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Disclaimer

These lecture notes are only one part of the subject (other diagnostics being treated by
other lecturers). The notes are in a beta version. Importantly, credits and references are
not complete and I’d rather limit their diffusion until they get completed.

Arturo Alonso, Madrid, March 29, 2022
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1 Introduction to the diagnosis of
Magnetically Confined
Thermonuclear Plasma

1.1 Relevant physical parameters for thermonuclear
fusion

Nuclear fusion aims at the production of energy through the fusion of light (generally
hydrogenic) atoms to yield the fusion products that carry the mass defect in the form
of kinetic energy.

The fusion reaction cross section σ(v) or the reaction rate ⟨σ(v)v⟩f =
∫
dvf(x, v, t)σv

have a strong dependence on the temperature (note that T is a dispersion measure of
the distribution function f(x, v, t)) as shown in fig.1.1. Significant fusion reaction rate
is only achieved at considerably high temperatures of the reactants. For the D− T case
the reaction rate peaks at ∼ 800keV= 9.3× 109K. This reaction is the easiest to initiate
and, for this reason, is the focus of the current fusion research program. The energetics
of this reaction is

D + T → He4(3.52MeV) + n(14.06MeV) . (1.1)

Tritium is radioactive and, for the time being more importantly, very scarce. The
problem of the Tritium supply is addressed by a Lithium ”breeding blanket” whereby
Tritium is produced by fission reactions between fusion neutrons and Lithium atoms

Li6 + n → He4 + T+ 4.8MeV . (1.2)

At the extreme temperatures needed to fuse the nuclei, the collisions between the atoms
make them lose their electrons1 creating a fluid of charged particles that has been named
Plasma state2.

1remember the bounding energy of an electron in the deepest quantum level of an Hydrogen atom is
13.6 eV

2not every gas of charged particles is termed as Plasma. Additional conditions are imposed on the
system size L and the thermal particle’s transit frequency ωt = vtL as compared to characteristic
plasma scales as theDebye length λD and plasma frequency ωp. Only when λD/L ≪ 1 and ωt/ωp ≪ 1
does the system show distinct plasma behavior. See, for instance, Hazeltine and Waelbroeck [2004]
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Figure 1.1: Reaction rate ⟨σv⟩v for three different fusion reactions

The power balance of a fusion reactor involves different energy sources and sinks.
The first include the input heating power (generaly ohmic and auxiliary as microwave
or radio frequency injection) Sh and the fusion-produced α-particle heating power Sα.
The second include as generaly dominant terms the Bremstralung radiation SB (i.e. the
electromagnetic radiation emited by the deflection of electrons in ion-electron Coulomb
collisions) and the diffusive heat flux through the plasma boundary Sκ. In a steady state
plasma discharge, sources counterbalance the sinks so that

Sα + Sh = SB + Sκ .

The ignition condition is reached when the α-heating by itself is sufficient to counter-
balance the losses. In this situation no external heating is needed to sustain the plasma
burning. Expressions for the sources and sinks can be obtained under certain approxi-
mations3

Sα = Kα
⟨σv⟩(T )
T 2

p2 , (1.3)

SB = KB
p2

T 3/2
, (1.4)

Sκ = Kκ
p

τE
, (1.5)

where the K factors are known constants and p and T are the plasma pressure and
temperature respectively4. The last of the above equation is a definition of the energy
confinement time τE, that can be obtained experimentally, rather than a physics-based
expression for the heat flux through the plasma boundary.

3the derivation of these expressions can be found for instance in Freidberg [2008], here we only use
them to illustrate the parameters that are relevant for the power balance and fusion performance.

4p = pe + pi = 2nT for a plasma with only ions and electrons with equal densities and temperatures
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Figure 1.2: Ignition boundary for the Lawson parameter pτE as a function of tempera-
ture for the 50/50 D − T mixture. Extracted from Freidberg [2008].

The ignition condition Sα ≥ SB + Sκ now reads

pτE ≥ KκT
2

Kα⟨σv⟩ −KBT 1/2
, (1.6)

where the LHS, pτE, is known as a the Lawson parameter. The form of the denominator
in this inequality implies the existence of a minimum temperature required to ignite the
plasma, i.e. that which makes the denominator greater than zero. The substitution of
the K constants and the known T dependence of the fusion rate ⟨σv⟩ (shown graphicaly
in fig.1.1) yields this minimum temperature to be

T ≥ 4.4keV . (1.7)

Bellow this temperature, the Bremsstrahlung losses always overcome the the D − T α-
particle heating preventing the onset of ignition. This is shown in figure 1.2 which also
shows that there exists another minimum in pτE for ignition to occur, i.e. (pτE)min = 8.3
atm s = 5.25× 1021 keV s/m3), which crosses the ignition boundary at Tmin = 15 keV.
For higher values of the Lawson parameter, the ignition boundary can be crossed at
two different temperatures. Nevertheless, it can be shown that the low-temperature
solution is thermally unstable. As α-heating has a stronger temperature dependence
than radiation losses in this region, any temperature fluctuation is amplified: a positive
T increment leads to further heating whereas a negative one has cooling effect.

