramp-up. In
contrast, a simple rectangular heat pulse time evolution and constant λq was
assumed in the thermal modelling for simplicity.

The second set of thermal calculations was done based on heat flux profiles
calculated using the PIC simulations. These profiles were normalised to match
experimental Qn far from LEs.

6.2.3 IR data analysis
Limiter tilt estimation

Any imprecision in knowledge of limiter alignment with the toroidal direction
would result in a high error in the estimation of the parallel heat flux based on
IR thermography because of the low inclination of the limiter chamfers. Precise
estimation of the limiter installation tilt around the vertical axis was therefore
performed using the specially shaped lower limiter tile, which had its surface
rounded with a curvature radius smaller than that of the central column. The
toroidal position of the heat flux minimum on the plasma contact point was
used for the tilt estimation as this position should correspond to the place with
tangential impact of magnetic field lines. The limiter was designed in such way
that 12 mm toroidal displacement of the heat flux minimum corresponds to a tilt
of 1° around the vertical axis.

An analysis of several circular discharges with different orientation of plasma
current and toroidal magnetic field confirmed the tilt of the limiter to be 1 ± 0.2°
for the experimental campaigns CC13.08 and CC14.04 (see Figure 6.5a). The
limiter chamfers were therefore inclined by 1.5° (regions #1 and #2) and 3.5°
(regions #3 and #4) with respect to the toroidal direction.

The limiter tilt was partially corrected using 0.5 mm washers placed under
the right hand side of the limiter for the later experimental campaign CC17.13.
Such tilting corresponds to a tilt correction by 0.7°. The resulting limiter tilt
∼ 0.3 ± 0.2° was confirmed experimentally (see Figure 6.5b).

It should be noted, that this method relies on precision of estimation of the ver-
tical position of the plasma contact point and assumes perfect vertical alignment
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Figure 6.5: (a) Toroidal perpendicular heat flux profiles across the rounded limiter
at the plasma contact point for two discharges with standard and reversed plasma
current. The average toroidal location of the heat flux minimum ∼−12 mm corres-
ponds to the limiter tilt ∼1° around the vertical axis. (b) Toroidal perpendicular
heat flux profile after the tilt correction by 0.7°. The average toroidal location of
the heat flux minimum ∼−4 mm corresponds to the limiter tilt ∼0.3° around the
vertical axis.

of the limiter (no tilt around the horizontal axis). The uncertainty in estimation
of the toroidal position of the heat flux minimum resulted in the uncertainty in
the estimated limiter tilt of approximately ±0.2°.

Evaluation of the parallel heat flux profile

The radial profile of the parallel heat flux was evaluated for the reference dis-
charge #11611, where the plasma contact point was kept at Z = 0 m in the
unperturbed area of the central limiter tile. The perpendicular heat flux towards
the limiter surface was calculated using the THEODOR code. Thermal proper-
ties of used graphite were measured experimentally for this purposes (Dejarnac
et al., 2018). The magnetic field lines incidence angles to positions of IFoVs
of individual IR pixels were calculated based on the magnetic equilibrium recon-
struction provided by the EFIT code. The parallel heat flux was then calculated
using Equations (5.2) and (5.1). The offset in the perpendicular heat flux coming
from radiation was evaluated using the magnetically shadowed pocket in region
#3, where qrad

⊥ ≈ 0.2 MW m−2 was found—see Figure 6.6a.
The heat flux decay length λq ≈ 7 mm was found for the right hand side of

the special IWL—see Figure 6.6b. Much larger value was found for the left hand
side of the limiter when the same qrad

⊥ was assumed. This might indicate that the
used value of qrad

⊥ was too small. Approx. doubled value of qrad
⊥ (at the left hand

side of the IWL) would be needed in order to get similar values of λq on both
sides of the limiter. Extent of the analysed heat flux profile at the left hand side
of the IWL is much shorter than the λq value which may result in large error in
evaluation of λq. Impact of the uncertainty in the λq estimation is very limited
for both gaps at the left hand side of the IWL as they are radially close to the
LCFS. Therefore λq = 7 mm was used in the thermal modelling for all the gaps.
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Figure 6.6: (a) The time evolution of the limiter surface heat flux close to the apex
for the left (green) and the right (blue) hand side of the limiter. The radiative
heat flux measured in the shadowed area in front of gap #3 is shown in red.
(b) HFS radial profile of the parallel heat flux for shot #11611. The green data
points (crosses) and the magenta fit (solid line) were extracted from the left hand
side of the IWL, the blue data points (circles) and the red fit (dashed line) were
extracted from the right hand side of the IWL.

6.2.4 Experimental results

Poloidal gaps

Figure 6.7a shows an example of the IR image of the special IWL central tile
for the reference discharge #11611. Comparison of toroidal surface temperature
profiles for two discharges with different vertical positions of the plasma contact
point is shown in Figure 6.7b.

Excellent agreement between the full toroidal experimental surface temperat-
ure profile across the IWL gaps 2 and 3 (the discharge #11620) with the synthetic
IR profile extracted from the thermal simulation based on the OA is shown in
Figure 6.8. Values of the surface heat flux close to the limiter apex and in the
shadowed area found in the thermal modelling are in fairly good agreement with
the values calculated from the IR experimental data (see Figure 6.6a).

The IRCAMCEA camera with the 100 mm lens was used to reach better
spatial resolution (∼0.3 mm/px) in order to study the Larmor smoothing effect
around gap 3 (h = 0.6 mm, lgap = 1 mm). The PIC code SPICE was used
for calculation of expected heat flux deposition profiles assuming different ra-
tio of the electron and the ion heat flux fraction. Input plasma parameters for
the simulation were chosen based on HFS Langmuir probe measurements dur-
ing the former near-SOL experiments (see the section 5.2 and Dejarnac et al.,
(2015a)): ne = 5 × 1018 m−3, Ti = Te = 35 eV, Btor = 0.9 T, yielding the ion
Larmor radius ρi ∼ 0.8 mm. A detailed description of the PIC simulation setup
can be found in Dejarnac et al., (2018) including schematics of the simulation
geometry and example of the electron and the ion heat flux deposition profiles
around a LE (Figure 8).
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Figure 6.7: (a) An example of the IR image of the special IWL for the dis-
charge #11611 (Z = 0 mm). The red dashed line corresponds to the location
of extraction of the poloidal surface temperature profiles across the toroidal gap
shown in Figure 6.10. (b) Torodial temperature profiles across the limiter for 2
identical discharges with a different vertical position of the plasma contact point
(corresponding to the white dashed lines in the left figure).

Figure 6.8: Surface temperature profiles across the IWL regions 2 and 3 (Z =
−35 mm) in the toroidal direction. The experimental profile is shown in black and
the synthetic IR profile from the thermal simulation based on the OA is shown
in red (Dejarnac et al., 2018).
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Figure 6.9: Surface temperature profiles across the region #3 (Z = −35 mm) in
the toroidal direction. The experimental data are shown in black, the synthetic
IR profile from the thermal simulation based on the OA is shown in blue. The
synthetic IR profile based on the PIC simulation is shown in red for the floating
conditions and in green for the non-ambipolar conditions.

Figure 6.9 shows a comparison of the experimental IR temperature profile
around gap #3 with the thermal calculation assuming the OA and the thermal
calculation based on the PIC simulation. The Larmor smoothing effect is clearly
visible in the synthetic IR profile based on the PIC simulation assuming the
floating (ambipolar) conditions—see the red line. The LE potential is assumed
to be equal to the local floating potential Vfl ∼ −3Te in this case, i.e. the ratio
of the ion heat flux fraction to the total heat flux being f = 5/7.

In contrast, the limiter tile is grounded in reality with a zero potential. The
local floating potential at the LE position is expected in the order of ∼ −1.5Te
based on Langmuir probe measurements. Indeed, the PIC heat flux profile assum-
ing the non-ambipolar, electron dominated regime (f = 1.2/7), is in much better
agreement with the experimental profile showing much weaker Larmor smoothing
effect—see the green and black lines in Figure 6.9. The OA-based thermal calcu-
lation results in a very similar profile describing well the experimental data—see
the blue line (Dejarnac et al., 2018).