The above discussion on power balance and ignition conditions is meant to illustrate
the importance of several plasma parameters, namelly the plasma temperature T and
density n or pressure p = pi + pe = 2nT for isothremal (Te = Ti = T ) quasineutral
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(ni = ne = n) plasma. However, in the next section, we will see how the Magnetic
Confinement approach to fusion addresses the problem of confining a thermonuclear
plasma or, in the terms of power ballance, how MC attempts to make τE sufficiently
long. This will bring about quite a number of other plasma physics parameters that are
fundamental to ensure that the plasma can reach the pressure and temperature needed
for ignition.

1.2 Relevant physical parameters for the Magnetic
Confinement of Plasmas

The Toroidal Magnetic Confinement approach to plasma confinement is that of embed-
ding the plasma in an intense toroidal magnetic field. The Lorentz force acting upon
the charged particles F = qv × B ties their trajectories to the field lines while letting
particles move freely along the field5. As the particles’ movement along the field line is
not restricted, in order to prevent particles form hitting the wall, lines cannot inteserct
any material surface but must go indefinitelly around the torus. Furthermore, for the
magnetic structure to have ‘good’ confinement properties, field lines must close upon
themselves –possibly after an infinite number of turns– forming a set of nested toroidal
magnetic surfaces. Figure 1.3 shows one field line integrated along many turns in the
magnetic field of the TJ-II stellarator device at CIEMAT in Madrid, together with a
poloidal section of several of these magnetic surfaces.
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Figure 1.3: Left: Field line on the Last Closed Flux Surface (LCFS) (blue) and central
coil (red) of the TJ-II stellarator at CIEMAT, Madrid. Right: A poloidal
section of five magnetic surfaces, the outermost being the LCFS.

Each magnetic surfaces can be labeled with a parameter ψ that is usually chosen to

5this is only strictly true for homogeneus and straight magnetic fields.
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Figure 1.4: Pictorical typical profile shapes in a MCF plasma.

be the toroidal or poloidal magnetic flux Ψtor,Ψpol or the volume contained whithin
the surface V . The equation of a magnetic surface is thus simply ψ = ψ0. Because of
the fast, nearly unrestricted particle movement along the field lines, the thermodynamic
fields like the plasma pressure, density and temperature are, to first order, flux functions,
i.e. functions of ψ only.

This magnetic topology insulates the hot, dense plasma centre from the wall material
surfaces. Typical electron and ion density and temperature profiles are shown in figure
1.4.

The pressure gradient thus formed is counterbalanced by the Lorentz force, i.e, to first
order

j×B = ∇p , (1.8)

where j is the electric current present in the plasma and B is the magnetic field6. If
this local equilibrium is broken the plasma dynamics can become unstable causing loss
of the confinement. It is therefore a design requirement for magnetic fusion devices to
be able to maintain a stable equilibrium of this form.

Equation (1.8) already shows some other parameters one needs to monitor to ensure
the plasma equilibrium and stability. The current density in the plasma and the magnetic
field are obvious fundamental parameters, which is particularly true in a tokamak device,
where the latter (B) is crucially dependent on the spatial distribution of the former (j).
The pressure already appeared in the previous section’s disucssion on power balance
but now presents itself under a gradient operator which instances the rather general
importance of having spatialy resolved measurements.

To ensure the stability of the equilibrium one needs to monitor the pertubations on
the equilibrium quantities to possibly back react on the plasma with the external control
knobs (mainly the external heating and the currents flowing in the coils). This highlights
the importance of having well time resolved measurements.

Provided a stable plasma equilibrium exists, the next problem one faces is to control
the radial transport of particles and energy. The radial transport observed in mag-

6Equation (1.8) is the starting point for the famous Grad-Shafranov equation
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netic plasma confinement devices is generally substantially greater than the Neoclassical
transport estimations. This discrepancy is attributed to the fact that the plasma is in
a turbulent state. NC transport generally depends on the magnetic field topology and
the plasma profiles, for instace [Helander and Sigmar, 2002, page 170]

qPS
i · ∇ψ = −(IBκi∧)

2

κi∥

(
1

B2
− 1

⟨B2⟩

)
dTi0
dr

.

Turbulent transport is generally attributed to the advection of heat and density by
the fluctuating E×B velocity, i.e., the turbulent particle flux is given by

Γturb = ⟨nṽr⟩ =
1

B
⟨ñẼθ⟩ , (1.9)

where now the angular brackets mean some kind of average7. Measuring the electric field
is important not only for of its role in turbulent transport but also because the formation
of transport barriers (like the one observed near the edge in Low to High confinment
transitions) has been related to the apperance of a sharp variation of the radial electric
field that causes a sheared poloidal E×B rotation profile, also known as shear layer.

1.3 Plasma regions and typical parameters

The plasma column can be formally divided into three main regions starting from the
center of the plasma column to the plasma neutralisation at the wall of the confining
device. These are the plasma core, the plasma edge and the scrape-off layer (SOL).

The division between the core and the edge of the plasma is rather formal. We under-
stand as plasma core the innermost region of the plasma column where the conditions
for fusion are to be met, i.e. where the plasma is most dense and hotest. Gradients
in this region are less pronounced than in the plasma edge which acts as a transition
region between the central plasma and the plasma in interaction with the walls. Being
the region where the gradients are steepest, the edge is affected by a large number of
instabilities.

The SOL is the outermost plasma region, where field lines terminate in a material
surface. In practice there are two ways to limit the extent of the plasma column and
control its interaction with the walls. Figure 1.5 shows a schematic picture of these
limiting concepts.

7Thoreticaly, spatial averages (so-called flux surface averages) and ensemble averages are most com-
monly used. On the contrary, temporal averages are more amenable to experimentalist.
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Figure 1.5: Scheme of a limited (left) and a diverted (right) plasma. From Pitts [2008].

The first is to insert solid bodies that concentrate the interaction with the plasma by
intersecting the field lines. These bodies are knonw as limiters and they are normally
made of Carbon or some other material able to withstand high heat fluxes and thermal
stresses.

The second is to create a magnetic topology at the edge of the device such that field
lines are diverted to a distant wall region where the interaction can be controlled with
active cooling and pumping. In tokamaks this topology is achieved by running a toroidal
current in the same direction as the toroidal plasma current so that a point with zero
poloidal magnetic field or X-point is created. In stellarators the island divertor emulates
this geometry by using natural islands in the edge of the device (see figure 1.6).
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Figure 1.6: Island divertor in the Weldestein 7 AS stellarator. From Feng et al. [2006].

The main advantage of a diverted over a limited plasma is that the plasma-wall inter-
action is kept away from the plasma, which greatly improves the control of the plasma
polution by the impurities generated in this interaction. The separation between closed
and open field lines is generally termed last closed flux surface (LCFS) for limited plas-
mas and separatrix for diverted plasmas. The connection length of a point in the SOL is
the shortest distance, measured along the field line, from that point to the intersection
of the field line with a limiter or divertor plate. Diverted SOLs tend to have larger
connection lengths and thus allow to have substantially different plasma parameters
(temperature, density of impurities, etc) in the divertor region and in the upstream SOL
in ‘contact’ with the plasma EDGE.

The radial extent of the SOL is determined by the competition of the particle parallel
streaming to the material surfaces at sound speed8, and the particle’s diffusion perpen-
dicular to the field line. This is illustrated in figure 1.7 shows a straightened simplified
representation of the SOL.

Figure 1.7: Schematic representation of the SOL. From Pitts [2008].

The lifetime of a particle in the SOL is

τ∥ = L/cs , (1.10)

where L is the connection length and cs = (2T/mi)
1/2 is the sound speed. The per-

pendicular diffusion of the particles is known to be dominated by edge turbulence, the
experimental measurements casting anomalous diffusivities9 spanning several orders of

8This condition can be understood noticing that the plasma in contact with the wall is totally sucked
in the material so that it can be thought to be in “free expansion”. Nevertheless, we will re-visit
this problem more carefully when studying the seath formation in Langmuir probes.

9At first it was noticed that the measured diffusivities were (anomalously) larger than predicted by
neoclassical theory. Later on, turbulence was identified as the player behind those anomalous diffu-
sivities. In the literature one can find anomalous as a synonym of turbulent, although the later is
commoner the more recent the publication.
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magnitude D⊥ ∼ 0.1-102 m2/s. Dimensionaly, the diffusivity D⊥ introduces a char-
acteristic length and a characteristic time that we define as λSOL and τ respectively,
i.e.