Toroidal gaps

A qualitatively different situation is valid for the heat flux distribution around a
toroidal gap (TG). The plasma heat flux qtot striking sides of a TG is composed
of three main parts

qtot = q∥ + qlarmor + qE×B, (6.3)

as described in Dejarnac et al., (2018). First, one of sides of a TG is prefer-
entially exposed to the parallel heat flux q∥ because of the magnetic field pitch
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angle arctan (Bpol/Btor), where Bpol and Btor are the poloidal and the toroidal
components of the total magnetic field, respectively. Which side of a TG is ex-
posed to the parallel heat flux therefore depends on the orientation of the toroidal
and the poloidal magnetic field (plasma current).

Second, the same or the opposite (magnetically shadowed) side is exposed to
the heat flux qLarmor caused by the ion gyration movement. Wetted side is given
by orientation of the toroidal magnetic field which determines the ion gyration
motion orientation.

The third component qE×B results from the E × B ion drift because of the
electric field created in the vicinity of a limiter surface. This electric field always
points towards the limiter surface and the orientation of the E × B drift is
therefore given just by the orientation of the toroidal magnetic field. Both the
ion Larmor flux and the E ×B flux are always in the same direction.

Plasma heat flux distribution around a TG was studied for the first time in
a tokamak using the TG in the special IWL described in the previous sections.
Plasma discharges with all four combinations of the toroidal magnetic field and
the plasma current orientations were performed and the surface temperature pro-
files in the poloidal direction around the TG were analysed. The experimentally
observed heating of sides of the TG is qualitatively consistent with the predicted
orientation of the parallel and the Larmor/E×B heat flux components and with
predictions of PIC simulations, confirming presence of the plasma heat flux to a
shadowed side of a TG for the appropriate orientation of the toroidal magnetic
field and the plasma current (Dejarnac et al., 2018) (Gunn et al., 2017b).

The experimental results are summarised in Figure 6.10:

• Both, the parallel heat flux and the Larmor/E ×B heat flux are deposited
to the top side of the TG for the negative Btor and Ip (blue line, #11610).

• Both, the parallel heat flux and the Larmor/E ×B heat flux are deposited
to the bottom side for the positive Btor and the negative Ip (green line,
#11600).

• The top side is exposed to the parallel heat flux and the bottom side is
exposed to the Larmor/E × B heat flux for the positive Btor and Ip (red
line, #11594).

• The top side is exposed to the Larmor/E×B heat flux and the bottom side
is exposed to the parallel heat flux for the negative Btor and the positive Ip
(cyan line, #11615).

More comprehensive analysis of the heat loading of TGs including description
of a follow-up experiment performed on COMPASS using a biased TG is described
in Dejarnac et al., (2019).

6.3 Implications for ITER
The reduction of heat loading of LEs of PGs due to the ion Larmor smoothing
effect, predicted by PIC simulations assuming ambipolar conditions, was not
observed in the experimental observations in COMPASS. In contrast, the OA
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Figure 6.10: Poloidal profiles of the surface temperature rise around the TG of
the special IWL for all combinations of the toroidal magnetic field and the plasma
current orientations in t = 1150 ms. The profiles were measured approx. 17 mm
toroidally far from the limiter apex—see the red dashed line in Figure 6.7a. The
extent highlighted in yellow corresponds to the TG position.

was confirmed to be a valid approach under non-ambipolar conditions predicting
similar results as PIC simulations for the electron dominated heat flux (Dejarnac
et al., 2017; Dejarnac et al., 2018).

On the basis of presented results and results obtained under the multitokamak
ITPA Div/SOL task focused on the heat loading of LEs, it was concluded that
poloidal gap edge protection should be provided on the ITER divertor monoblocks
in the high heat flux areas of the vertical targets in order to prevent melting of
poloidal LEs (Pitts et al., 2017).

The theoretically predicted heat loading of sides of TGs was experimentally
observed for the first time thanks to the COMPASS experiments (Dejarnac et
al., 2019). This finding further increases concerns related to TG edge melting
during ELMs in ITER as the simple toroidal bevel proposed for the protection of
PGs offers no protection with respect to TGs (Gunn et al., 2017a; Gunn et al.,
2017b).
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7. First wall heat loading due to
runaway electrons

7.1 Motivation
A toroidal electric field (or the loop voltage, typically in the order of ∼1 V during
the plasma flat-top) is produced in tokamaks using the central solenoid in order
to drive electric current in plasma, which is required for plasma stability and
heating. Acceleration of electrons caused by the electric field E is balanced by
the drag force Fe,e (IAEA, 2012, p. 352), which increases with the electron density
ne of background plasma, but decreases with the electron velocity ve:

Fe,e = eE = e4ne ln Λ
4πε2

0mev2
e
, (7.1)

where ln Λ is the Coulomb logarithm, me is the electron mass and ε0 = 1
µ0c2 ≈

8.854 × 10−12 F m−1 is the vacuum permittivity.
There is a threshold electric field ED for a given electron density, at which

the drag force cannot balance the electron acceleration anymore and electrons are
accelerated up to relativistic velocities by stronger electric fields, i.e. they run
away. This limit value of the electric field is called the Dreicer field

ED = e3ne ln Λ
4πε2

0Te
. (7.2)

RE can be produced either by the high electric field overcoming the drag
force (primary generation), by collisional transfer of energy from existing RE
(secondary or avalanche generation) or by energy transfer from another energetic
particles (e.g. γ). REs are often generated during the plasma disruption, where
an enhanced toroidal electric field is induced during the plasma current quench.
REs can form electron beam carrying substantial part of the pre-disruptive plasma
current, as was observed in many tokamaks (Plyusnin et al., 2006; Mart́ın-Soĺıs
et al., 2006; Smith et al., 2008; Chen et al., 2013; Zeng et al., 2013).

The interaction of the beam with FW components produces intensive HXR
radiation introducing risk of degradation of tokamak systems (mainly semicon-
ductor electronics) and enhanced demands on personal safety and protection.
REs can deposit large energy to a small area and cause localised melting or an-
other serious damage to the FW. Models of ITER disruption evolution predict
generation of RE beams with energy of several tens of MeV carrying up to 70 %
of the pre-disruptive plasma current (Hender et al., 2007). The detailed under-
standing of the RE physics is thus one of the key issues for future fusion devices
like ITER and DEMO.

7.2 RE experiments in COMPASS
An extensive experimental study of runaway electrons was performed in the COM-
PASS tokamak during the last couple of years (Mlynar et al., 2015; Vlainic et al.,
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2015a) (Ficker et al., 2017a; Mlynar et al., 2019). The fast IR system was
used to study heat loading of protection limiters either at the inner or at the
outer wall caused by RE beam. Extreme localised heat loading of both the inner
and outer protection limiters was observed with the hot spot size in the range of
couple mm.

The slow IR camera IRCAM1 was used for tangential observation of the
plasma column for monitoring synchrotron radiation emitted by the RE beam
(Vlainic et al., 2015b).

7.2.1 RE beam position control
The ability of controlling the RE beam position together with the position of
bulk plasma was demonstrated by application of vertical position ramp in the
OW limited circular discharge #12109 (Ip = 130 kA, ne ≤1 × 1019 m−3). The
position of the hot spot at the OW protection limiter was monitored using the
FIRCAM camera (the brown FoV in Figure 3.1). The time evolution of the
vertical position of the heat flux maximum agrees well with the requested plasma
position as is shown in Figure 7.1.
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Figure 7.1: Time evolution of the vertical position of the maximum of the outer
wall limiter (OWL) heat flux compared to the requested vertical position of
plasma (discharge #12109).

The high electrical conductivity of a RE dominated plasma discharge requires
just a very low loop voltage for driving plasma current (slow current swing in
the central solenoid) and thus allows maintaining longer discharge. Discharges
lasting more than 1 s can be achieved in this way in COMPASS (∼ 0.8 s in the
case of the discharge #12109).

The observed hot spot caused by REs has typically size around ∼1 cm and
is located at the plasma contact point vertical position. An example of damage
of the IW RR limiter (see Section 5.2.1 for the limiter description) is shown in
Figure 7.2. The limiter was radially misaligned by several millimetres compared
to the rest of the central column. Several dozens of discharges were limited at the
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limiter at 2 different vertical positions (Z = 0 mm and Z = −10 mm) resulting
in two separate areas of limiter erosion.

Figure 7.2: Damage of the RR limiter apex caused by repetitive RE beam impact.
Two damaged areas can be distinguished corresponding to two different operation
scenarios with vertical plasma positions different by 10 mm. Most of discharges
had contact point at the position of the top area (around Z = 0 mm in the
tokamak)—graphite was strongly sputtered from this area and cracking is visible
at the limiter surface.

7.2.2 Fast RE heat flux oscillations

Small oscillations in the radial plasma position of the order of few millimetres
with frequency approx. 400 Hz are present in COMPASS discharges due to the
architecture of the real-time position control and tokamak energetics. The HFS
limited circular discharge (#12084: Ip = 90 kA, ne =1–3 × 1019 m−3) with slowly
decreasing density and growing RE population was used to study connection of
oscillations of the OMP protection limiter heat loading with the natural radial
oscillations of the plasma column.

Coupling between the heat load to the protection limiter and HXR radiation
generation due to the interaction of runaway electrons with the FW components
was observed on both short and long time scales—see Figure 7.3a. Fast modula-
tion (∼400 Hz) on both signals is synchronised with the outer plasma clearance
(distance of the LCFS to the OMP limiter) as shown in Figure 7.3b. The fast IR
camera was operated at 20 kHz in this discharge.

Decrease in the HXR signal was observed during presence of magnetic islands.
It seems that magnetic islands can behave as a barrier for REs and can consid-
erably influence their confinement at the plasma edge (Ficker et al., 2017a).
Indeed, high correlation of the IW limiter heat loading with both the rotation of
magnetic islands and with the HXR signal is visible in coherence diagrams 7.4a
and 7.4b, respectively, for the discharge #14511. The FIRCAM IR camera was
operated at 57 kHz in this discharge.
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Figure 7.3: (a) Time evolution of the heat flux to the OW protection limiter, the
HXR signal from the NaI(Tl) detector and the line-averaged electron density for
the COMPASS discharge #12084. The highlighted area is shown in detail in (b).
(b) Fast modulation of the heat flux to the OW limiter, the HXR signal and the
outer plasma clearance (the distance between the LCFS and the OMP limiter
calculated by the EFIT code).
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Figure 7.4: The coherence diagram of the inner limiter heat loading and (a) signal
from the HFS IPR coil #9 and (b) HXR signal measured by the NaI(Tl) detector
(discharge #14511).
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7.2.3 Synchrotron radiation
Fast REs moving in magnetic field of a tokamak emit synchrotron radiation in
the forward direction of their movement (Finken et al., 1990; Jaspers et al., 2001;
Stahl et al., 2013; Yu et al., 2013; Zhou et al., 2014). The radiation is emitted
into a cone with the opening angle α dependent on the perpendicular momentum
and the electron energy:

α = 2θ + 1
Γ ≈ 2θ. (7.3)

θ = arctan
(
v⊥/v∥

)
≈ v⊥/v∥, (v⊥/v∥ ≪ 1) is called pitch angle and Γ is the

Lorentz factor related to the relativistic energy ϵ of an electron as

Γ = 1√
1 − v2

c2

= 1 + ϵ

me,0c2 , (7.4)

where me,0c
2 = 0.511 MeV is the rest energy of an electron (Yu et al., 2013).

The radiance Lsynch
λ of the RE synchrotron radiation has its maximum in

the IR range or in the visible range for typical tokamak REs energies and mag-
netic field strength. IR cameras with a tangential FoV can be therefore used for
the direct observation of the RE beam in contrast to HXR detectors, which are
monitoring interaction of lost REs with the FW. Schematics of the experimental
configuration for the observation of the synchrotron radiation is shown in Figure
7.5.

Figure 7.5: Top-view schematic of a RE beam observed using an IR camera.
Synchrotron radiation is emitted into the cone with the opening angle α—only
the radiation from the bold arc is registered by the camera. The image taken
from (Yu et al., 2013).

An elliptical radiation structure is typically observed in such setup thanks
to the combination of the toroidal curvature of the electron orbit and the finite
opening angle of the emission cone. The difference in the horizontal and vertical
dimension of the structure a and b, respectively, allows to determine the pitch
angle θ as

θ = arccos
(

1 − a− b

R0

)
, (7.5)

where R0 is the radius of the electron orbit (Yu et al., 2013).
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The total synchrotron radiation power emitted by a single runaway electron
moving in the magnetic field B can by expressed as

Ptot ≈ e4

6πε0m2
e,0c

B2Γ2θ2, (7.6)

(Stahl, 2015). The total radiation power Psynch emitted by the RE beam in the
IR camera sensitivity wavelength band can be estimated from the black body
in-band radiance LBB corresponding to the camera signal:

Psynch = 2π
α
AΩLBB = 4π2(1 − cos(θ))

θ
ALBB, (7.7)

where Ω is the solid angle corresponding to the emission cone and A is the RE
beam cross-section. The term 2π/α accounts for the fact that just a partial
toroidal extent of the RE beam is observed by the IR camera.

An example of the synchrotron radiation pattern observed in COMPASS us-
ing the IRCAM1 camera (wavelength range 7.5–13 µm) in the plasma discharge
#9814 is shown in Figure 7.6 (Vlainic et al., 2015b). The camera was in-
stalled on the eastern co-current tangential OMP port of COMPASS instead
of the neutral beam injector (NBI) 2. The COMPASS inconel vacuum vessel
is highly reflective, so the IR signal is influenced by reflections in this setup.
Thermal radiation of the NBI beam dump placed in the FoV cannot be neg-
lected, therefore an image recorded prior to the rise of the synchrotron radiation
was subtracted from the data in order to get rid of this part of the signal. The
time evolution of the synchrotron pattern was analysed in order to extract the
pitch angle. The time evolution of the total in-band synchrotron radiation power
and of the pitch angle in shown in Figure 7.7. The pitch angle reaches maximum
value θ ≈ 0.3 rad which is a value comparable to observations on other tokamaks.
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Figure 7.6: Time evolution of the synchrotron radiation pattern measured using
the tangential view of IRCAM1 IR camera in the discharge #9814.

The total power of RE synchrotron radiation is dependent on magnetic field
(see Equation (7.6)). A set of discharges was performed to study this dependence.
The increasing dependency of the synchrotron radiation power on magnetic field
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amplitude was confirmed in the experiment—see Figure 7.8. The pitch angle
θ = 0.15 was assumed here. The calculated absolute value of the synchrotron
radiation power can be influenced by reflected radiation in this case (which is
added to the directly measured signal), so values shown in Figure 7.8 represent
upper guess of the real values.

0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

P
sy

n
ch

[W
]

0.00
0.05
0.10
0.15
0.20
0.25
0.30
0.35
0.40
0.45

θ
[r

a
d
]

1200 1220 1240 1260 1280 1300

t [ms]

0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0

H
X

R
 [
a.

u
.]

Figure 7.7: Time evolution of the synchrotron radiation power emitted in the
LWIR range (top) and the pitch angle (middle) measured using the tangential
view of the IRCAM1 IR camera in the discharge #9814. HXR signal is shown in
the bottom graph.
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8. Divertor heat flux
The divertor plasma configuration is a baseline configuration for majority of recent
tokamaks as well as for next step fusion devices. Precise characterisation of the
divertor heat flux distribution is essential for construction of next step fusion
devices as most of energy exhausted from confined plasma and carried by particles
will be deposited in the divertor region, possibly in a very localised area around
plasma strike lines. Melting or recrystallisation of the divertor target surface
or of leading edges of individual divertor tiles are major issues for large fusion
machines.