D⊥ =
λ2SOL

τ
. (1.11)

In a particle lifetime τ∥ it diffuses across a distance given by (1.11) after replacing τ = τ∥
as given in (1.10). This yields an estimate for the SOL width

λSOL =

√
D⊥L

cs
. (1.12)

Taking typical values for D⊥, Tedge ≈ 100 eV, thus cs ≈ 105m s−1, L ≈ 10 m, we find

λSOL ≈ 1cm . (1.13)

On the one hand, having a small SOL width enhances the protection of the walls of the
device. On the other, a thin SOL implies that the plasma radial particle and heat fluxes
are deposited in a small surface which hence has to handle very high power densities.

To conclude this introductory section we briefly discuss the regimes one normally finds
in present day large experiments such as the Joint European Tokamak (JET). Table 1.3
presents a summary of the discussion. The numerical values are given for a typical H-
mode regime with edge safety factor q(a) = 5 and B = 2T without internal transport
barriers (ITBs). It should be noticed that these parameters can vary in different experi-
ments –some of which consist indeed on scans of one or several of these parameters. The
values given here are only meant to illustrate the typical core/edge/SOL differences.

Thermal velocity is a tyical measure of the velocity of a Maxwellian population of
particles with temperature T and is given by

vT =

√
2T

m
. (1.14)

Denoting ⟨·⟩f =
∫
·f(x,v, t)dv, where f(x,v, t) is the single particle probability

density function, the thermal speed is given by vT =
√

⟨v2⟩f .

Larmor radius is the gyro-radius, around a straight line of force, of the orbit of a particle
with v⊥ = vT ,

ρ =
vt
Ω

(1.15)

where Ω is the particle’s gyrofrequency Ω = eB
m
.

Magnetisation parameter given by the ration of the thermal Larmor radius ρ and the
characteristic length scale of the system L.

δ =
ρ

L
=
vT/L

Ω
.
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L is sometimes approximated by the typical plasma profile variation L ∼ Lp =
−d ln p

dr
∼ a, the plasma minor radius. For strongly magnetised plasmas, a gyrating

particle sees a homogeneous plasma in its excursion around the gyro-centre. Gen-
eral neoclassical theory is constructed around a expansion in this assumed small
parameter δ.

Collisionality the quotient of the mean free path and the characteristic scale of variation
of the B-field along the field line. This generaly given by the connection length
approximated by qπR for a Tokamak configuration10.

ν∗ =
qπR

λmfp

=
qπR

vT τ
; τ ∝ T 3/2

n

where τ is a collision time. Collisions tend to restore an isotropic Maxwellian
velocity distribution. The quantity qπR

vT
is the transit time that is roughly the time

it takes for a typical particle to explore the field structure it lives in.

magnitude units @core @edge @SOL
Tempertarure T keV 10 0.5 10−2

Density n 1019m−3 10 1 0.1
Larmor radius ρi mm 6.7 1.5 0.21
Magnetization δ d-less ∼ 10−3 2× 10−4 3× 10−5

Collision time τii ms 17 2.3 0.21
Thermal velocity vTi

m s−1 1.3× 106 3.0× 105 4.2× 104

Collisionality ν∗ d-less 1.3× 10−3 4.3× 10−2 3.7

Table 1.3 contains only values for Hydrogen ions (i.e. protons). Values for electrons
can be easily computed from those using the mass ration α ≡ mp/me ∼ 2× 103 and

ρe = α−1/2ρi ; vTe = α1/2vTi
; ν∗e = ν∗i , (1.16)

where similar electron and ion temperatures are assumed.

The division of the plasma column made here core/edge/SOL is in general quite valid
for diagnostic purposes. Rarely a single diagnostic can obtain measurements all across
the plasma column. Plasma in the edge and SOL regions may be accesible to material
probes and can coexist with populations of higher Z, not fully ionised species (be them
naturally present in the plasma of puffed by the diagnostic itself in an active fashion),
whose emission can be used for diagnosis. On the other hand, diagnostics based on the
interacion between the plasma (generally electorns) and externally injected particles or

10In the closed field lines region, the meaning of the connection length is the distance measured along
the field line between the outer and the inner mid-planes. This can be thought of as the equivalent
straight mirror length, for the inner and outer mid-planes are the points where B = Bmax and
B = Bmin respectively.
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waves normaly require a minimun density to have a measurable signal, which limits their
range of accessible radius to the deep edge or core regions.

In the next sections we will be studying diagnostics according to this division in radius.
This, like any other division, can feel artificial and unsuitable for certain diagnostics,
but hopefully it will find a justification in the different physical processes characteristics
of these regions.