Most of plasma transport across the separatrix takes place around the OMP
region, where the exponential radial heat flux decay is established by competition
of plasma transport parallel and perpendicular to magnetic field lines.

Assuming conservation of the exponential radial heat flux decay in the SOL
(with the maximal heat flux qomp

∥,0 and the characteristic decay length λomp
q at the

OMP), one can describe the heat flux at the divertor entrance as

q∥(∆rdiv) = qdiv
∥,0 exp

(
−∆rdiv

λdiv
q

)
. (8.1)

∆rdiv is the local distance from the separatrix in the direction perpendicular to
poloidal magnetic flux surfaces. The poloidal magnetic flux expansion fpol (see
Equation (1.24)) has to be taken into account in order to relate ∆r or the heat
flux decay length λq at a given poloidal position to the value at the OMP as

λq = fpolλ
omp
q . (8.2)

The effective poloidal magnetic flux expansion fx (see Equation (1.25)) is used
in order to relate ∆romp or λomp

q to the corresponding distance at the divertor
surface (accounting for the poloidal inclination of the divertor target)

λdiv
q = fxλ

omp
q . (8.3)

The total magnetic flux expansion ftot (see Equation (1.26)) relates qomp
∥ to

the local parallel heat flux as

qdiv
∥ = ftotq

omp
∥ . (8.4)

Plasma going from X-point towards the target diffuses radially into the PFR.
The resulting parallel heat flux profile flowing towards the divertor target can
be therefore approximated by a convolution of the exponential profile (8.1) with
a Gaussian function with the standard deviation S. The parallel heat flux is
geometrically projected onto the divertor surface (Equation (4.1)) and combined
with additional perpendicular heat flux qBG (typically originating from plasma
radiation). For the constant magnetic field line incidence angle β, the effective
poloidal magnetic flux expansion fx and the total magnetic flux expansion ftot
across a simple flat divertor target surface, this can be expressed using the error
function as

qdiv
⊥ (s̄) = q⊥,0

2 exp
⎡⎣( Sdiv

2λdiv
q

)2

− s̄

λdiv
q

⎤⎦ erfc
(
Sdiv

2λdiv
q

− s̄

Sdiv

)
+ qBG. (8.5)
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s̄ = s−s0 (s ≥ 0), s is the spatial coordinate going poloidally along the surface of
the divertor target, s0 is the strike line position (Eich et al., 2011; Sieglin et al.,
2017).

The integral power decay length λint and the plasma wetted area Awet are
often used to describe divertor heat loading:

λdiv
int =

∫ (
qdiv

⊥ (s) − qBG
)

ds
qdiv

⊥,max − qBG
, (8.6)

Awet = ftor2πRdivλdiv
int . (8.7)

qdiv
⊥,max is the peak heat flux on the divertor target, Rdiv is the major radius of

the divertor target and ftor is the toroidal wetted fraction of the divertor target
(accounting for gaps and shadowing) (Eich et al., 2011).

The integral heat flux decay length λint is related to λq and S as

λint ≈ λq + 1.64S, (8.8)

as shown by Makowski et al., (2012). This relation can be used as an indicator
of quality of experimental data and their fit as λint can be evaluated also directly
from the experimental data using Equation (8.6).

The combination of previous equations can be used to estimate the steady
state peak heat flux on the divertor target (neglecting the background heat flux)

qdiv
⊥,max = Pdiv

Awet
= Pdiv

2πRdivfxftor(λomp
q + 1.64Somp) , (8.9)

where Pdiv is the power deposited to the divertor target.

8.1 Data processing procedure
An example of the radial temperature profile across the divertor measured using
the new fast divertor IR system on COMPASS is shown for the L-mode discharge
#17697 in Figure 8.1 (Bt = 1.38 T; Ip = 300 kA, ne = 2.5 × 1019 m−3—see
Figure 8.3). Heating of the special divertor tile placed in the FoV of the divertor
IR system to 100 ◦C was used to obtain higher signal and to reduce the effect of
micro hot spots.

Time evolution of the perpendicular (surface) heat flux profile was calcu-
lated using the THEODOR code. Surface effects (deposited layers, surface micro
roughness and dust particles) causing temperature overestimation were taken
into account using the heat transmission coefficient α in the heat flux calcula-
tion. The procedure of finding proper values of the heat transmission coefficient
for individual pixels is described in Section 4.2. α ≈ 100 kW m−2 K−1 is needed
in order to mitigate negative heat flux after the discharge (t = 1365 ms) for the
outer divertor target (ODT). Much lower values (stronger correction and decrease
of the calculated heat flux) are needed around the inner divertor strike line as
is shown in blue in Figure 8.1. The heat flux derived for the constant value
α = 100 kW m−2 K−1 is shown in red for comparison.

The lower α values needed for the inner divertor target (IDT) are probably
consequence of stronger surface layer deposition in the inboard side of the divertor
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Figure 8.1: Top: A radial profile of divertor temperature in the L-mode discharge
#17697 measured during the plasma flat-top phase (dots) and after the discharge
(solid line). Middle: Surface heat flux to the divertor tile calculated using con-
stant α = 100 kW m−2 K−1 (red) and variable α evaluated after the discharge in
order to get zero heat flux in t = 1365 ms (blue). Dotted profiles are calculated
for the plasma flat-top phase and solid lines correspond to the heat flux after the
discharge. Bottom: The heat transmission coefficient.

which is quite commonly observed in tokamaks. This assumption is consistent
with the much lower bulk divertor temperature measured in the region of the inner
strike line just after the end of the discharge compared to the outer strike line
region (see the solid blue line in the top graph of Figure 8.1). Another validation
is provided by the comparison of the derived heat flux profile with the divertor
probes showing similar in/out asymmetry—see the cyan profile in Figure 8.5.

Lateral diffusion of heat inside the divertor tile (outward from the strike line)
during a plasma discharge might also affect α evaluation after a plasma discharge.
However this effect should not be strong as the heat diffuses in the graphite
tile typically only by 3–5 mm during the ∼ 0.4 s long discharge in COMPASS.
Furthermore, this effect should be similar for the outer strike line where the low
α values are not needed.

Divertor heat flux profiles measured by IR cameras can be directly charac-
terised by equations (8.3), (8.4) and (8.5) at many tokamaks with large major
radius, short decay lengths and simple flat divertor shape, where β, ftot and fx

are approximately constant within the heat flux profile. The situation is differ-
ent in COMPASS with the open horizontal rounded divertor, where β typically
varies from ∼ 0.5–1.5° at the strike line position to couple degrees further away.

87



Similarly the poloidal magnetic flux expansion changes from fx(rsep) = 10–30 to
fx(rsep + 5 mm) = 5–10 (r at the OMP) and the total magnetic flux expansion
from ∼ 1.5 to ∼ 1.3 at the ODT and from ∼ 1.5 to ∼ 1.8 at the IDT. Overview
of these parameters for four different discharges is summarised in Figure 8.2.

Experimental IR profiles are therefore recalculated to the parallel heat flux
and mapped to the OMP before fitting in this work using the following procedure:

• The divertor perpendicular (surface) heat flux is fitted in divertor coordin-
ates using Equation (8.5), the background heat flux qBG is found from the
fit (alternatively from some magnetically shadowed part of the divertor tile
or extracted from the PFR).

• The outer divertor strike line position calculated by the EFIT code (the
yellow highlighted area in Figure 8.1) is typically in good agreement with
the IR measurement. The inner strike line position calculated by EFIT is
however systematically shifted inwards compared to the IR profile. The shift
is typically in the range of 1–2 cm. Derived IDT heat flux profiles would be
therefore very narrow after the mapping to the OMP because of the large
effective poloidal magnetic flux expansion in the PFR of COMPASS, where
strike lines are close to the X-point and magnetic flux surfaces are near
tangential to the divertor surface. An artificial shift of measured heat flux
profiles across the divertor surface is therefore performed before mapping
to the OMP to match EFIT inner strike line position with the strike line
position obtained as the s0 parameter of the perpendicular heat flux fit
(8.5).

• The perpendicular heat flux is translated to the parallel plasma heat flux
using the geometrical law (5.2) and mapped to the OMP using the total
magnetic flux expansion coefficient (8.4) (done separately for each pixel).

qomp
∥ (s) = 1

ftot(s)
qdiv

⊥ (s) − qBG

sin (β(s)) (8.10)

• Spatial coordinates of the profile are mapped using the effective poloidal
magnetic flux expansion (8.3) (done separately for each pixel).

• The parallel heat flux profile is then fitted using the equation

qomp
∥ (r − rsep) =

qomp
∥,0

2 exp
⎡⎣( Somp

2λomp
q

)2

− r − rsep

λomp
q

⎤⎦ erfc
(
Somp

2λomp
q

− r − rsep

Somp

)
.

(8.11)
The described procedure can be used even for various complicated divertor

shapes and provides possibility of direct profile comparison with other diagnostics
measuring directly the parallel heat flux (e.g. probes).
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Figure 8.2: Magnetic field lines incidence angles β to the divertor target surface,
the total magnetic flux expansion ftot, the poloidal magnetic flux expansion fpol
and the effective divertor poloidal magnetic flux expansion fx as function of the
distance to the separatrix at the OMP for four different discharges. (a) The IDT
region (b) the ODT region.
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8.2 L-mode
A steady state radial profile of the parallel heat flux is established in L-mode
plasmas. In divertor, the profile can be described by Equation (8.5) and by
Equation (8.11) when mapped to the OMP. Several different scalings of the heat
flux radial decay length λomp

q were derived for L-mode in last years based on IR
data from AUG and JET. Scarabosio et al., (2013) derived scaling based on the
toroidal magnetic field Btor, power entering the SOL PSOL, safety factor q95 and
the major radius R:

λL−mode,Scarabosio
q [mm] = 1.58B−0.40

tor [T]P 0.13
SOL[MW]q0.73

95 R0.26[m]. (8.12)
Similar scaling was published by Eich et al., (2013a):

λL−mode,Eich
q [mm] = 1.37B−0.55

tor [T]P 0.2
SOL[MW]q1.17

cyl R
0.1[m], (8.13)

where the cylindrical safety factor qcyl is used instead of q95. Another scaling was
proposed by Faitsch et al., (2018) based on data from AUG and TCV:

λL−mode,Faitsch
q [mm] = 165B−0.66

pol [T]A−0.15[u]T−0.93
e,edge [eV]R−0.03[m], (8.14)

where Bpol is the poloidal magnetic field (1.20), A is the mass number of main
ions and Te,edge is the edge electron temperature.

8.2.1 Experimental results
A set of discharges was conducted in order to study heat flux profile properties in
the divertor region in L-mode discharges on COMPASS. Heat flux profiles were
measured using the new fast divertor IR system equipped with the endoscope
and the special divertor tile (see the red FoV in Figure 3.1)—see Section 3.1.2.
IR signal was acquired for 320 × 20 px at 8 kHz framerate and the divertor tile
was preheated to 100 ◦C. The ODT heat flux profile was also measured using the
new divertor probe array—see Section 3.2.

Dependence of λomp
q on main plasma parameters was studied by varying Btor,

PSOL, ne and Ip. An overview of the main parameters of the reference discharge
#17692 is shown in Figure 8.3 (Ip = 200 kA, Btor = 1.38 T, ne = 2.5 × 1019 m−3).

Plasma current

An example of divertor parallel heat flux profiles for a set of discharges with
different plasma current is shown in Figure 8.5 (#17691: Ip = 150 kA, #17692:
Ip = 200 kA, #17694: Ip = 250 kA, #17697: Ip = 300 kA). The corresponding
ODT profiles mapped to the OMP are shown in Figure 8.4. Very good agree-
ment of the heat flux derived from IR and probe measurements is observed for
the sheath heat transmission coefficient γ = 11 used for the probe heat flux
calculation.

The plasma current ramp-down in the range Ip = 350–0 kA was performed
in the discharge #17608. Overview of main plasma parameters of this discharge
is shown in Figure 8.3a (Btor = 1.38 T, ne = 2–4 × 1019 m−3). Strong inverse
dependence of the IDT and the ODT heat flux decay lengths was observed—see
Figure 8.9a. The IDT heat flux is strongly reduced for low plasma currents and
the heat flux profile becomes flat as it probably transits to a partially or fully
detached regime.
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Figure 8.3: (a) Overview of parameters of the reference discharge #17692 used for
the L-mode divertor heat flux analysis (blue), the high plasma current discharge
#17692 (green) and the plasma current ramp-down discharge #17608 (red). From
top to bottom: plasma current, line averaged electron density measured by the
interferometer (solid lines) and the Thomson scattering (dots), Dα line signal,
plasma stored energy calculated by the EFIT code. (b) The EFIT reconstruction
of the magnetic equilibrium for the discharge #17692.
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Electron density

The electron density ramp-up in the range ne = 2–4 × 1019 m−3 was performed in
the discharge #17615 by constant gas-puffing during the discharge flat-top phase
(Ip = 200 kA, Btor = 1.38 T). An example of three divertor heat flux profiles
for different line averaged electron densities (ne = 2.2 × 1019 m−3, 2.5 × 1019 m−3

and 3.7 × 1019 m−3) is shown in Figure 8.6. Just a minor increase of the ODT
heat flux decay length was observed. In contrast, strong increase of the heat flux
decay length was observed for the IDT—see Figure 8.9b.

The heat flux at the inner strike line location is strongly reduced with the
increasing density and the heat flux profile is not well described by the Eich’s
function (8.5) anymore as discussed later. Such behaviour is not observed for
large plasma current values in the Ip ramp-down discharge #17608 where the
density reaches similar values around ne = 4 × 1019 m−3 and both the IDT and
the ODT have similar heat flux decay lengths.
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Figure 8.6: L-mode divertor parallel heat flux profiles for different line averaged
electron densities for the discharge #17615.
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Toroidal magnetic field

Change of λomp
q with the toroidal magnetic field was studied in the set of four

discharges (#17589: Btor = 1.04 T, #17585: Btor = 1.15 T, #17586: Btor =
1.27 T and #17588: Btor = 1.38 T; Ip = 180 kA, ne = 4 × 1019 m−3, PNBI =
200 kW). Weak dependence of λomp

q on Btor was observed—see Figure 8.9c.
The level of detachment of the IDT was increasing with the increasing Btor—

see Figure 8.7. This is probably consequence of the increase of the connection
length.
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Figure 8.7: L-mode divertor parallel heat flux profiles for different toroidal mag-
netic field (#17589: Btor = 1.04 T, #17585: Btor = 1.15 T, #17586: Btor = 1.27 T
and #17588: Btor = 1.38 T).

Power entering the SOL

Change of λomp
q with the power entering the SOL was studied in the discharge

#17699, where steps on the NBI heating power were applied (Ip = 200 kA, Btor =
1.38 T, ne = 2–4 × 1019 m−3). Almost no or just weak inverse dependence of λomp

q

on PSOL was observed—see Figure 8.9d.
The IDT was probably partially or fully detached for this shot—see Figure

8.8.
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Figure 8.9: Dependence of λomp
q on (a) the plasma current (b) the line-averaged

electron density, (c) the toroidal magnetic field and (d) the power entering the
SOL.

Quality of data and fits was verified by comparison of integral decay lengths
obtained by integration of the experimental profiles (Equation (8.6)) and those
evaluated from fit parameters (Equation (8.8)). An example of good agreement
for the ODT region is shown in Figure 8.10 for discharges #17616 and #17608
with the density ramp-up and the plasma current ramp-down, respectively.