15



2 Magnetic measurements

2.1 Preliminaries

The MHD equilibrium equation (1.8) reads

j×B = ∇p ,

which, for toroidaly symmetric systems, leads to the famous Grad-Safranov equation.
Multiplication by B· and j· gives

B · ∇p = 0 , j · ∇p = 0 .

The first of these equations, in the presence of magnetic surfaces, implies that the scalar
pressure p is a flux function, for its solution is p = p(ψ). This, in turn, implies that
j · ∇ψ = 0, so that j lies is everywhere tangen to the magnetic surface. The situation is
depicted in figure 2.1.

The physical basis of nearly all the magnetic measurements based on coils is classical
Electrodynamics. Maxwell equations relate the electromagnetic fields (E and B) to their
sources and also relate one to each other (for a complete treatise see Jackson [1999]). In

Figure 2.1: Flux surface patch illustrating the force balance in MHD equilibrium.
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differential form they read

∇ · E =
ρ

ϵ0
(2.1a)

∇ ·B = 0 (2.1b)

∇× E = −∂B
∂t

(2.1c)

∇×B = µ0j+ µ0ϵ0
∂E

∂t
(2.1d)

The last term in equation (2.1d) is the displacement current introduced by Maxwell
which gave consistency to the theory of Electrodynamics. This term gives the set (2.1)
propagating wave solutions that was the basis of the interpretation of light as a wave
phenomena with phase velocity c = (µ0ϵ0)

−1/2. Our interest here is to study plasma
equilibrium and dynamics as reflected in the electromagnetic fields. These dynamics
generally have typical frequencies ω and wavelengths k such that ω/k ≪ c so that the
displacement current can be ignored, that is, we can use the pre-Maxwell equations.

By using the integral theorems (see Jackson [1999]) we can write equations (2.1) in
their integral form ∫

∂V

E · dS =
1

ϵ0

∫
V

ρ dV (2.2a)∫
∂V

B · dS = 0 (2.2b)∫
∂S

E · dl = − ∂

∂t

∫
S

B · dS (2.2c)∫
∂S

B · dl = µ0

∫
S

j · dS (2.2d)

where S and V are an arbitrary surface an volume and ∂S and ∂V are their limiting
curve and surface respectively.

2.2 The magnetic coil

The simplest measuring device used to measure magnetic fields is a simple coil. Imagine
a winding of wire in the presence of a time-varying external magnetic field (Fig.2.2).
An electric current appears in the closed circuit ∂S formed by the wire. From equation
(2.2c) we can compute the electromotive force E that drives that current:

E ≡ −
∫
∂S

E · dl = ∂

∂t

∫
S

B · dS ≡ d

dt
ΦB (2.3)
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Figure 2.2: Simple coil in a homogeneous magnetic field

where ΦB has been defined as the magnetic flux through the surface encircled by the
circuit. If we opened the circuit and introduced a multimeter to measure electric poten-
tial we would read E volts in the display. Assume now that the magnetic field varies in
spatial scales much larger than the coil diameter, so that we can take B(x, t) ≈ B(x0, t)
in the surface of the coil. Then (2.3) simply reads E = ḂA, where A is the area of the
surface and Ḃ the time derivative of the (homogeneous) B-field. A way to increase the
effective area without making too large a coil is to make several windings, say N , so that

E = ḂNA . (2.4)

As usual in plasma diagnostics, the sensed physical magnitude is not exactly the one of
interest. In this case we are generaly interested in the magnetic field B(t) but we get its
time variation Ḃ(t). In this case the first can be recovered from the later by integrating
the signal (either electronically with an integrator circuit or via software).

To measure static magnetic fields a alternative concept has been devised based on a
solid state physics effect known as the Hall effect. A current flowing along a slab of a
semiconductor material in the presence of a magnetic field creates a potential difference
accross the slab that is due to a force very familiar in plasma physics: the j×B force (see
Fig.2.3). In the case of a semiconductor the ‘plasma’ is formed by the charge carriers
(conduction electrons or holes) present in a volume density of n carriers/m3 a charge
q. In equilibrium, the electric field caused by the charge separation balances the j × B
force so that

jB = −nqE ⇒ VH =
jBL

nq
=
IB

nqd
(2.5)

where L and d are the slab’s transversal length and thickness and I = jLd is the current
flowing in the circuit. Hall detectors have a non-linear dependence on B for large B and
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Figure 2.3: Illustration of the Hall effect.

are affected by stray pickups and cannot be utilized at high (≳ 140◦C) although current
R&D is extending their operating conditions.