Agreement is worse for larger λint values in the IDT. There are two reasons
for this behaviour: firstly, the whole profile is not seen by the IR system so
λint is underestimated when calculated by integration of the experimental profile.
Secondly, profiles start to deviate from the standard Eich shape for high density,
low plasma current or high toroidal magnetic field. The IDT probably transits
to the (partially) detached regime under such conditions.

8.2.2 Heat flux decay length scaling
Comparison of the experimental heat flux decay lengths measured during the
plasma current ramp-down in the discharge #17608 with the different scalings is
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Figure 8.10: Comparison of the integral heat flux decay length calculated by in-
tegration of experimental profiles (Equation (8.6)) and from the fitted parameters
λq and S (Equation (8.8)). (a) The discharge #17615 with the density ramp-up
and (b) #17608 with the plasma current ramp-down.
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shown in Figure 8.12. All the scalings show the same trend of the increasing λq

with the decreasing plasma current. Scarabosio’s scaling (8.12) gives too small
λq values compared to the measured data. The Faitsch’s scaling (8.14), on the
contrary, gives much larger values and similarly the HD model (2.26) predicts
by approx. 25 % larger λq than those observed in the experiment. Very good
agreement is achieved for the Eich’s L-mode scaling (8.13).

The ODT heat flux decay lengths measured for all the analysed discharges are
compared to the Eich’s scaling in Figure 8.11. The plasma current scan as well
as the toroidal magnetic field scan are well described by the scaling. However,
the density dependence of λq is not described by the scaling and the dependence
of λq on PSOL seems to be opposite in the scaling and in the performed plasma
discharge.
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Figure 8.12: Comparison of the experimental λq for the discharge #17608 (Ip
ramp-down) with different scalings: (a) Scarobosio (8.12), (b) Eich (8.13), (c)
Faitsch (8.14), (d) the HD model (2.26). The dashed lines corresponds to ±25 %
variation of λfit

q compared to the scaling prediction.
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8.3 H-mode
Transition to the H-mode was observed during plasma operation in ASDEX in
1982 (Wagner et al., 1982) for certain plasma parameters. The H-mode is char-
acteristic by formation of edge transport barrier forming steep gradient on edge
temperature and density profiles and by increased energy confinement time. How-
ever H-mode is often accompanied by periodic ELMs—bursts of particles and
energy from the confined region to the SOL (Zohm, 1996; Loarte et al., 2003;
Leonard, 2014). The H-mode is the base scenario for operation of ITER because
of the enhanced confinement, but further study of H-mode physics is needed in
order to avoid e.g. divertor melting.

Several empirical scalings of the inter-ELM heat flux decay length were derived
based on data from existing tokamaks predicting very short λq in the range of
∼1 mm for ITER. A scaling based on data from JET and AUG was derived by
Eich et al., (2011)

λH−mode,Eich−PRL
q [mm] = 0.73B−0.78

tor [T]q1.2
cylP

0.1
SOL[MW]. (8.15)

Further study including data from Alcator C-Mod, AUG, DIII-D, JET, NSTX
and MAST found scaling based only on the poloidal magnetic field (Eich et al.,
2013b)

λH−mode,Eich−NF
q [mm] = 0.63B−1.19

pol [T]. (8.16)
An important quantity for estimation of the divertor heat loading during an

ELM is the heat impact factor, which can be expressed for a rectangular heat
pulse of duration τdep from Equation (4.4) as

∆T ∝ q
√
τdep = Edep

Adep
√
τdep

= ϵdep√
τdep

, (8.17)

where ∆T is the surface temperature rise during the heat pulse, Edep is the depos-
ited energy and Adep the wetted area. ϵdep is the ELM energy fluence calculated
by integrating the heat flux over the ELM duration (Sieglin et al., 2013; Eich
et al., 2017; Sieglin et al., 2017). The ELM energy fluence parallel to magnetic
field lines in the distance dr from separatrix is therefore

ϵ∥(dr) =
∫

τELM
q∥(dr , t) dt . (8.18)

The following empirical scaling of the peak ELM energy fluence was derived
based on a multitokamak experimental database (Eich et al., 2017)

ϵomp
∥,max[kJ m−2] = 28n0.75

e,ped[1019m−3]T 0.98
e,ped[keV]∆E0.52

ELM[%]Rgeo[m], (8.19)
where ne,ped and Te,ped are the pedestal top electron density and temperature and
∆EELM is the ELM size relative to the total plasma stored energy. A simple
heuristic model for the peak ELM energy fluence was also derived by Eich et al.,
(2011). The model is based on the assumption that the peak ELM energy fluence
is given by the plasma energy in a toroidally uniform volume around the pedestal
top divided by the corresponding divertor area:

ϵomp
∥,max = 3π∆equia

√
1 + κ2

2 ne,ped
Te,ped

e
Bomp

tor

Bomp
pol

, (8.20)

∆equi is a geometrical factor dependent on the magnetic equilibrium. ∆equi ≈ 1.5
for COMPASS (Adamek et al., 2017a).
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8.3.1 Experimental results
Only several divertor heat flux measurements in ELMy H-mode were performed
using the new divertor IR system equipped with the IR endoscope in 2018. NBI
heated H-mode discharge #16908 is analysed in this section (Ip = 230 kA, Btor =
1.15 T, ne = 6 × 1019 m−3, PNBI = 210 kW, see Figure 8.13).
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Figure 8.13: (a)A parameters overview of the discharge #16908 used for the
H-mode divertor heat flux profiles analysis. From top to bottom: plasma cur-
rent, line averaged electron density, injected NBI power and signal from neutron
detectors, Dα line signal, plasma stored energy calculated by the EFIT code.
Analysed profiles are time averaged over the yellow highlighted interval. The red
highlighted interval corresponds to the ELM studied in detail in Figures 8.14 and
8.15. (b) The EFIT reconstruction of the magnetic equilibrium.

An example of the divertor temperature profile together with the heat flux
profile and the evaluated heat transmission coefficient profile is shown in Figure
8.14. The IR signal was acquired for 320 × 4 px with 44 kHz and the divertor tile
was preheated to 70 ◦C.

The spatially averaged heat flux across the whole divertor measured by the
IR system was used for detection of ELM timing. Time when the ELM heat flux
decreases to qIR

⊥,max/e was used as an end of each ELM for the purposes of the
ELM energy fluence and the ELM energy calculation. An example of heat flux
time evolution during an ELM is shown in Figure 8.15.
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Figure 8.14: An examples of temperature (top) and heat flux (middle) profiles
across the divertor target for the discharge #16908 around t ≈ 1135 ms. Bot-
tom: the heat transmission coefficient profile used in the heat flux calculation in
THEODOR in order to get zero heat flux after the discharge in t = 1370 ms. The
yellow highlighted areas represent positions of strike lines according to the EFIT
code. ELM heat flux time evolution for the magenta and red highlighted areas is
shown in Figure 8.15.
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the detected ELM timing—start, peak, qIR

⊥,max/e decay and qIR
⊥,max/(3e) decay.
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Inter-ELM

An average inter-ELM heat flux profile was calculated by averaging the heat
flux derived in 200 us long inter-ELM periods preceding to 13 ELMs of the NBI
assisted H-mode in the time interval t = 1090–1150 ms. The outer divertor inter-
ELM profile measured by the divertor IR system and by probes is shown in
Figure 8.16 (all mapped to the OMP). Very narrow inter-ELM heat flux profile
with λomp

q ≈ 0.6 mm is observed by both IR and probes. This value is much
smaller compared to values predicted by the multitokamak scalings (8.15) and
(8.16) and the HD model (2.26) giving values λPRL

q ≈ 1.7 mm, λBpol
q ≈ 3.2 mm

and λHD
q ≈ 1.9 mm, respectively. Values Ā = 2.6, Z̄ = 1.2, Zeff = 1.8 were used as

an educated guess to take into account presence of ∼5 % of carbon in the plasma
for the calculation of λHD

q . Comparison of the individual measured inter-ELM
heat flux decay lengths with the scalings is shown in Figure 8.17a.
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Figure 8.16: Radial divertor heat flux profiles mapped to the OMP for the inter-
ELM and during the ELM heat flux maximum for the discharge #16908. Small
dots are IR data for individual ELMs, large dots are average values for the set of
13 ELMs in the interval t = 1090–1150 ms.