2.3 Global magnitudes

2.3.1 Rogowski coil and Voltage loop

Rogowski coils are used to measure the variation of the current flowing in a conducting
medium by sensing the induced magnetic field. Take a coil desing as the one in figure
2.4. Anologously to the derivation of (2.4) the electromotive force would be given by
(2.3). The magnetic flux for the geometry of the Rogowski coil is

ΦB =
N∑
i=1

∫
Si

B · dSi . (2.6)

Assume all the windings are the same so that dSi = dAui where ui is the normal vector
to the surface i. Further assume that the windings are densely packed with a density
of n windings per unit length so that we can approximate the discrete sum

∑N
i with

the integral along the axis of the winding
∫ z

a
ndl. Using these approximations to rewrite

(2.6) yields

ΦB =

∫ z

a

ndl

∫
Si

B · uidA =

∫ z

a

∫
Si

nB · dldA . (2.7)

As the circuit a− z is constructed to embrace the conductor in a closed circuit we can
use (2.2d) to write

ΦB = nµI

∫
Si

dA = nAµI .
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Figure 2.4: Construction of a Rogowski coil. Illustration of the windings and wire return
(left). To measure the current, the coil is wrapped around in a (almost) closed
circuit around the plasma (right).

where I is the current flowing through the circuit formed by the axis of the windings.
Therefore, the potential difference measured between the terminals relates to the varia-
tion of the current I as

E = nµAİ .

The plasma resistance can be easily calculated by the combined measurements of
a Rogowski coil and a Voltage loop. A voltage loop is a simple coil encircling the
transformer of a Tokamak giving a direct measurement of the inductive electric potential
Vϕ that drives the current of secondary (i.e. the plasma). In a steady state the resistance
of the plasma is V ϕ/Iϕ.

From the Maxwell equations (2.1) it is not difficult to find a conservation equation for

the energy density of the EM field u = 1
2

(
ϵ0E

2 + B2

µ0

)
∂u

∂t
+∇ · S = −j · E , (2.8)

where S = µ−1
0 E×B, is the EM energy flux or Poynting flux. Equation (2.8) is known as

Poynting’s theorem. Let us now integrate this equation over a circular-section toroidal
volume V containing the plasma. For the cases of interest in a Tokamak, most of the
energy is in the magnetic field, for E/(cB) ≪ 1. Using this and invoking the familiar
Gauss’ theorem to make

∫
V
∇ · SdV =

∫
∂V

S · dA into (2.8) we get

−
∫
∂V

S · dA =
∂

∂t

∫
V

B2

2µ0

dV +

∫
V

j · EdV . (2.9)

This equation can be read as the EM energy flux into1 the plasma volume caused by the

1Note that the minus sign in front of the integral can be used to change the direction of the surface
normal vector to give the flux into the volume.
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current variation in the transformer primary (LHS) is spent in the build-up of a magnetic
field (first termn in the RHS) field and in plasma heating through Joule dissipation
(second term in the RHS). The surface integral can be recast in terms of products of
line integrals writting −dA = dlϕ × dlθ and

E×B · dlϕ × dlθ = (E×B)× dlϕ · dlθ
= (B(E · dlϕ)− E(B · dlϕ)) · dlθ
= (B · dlθ)(E · dlϕ)− (E · dlθ)(B · dlϕ) .

Therefore, using again Maxwell’s equations, we have

−
∫
∂V

S · dA = IϕVϕ − IθVθ . (2.10)

In this last expression toroidal symmetry is used to separate the integrals2

In a Tokamak discharge, the toroidal field Bϕ is applied with constant currents on the
TF coils which has two simplifying consequences in the above expressions: (a) ∂tB

2 ≈
∂tB

2
θ and (b) Vθ = ∂tΦBϕ

≈ 0. So the energy conservation equation (2.9) can be written
in a form similar to an LC circuit:

IϕVϕ = P +
∂

∂t

(
1

2
LI2ϕ

)
(2.11)

with the Joule heating P and plasma self-inductance L defined as

P ≡
∫
V

j · EdV

L ≡ 1

µ0I2ϕ

∫
V

B2
θdV .

2This can be seen to imply that RE · ϕ̂ and RB · ϕ̂ are both independent of both θ and ϕ.
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Now, for the stationary case we can readily calculate the heating power P = IϕVϕ and
plasma resistivity Rp ≡ P/I2ϕ experimentally with the measurements provided by the
Rogowski coil and voltage loop.

2.3.2 Diamagnetic loop

It should now be evident that a diamagnetic loop like the one in the figure gives a
measure of the toroidal B-field integrated over the plasma cross section:

Vθ =
d

dt

∫
S

BϕdS (2.12)

In what follows we will show how to relate this measurement to an important plasma
parameter related to the plasma pressure profile. For ilustration we will work in the
approximation of zero astpect ratio or cylindrical geometry. In this geometry, the integral
in (2.12) can be simplified

Vθ =
d

dt

(
2π

∫ a

0

Bz(r) rdr

)
,

where z stands for the axial (equivalent to toroidal) direction. Remember that, through
the use of integrators, we can obtain the time evolution of the quantity inside the time
derivative.