Figure 8.17b compares λint obtained directly from the experimental inter-
ELM profiles (by integrating profiles in space and dividing by the peak value—
see Equation (8.6)) with the values derived based on fitted parameters using
Equation (8.8). Good agreement is observed demonstrating that the data are
well described by the fit (8.11).

Consistency of the measured inter-ELM heat flux profile could be roughly
checked by comparison of the divertor peak heat flux with the value obtained from
Equation (8.9). Average power entering the SOL in the analysed time interval is
approximately Psol ≈ 120 kW (in addition the radiated power is Prad ≈ 190 kW).
Parameters of the outer divertor: Rdiv ≈ 0.48 m, fx ≈ 15, ftor ≈ 0.25 (the IR
tile has an increased field line incidence angle ∼4° instead of the standard ∼1°,
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Figure 8.17: (a) Outer divertor inter-ELM heat flux decay lengths for 13 inter-
ELM periods in the time interval t = 1090–1150 ms of the discharge #16908 com-
pared to the multi-machine scalings (8.15) (inter-ELM PRL) and (8.16) (inter-
ELM Bpol) and the HD model (2.25). (b) Comparison of the integral heat flux
decay length (Equation (8.6)) and the fitted parameters λq and S (Equation
(8.8)). All values mapped to the OMP.

ftor ≈ sin 1°/ sin 4°). Parameters of the inner divertor: Rdiv ≈ 0.44 m, fx ≈ 20,
ftor ≈ 0.21. The expected outer and the inner divertor peak heat fluxes are
then qdiv,LFS

⊥,max ≈ 5.3 MW m−2 and qdiv,HFS
⊥,max ≈ 4.3 MW m−2, respectively, assuming

the same power going to both targets and λomp
int ≈ 1.2 mm. These values are

comparable to the experimental measurement (see Figure 8.14).

ELMs

Similarly to the inter-ELM profiles, an average heat flux profile during the ELM
heat flux maximum was calculated for the same set of ELMs—see Figure 8.16.
The ELM peak heat flux measured by probes was averaged over 50 µs around the
IR heat flux maximum.

Heat flux profile broadening by factor ∼ 10–11 is observed when comparing
λq of the inter-ELM heat flux profile and of the peak ELM heat flux profile.

The average radial profile of the ELM energy fluence is shown in Figure 8.18.
The ELM-averaged peak parallel ELM energy fluence measured at the ODT by
IR and probes is ϵomp

∥,max = 23 kJ m−2 and ϵomp
∥,max = 21 kJ m−2, respectively. These

values are in excellent agreement with the Eich’s model (8.20) which predicts
ϵomp

∥,max = 20 kJ m−2 assuming ne,ped = 4.5 × 1019 m−3 and Te,ped = 240 eV based on
measurement of the TS diagnostics. A comparison of the measured peak ELM
energy fluence with the model and experimental data from other tokamaks is
shown in Figure 8.19. The scaling (8.19) of the peak ELM energy fluence gives
ϵomp

∥,max = 43 kJ m−2.
Figure 8.20 shows the peak ELM energy fluence ϵmax for individual ELMs,

their total energy and its comparison to the plasma energy time evolution. Very
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Figure 8.18: Radial divertor profiles of the ELM energy fluence for the set of 13
ELMs in the time interval t = 1090–1170 ms of the discharge #16908. Small dots
are data for individual ELMs, large dots are ELM-averaged values.

Figure 8.19: A comparison of experimental measurements of the peak ELM en-
ergy fluence from different machines with the model (8.20). The peak ELM energy
fluence obtained in this IR data analysis of the COMPASS discharge #16908 is
represented by the red cross. The original image was taken from Adamek et al.,
(2017a).
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good agreement of the IR and probe measurements for both the peak ELM energy
fluence and the ELM energy is observed for individual ELMs.

Overview of average values of main parameters of the analysed ELMs is sum-
marised in Table 8.1. ELMs carried on average energy EEFIT

ELM ≈ 0.4 kJ, which
represents ∼6 % of the plasma stored energy according to the EFIT code. The
IR system measured approximately 0.04 kJ and 0.06 kJ to be deposited to the
IDT and the ODT region, respectively, giving Ediv

ELM ≈ 0.1 kJ in total which rep-
resents ∼ 28 % of the energy lost from plasma. The missing power was probably
partly radiated, deposited to the FW or deposited into the divertor region after
the analysed 1/e ELM time period.

The measured ELM energy and ELM energy fluence are strongly dependent
on used ELM length. The average ELM energy measured using the IR system in
the divertor reaches Ediv

ELM ≈ 0.25 kJ and ∼ 65 % of the energy lost from plasma
using qIR

⊥,max/(3e) for ELM end timing. The average ELM energy fluence at the
outer target peaks at ϵomp

∥,max = 88 kJ m−2 in this case.

HFS IR LFS IR LFS Probes

Ediv
ELM 43 J 64 J 73 J

ϵomp
∥,max 11 kJ m−2 23 kJ m−2 21 kJ m−2

ϵmodel
∥,max – 20 kJ m−2

ϵscaling
∥,max – 43 kJ m−2

λELM
q /λinter−ELM

q – 8 9

fELM 209 Hz

EEFIT
ELM 385 J

∆EEFIT
ELM 6 %

Ediv,IR
ELM /EEFIT

ELM 28 % –

τrise 0.1 ms –

τe 0.3 ms –

τ3e 1.5 ms –

Table 8.1: An overview of average values of main parameters of the analysed
ELMs. Ediv

ELM: ELM energy deposited to the divertor, ϵomp
∥,max: peak ELM energy

fluence mapped to the OMP, ϵmodel
∥,max: peak ELM energy fluence predicted by the

model (8.20), ϵscaling
∥,max : peak ELM energy fluence predicted by the scaling (8.19),

λELM
q /λinter−ELM

q : ELM heat flux broadening, fELM: ELM frequency, EEFIT
ELM : en-

ergy lost from plasma during an ELM, ∆EEFIT
ELM : relative ELM size, Ediv,IR

ELM /EEFIT
ELM :

fraction of ELM energy deposited to the divertor, τrise: ELM rise time, τe: 1/e
ELM decay time, τ3e: 1/(3e) ELM decay time.
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Figure 8.20: The discharge #16908, from top to bottom: (1) the peak ELM
energy fluence for individual ELMs for the inner (blue) and the outer (IR: green,
probes: red) divertor region. (2) ELM energy, (3) power balance (the ratio of the
ELM energy deposited to the divertor as measured by the IR system and energy
lost from plasma as calculated by the EFIT code), (4) time evolution of the
plasma stored energy as calculated by the EFIT code. The highlighted interval
represents the NBI assisted H-mode, the more detailed ELM analysis was done
for this interval.

104



Conclusion
Future fusion reactors based on magnetic plasma confinement, namely tokamaks,
will have to handle enormous localised heat fluxes to their first wall and plasma
facing components. This implies the power exhaust to be the key area of research
in order to design and construct next step fusion devices.

Plasma heat fluxes in different locations of the COMPASS tokamak were stud-
ied in the scope of this PhD thesis. An extensive set of experiments was conducted
in collaboration with the ITER Organization and several foreign laboratories in
order to broaden knowledge of the edge plasma heat flux in the start-up phase
of a tokamak discharge. Presence of a double-exponential radial decay of the
parallel plasma heat flux was confirmed and further investigated. It was shown
that the very narrow near-SOL region in the vicinity of the LCFS has a steep
heat flux gradient with the heat flux decay length inversely proportional to the
poloidal magnetic field (plasma current) and consistent with a drift-based model
of plasma transport (Horacek et al., 2015; Dejarnac et al., 2015a). Broad-
ening of the near-SOL profile was observed during strong MHD plasma activity as
well as an asymmetry of the inner wall heat loading consistent with the direction
of the Pfirsch–Schlüter flow. Increasing importance of the near-SOL heat flux
channel with the increasing limiter radial misalignment was also reported. This
research led to the design change and shape optimisation of enhanced heat flux
first wall panels of the international tokamak ITER (Kocan et al., 2015).