From the equilibrium condition in the radial direction we have

r̂ · (∇p− j×B) ⇒ dp

dr
= jθBz − jzBθ ≡ − 1

µ0

(
d

dr

B2
z

2
+Bθ

1

r

d

dr
rBθ

)
(2.13)

Special cases, iteresting mainly for historical reasons, are Bθ = jz = 0, called θ-pinch,
since the current flows in the θ direction and Bz = jθ = 0, called z-pinch. Multiplying
(2.13) by r2 and integrating over the cross section one obtains

⟨p⟩ = 1

2µ0

(
B2

θ (a) +B2
z (a)− ⟨B2

z ⟩
)
, (2.14)

where we have assumed p(a) = 0 and defined the surface average over the cross-section
as ⟨·⟩ = 2

∫ a

0
(·)rdr/a2, so that the diamagnetic loop gives a measurement of ⟨Bz⟩. The

quantity

βθ ≡
2µ0⟨p⟩
B2

θ (a)
= 1 +

B2
z (a)− ⟨B2

z ⟩
B2

θ (a)
(2.15)

called poloidal β gives a measure of the plasma diamagnetism: if the average field ⟨B2
z ⟩

is smaller than the outside value B2
z (a) then βθ > 1 and the plasma is said to be

diamagnetic (i.e. it acts to decrease the axial field inside the plasma). If the oposite is
true then βθ < 1 and the plasma is called paramagnetic.
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The attentive reader may have noticed that the quantity ⟨B2
z ⟩ in the βθ definition

is not exactly the one given by the diamagnetic loop ⟨Bz⟩. The further asumption
of a weakly varying Bz acrross the plasma (which is valid for low plasma pressure or
β = 2µ0p/B

2 ≪ 1) allows to approximate B2
z (a) − ⟨B2

z ⟩ ≈ 2Bz(a)(Bz(a) − ⟨Bz⟩). and
thus

βθ ≈
2µ0⟨p⟩
B2

θ (a)
= 1 +

2Bz(a)(Bz(a)− ⟨Bz⟩)
B2

θ (a)
. (2.16)

Where the outside values Bθ(a) and Bz(a) can be measured with coils at r = a or
further away with some general knowledge on the variation of Bz(R) and Bθ(r) outside
the plasma3

With the quantities we have estimated in this section it is posible to get an estimate
of the energy confinement time τE in ohmically heated plasmas (if other heat sources
are present they can be included if the plasma-absorbed power is known). From the
definitions of kinetic energy W = 3

2

∫
V
pdV and βθ and the relation Bθ(a) = µ0Iz/(2πa),

τE =
W

P
=

3

8
µ0βθ(R/Rp) , (2.17)

where P = I2zRp is the ohmic heating, Rp the plasma resistivity and R the plasma major
radius.

2.4 Plasma shape and position

2.4.1 Mirnov coils

If the plasma shifts slightly off the central position like in figure 2.5, the poloidal magnetic
field caused by the plasma current, whose centroid is now ∆ with ∆/a≪ 1, is no longer
uniform as given by

Bθ(θ) =
µ0Iz
2πa

(
sin2 θ + (cos θ −∆/a)2

)−1/2 ≈ µ0Iz
2πa

(
1 +

∆

a
cos θ

)
, (2.18)

so that the cosine Fourier component measures gives a measure of the plasma shift. To
measure this component one can use a Rogowski coil with a winding density varying like
cos θ (see (2.7)), but more commonly an array of poloidal field coils is installed around
the plasma (see figure 2.6), which offers more flexibility to measure different poloidal
Fourier components of mode number m. These are commonly known as Mirnov coils.

3Under the asumptions of toroidal symmetry and large aspect ration it is not difficult to show, by
means of equation (2.2d) on appropriatelly chosen curves, that Bz ∼ 1

R and Bθ ∼ 1
r outside the

plasma. This is left to the reader as an exersise.
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plasma

coil 

Figure 2.5: Plasma shifted radially outwards. Bθ is no longer constant along the coil.
Bθ(θ) is give by (2.18) for small ∆

Poloidal Flux Loops
Mirnov coils

Figure 2.6: Mirnov coils poloidally distributed around the torus and Poloidal flux loops.