Similarly, heat loading of leading edges of misaligned protection limiters was
broadly studied in COMPASS in collaboration with ITER Organization, IRFM
CEA Cadarache and Aix-Marseille University in France. The optical approxima-
tion of the heat flux distribution around leading edges was confirmed to be a valid
approach for grounded limiter tiles where the electron heat loading is dominant.
Heat loading of magnetically shadowed sides of toroidal gaps was experimentally
observed for the first time confirming predictions of PIC simulations showing the
E × B drift and the ion gyration to deposit ions to these regions (Dejarnac
et al., 2017; Dejarnac et al., 2018). This work put the basis for decision
to introduce shaping of the front surface of divertor monoblocks in ITER (Pitts
et al., 2017).

Localised hot-spots caused by fast runaway electrons and fast oscillations of
the corresponding enormous heat flux were studied as one of the key issues for
next step fusion devices. Coupling of the MHD plasma activity with oscillations
of the runaway heat flux was demonstrated. Basic observation of the synchrotron
radiation created by runaway electrons was performed and the increase of its
power with the toroidal magnetic field was shown (Ficker et al., 2017a).

The new divertor IR thermography system was designed and put into opera-
tion on COMPASS in collaboration with IRFM CEA Cadarache in France as part
of this PhD research (Vondráček et al., 2017a; Vondráček et al., 2019).
This system provides divertor heat flux measurements with very good spatial and
time resolution and will be further exploited in coming years.

The plasma heat flux in the divertor region was studied in different operational
regimes in order to support results from other tokamaks and extend scalings
towards future devices. Good agreement of the COMPASS heat flux decay length
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in L-mode discharges with a scaling derived by Eich et al., (2013a) for ASDEX
Upgrade and JET data was found (Vondráček et al., 2017b; Adamek et al.,
2017a). In contrast, much shorter heat flux decay length was found in inter-
ELM H-mode (Vondráček et al., 2019). A good agreement with the peak
ELM energy fluence model published by Eich et al., (2017) was found for one of
the first H-mode discharges diagnosed using the new divertor IR system.

The experimental investigation of the divertor heat flux in L-mode and ELMy
H-mode will continue on COMPASS in order to increase reliability of multi-
tokamak scalings. A special focus will be given to the study of asymmetries of
the heat flux in the inner and the outer divertor region.
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LWIR long-wavelength infrared

M

MB monoblock
MC Mirnov coil
MCT mercury-cadmium-telluride
MHD magnetohydrodynamic
MW medium-wavelength
MWIR medium-wavelength infrared

N

NBI neutral beam injector
NETD noise equivalent temperature

difference
NUC non-uniformity correction

O

OA optical approximation
ODT outer divertor target
OMP outer midplane
OW outer wall
OWL outer wall limiter

P

PFC plasma facing component
PFR private flux region
PFU plasma facing unit
PG poloidal gap
PIC particle-in-cell
PMT photomultiplier tube

R

RE runaway electron
RR recessed roof-shaped

S

SOL scrape-off layer
SRF slit response function
SW short-wavelength
SXR soft X-ray

T

TG toroidal gap
TS Thomson scattering
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List of symbols

Symbol Description Unit

Awet Plasma wetted area m2

A Atomic mass number u=1.661 × 10−27 kg

BR Radial magnetic field T

Bpol Poloidal magnetic field T

Btor Toroidal magnetic field T

Bz Vertical magnetic field T

D∥ Parallel electron heat conductivity W m−1 eV−1

D⊥ Cross-field diffusion coefficient m2 s−1

D Thermal diffusivity m2 s−1

ED Dreicer field V m−1

EELM ELM energy J

Ep Plasma stored energy J

Fe,e Drag force acting on electrons N

Ip Plasma current A

I i
sat Ion saturation current A

Lλ Spectral radiance W m−3 sr−1

L∥ Connection length m

Mλ Spectral excitance W m−1

PL Power of energy losses from plasma W

PNBI NBI heating power W

PSOL Power through separatrix W

Q Electric charge C

Rλ Spectral response of a detector

Rgeo Major radius of the geometrical plasma
centre

m

R Major radius radial coordinate m

S Divertor power spreading factor m

Te Electron temperature eV

Ti Ion temperature eV
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Symbol Description Unit

VBPP Ball-pen probe floating potential V

Vfl Floating potential V

Vp Plasma potential V

Zeff Effective ion charge

Z Ion charge state

Γ⊥ Cross-field particle flux density s−1

Γ Lorentz factor

Φtor Toroidal magnetic flux Wb

α Absorptance

α Heat transmission coefficient W m−2 K−1

β Magnetic field line incidence angle °

δe Secondary electron emission coefficient

δl Lower plasma triangularity

δu Upper plasma triangularity

ϵmax Peak energy fluence J m−2

ϵ Inverse aspect ratio

ϵ Energy fluence J m−2

γ Attenuation coefficient m−1

γ Sheath heat transmission coefficient W m−2 K−1

κe0 Electron conduction coefficient W m−1 eV−7/2

κ Plasma elongation

λint Integral heat flux decay length m

λq Heat flux decay length m

λee Electron self-collisional mean free path m

λii Ion self-collisional mean free path m

λ Wavelength m

M Mach number

µ0 Vacuum permeability 4π × 10−7 H m−1 =
1.257 × 10−6 N A−2

ν∗
SOL SOL collisionality

ψ Poloidal magnetic flux Wb

ρpol Poloidal Larmor radius m
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Symbol Description Unit

ρ Density kg m−3

ρ Reflectance

σ Stefan-Boltzmann constant 5.67 × 10−8 kg s−3 K−4

τSOL Characteristic particle residence time in
the SOL

s

τe Energy confinement time s

τ Transmittance

θ Pitch angle rad

ε0 Vacuum permittivity 8.854 × 10−12 F m−1

ε Emissivity

a Minor radius m

b Wien’s displacement constant 2.898 × 10−3 m K

cs Ion sound speed m s−1

cp Specific heat capacity J kg−1 K−1

c Speed of light in vacuum 2.998 × 108 m s−1

e Elementary charge 1.602 × 10−19 C

fELM ELM frequency Hz

ftor Toroidal wetted fraction of the divertor

ftot Total magnetic flux expansion

fpol Poloidal magnetic flux expansion

fx Effective poloidal magnetic flux expan-
sion

g Thermal conductance W K−1

h Planck’s constant 6.626 × 10−34 m2 kg s−1

ji
sat Ion saturation current density A m−2

j Electric current density A m−2

kB Boltzmann constant 1.381 × 10−23 m2 kg s−2 K−1

k Thermal conductivity W m−1 K−1

me Electron mass 9.109 × 10−31 kg

mi Ion mass (proton mass is
1.673 × 10−27 kg)

kg

m Mass kg
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Symbol Description Unit

ne Electron density m−3

n Refraction index

p Pressure Pa

qcyl Cylindrical safety factor

q∥ Heat flux parallel to magnetic field lines W m−2

q⊥ Heat flux perpendicular to a surface W m−2

q95 Safety factor at ψnorm = 0.95

q Safety factor

s0 Strike line position at the divertor m

s Divertor coordinate m

v Velocity m s−1
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8. Ficker, Ondřej, Jan Mlynář, Eva Macúšová et al. (2017b). ‘RE beam gen-
eration in MGI disruptions on COMPASS.’. In: EPS 2017: 44th European
Physical Society Conference on Plasma Physics. Vol. 41F. 41F. url: ocs.
ciemat.es/EPS2017PAP/pdf/P5.126.pdf
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to misaligned edges in COMPASS’. in: 15th International Conference on
PLASMA-FACING MATERIALS and COMPONENTS for FUSION AP-
PLICATIONS. url: http://irfm.cea.fr/pfmc15/index.html
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