2.4.2 Poloidal Flux Loops

We have shown that the m = 0 relates to the plasma current in the equilibrium and
m = 1 gives information about the plasma position (see equation (2.18)). Higher mode
numbers m = 2, 3, . . . relate to shaping factors like elipticity, triangularity, etc. In gen-
eral, numerical codes are used to solve the tokamak equilibrium Grad-Safranov equation
that best agrees with the magnetic measurements. A commonly used such code is called
EFIT (Equilibrium Fitting). The Grad-Saffranov equation is formulated in terms of the
poloidal magnetic flux χ. To aid equilibrium reconstructions with boundary contitions
of χ the plasma vessel is covered with poloidal flux loops which are identical to the
voltage loop seen before. As we said then, the main source of magnetic flux through
these loops is the one induced by the transformer core, but this main contribution can
be cancelled by computing the differences of the poloidal fluxes measured in the loops
which, therefore, gives information of the poloidal flux caused by the plasma.
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2.4.3 Plasma instabilities

In the above we have asumed a toroidaly symmetric tokamak-like plasma equilibrium
or, equivalenty, a n = 0 plasma configuration where n is the toroidal mode number4.
However, plasma instabiltities generaly have n > 0, for they tend to be more unstable
when they are approximatelly constant along a field line, i.e, when they are resonances
of a magnetic surface5. As you may have guessed, arrays of toroidally spaced coils are
used to characterise the toroidal spatial structure of the plasma instabilities.

Plasma instabilities can grow uncontrolled and terminate the plasma suddenly causing
large fluxes of heat to the walls. A sudden uncontrolled termination of the plasma is
called a disruption. To prevent this, magnetic measurements are put in a real-time
control loop, so that the information from the magnetics is used to modify the external
knobs (like currents in the coils or heating power) to restore the plasma equilibrium.

4Stellarators do not have toroidal symmetry so their equilibrium is fully 3D containing several toroidal
modes.

5that is what makes rational surfaces particularly prone to instabilities, for they can host k∥ = 0
modes, which is only approximately true for ergodic surfaces.
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3 Experimental techniques for the
Scrape-off Layer and Edge plasma
regions

3.1 Basic EDGE-SOL physics

3.1.1 The Debye Shielding

One of the salient properties of a plasma is its response to external electric fields. The
free charges in a plasma are able to move and shield the eletric field caused by any local
charge excess, creating a compensating cloud of polarization charge around the charge
excess. This mechanism is known as Debye shielding.

To illustrate this, consider a quasineutral plasma in thermal equilibrium so that par-
ticle densities distribute according to the Maxwell-Boltzmann law,

ns = n0e
−qsφ/T (3.1)

where φ(x) is the electrostatic potential, s = e, i and n0 is the number density at φ = 0.
Quasineutrality ne = ni requires the equilibrium φ to be constant and equal to zero. If
this equilibrium is externarly perturbed by a small, localised charge, the electrostatic
potential is perturbed from its constant value by δφ. Taylor expanding the charge
density in the small parameter eδϕ/T we get

ρ = δρext + e(δni − δne) (3.2)

= δρext − 2e2n0δφ/T , (3.3)

and so, Poisson’s equation for the perturbed potential gives(
∇2δφ− 2

λ2D

)
= −δρext

ϵ0
, (3.4)

with λD =
√
ϵ0T/ne2 being the Debye length, which is a characteristic plasma length

scale for electrostatic phenomena, as made evident in (3.4). As an illustration, consider
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Figure 3.1: Electric potential decay with and without a plasma in thermal equilibrium
showing the Debye shielding of the potential by the plasma

a single charge Q with charge density δρext = Qδ(x). The solution of (3.4) in this case
is

δφ(r) =
Q

2πϵ0

e−
√
2r/λD

r
. (3.5)

The no-plasma solution is recovered in the limit n→ 0 at constant T so that λD → ∞,
i.e. δφno−plasma(r) =

Q
2πϵ0r

(figure 3.1).

3.1.2 Plasma-Wall transition: the plasma sheath

When a material object is embeded in a plasma, the charged particles flow into its surface
where they get neutralised. In this section we will review the basic understanding of
the effect of the object on the surrounding plasma and how the physical magnitudes
measured on it relate to the quantities in the distant, unperturbed plasma. The region
around the object where the transition from the plasma to the solid occurs is known as
plasma sheath.

The qualitative description of what happens upon insertion of a solid into a plasma
is the following. The electrons flow quickly into the solid, as vTe ≫ vTi

for Te ≳ Ti, and
charge it negatively. An electric field is then created around the solid that acts to slow
down the electron loss rate and speed up the ion flow into the solid so that, in stationary
state, no net charge flows into the solid. In this situation, the solid is at an electric
potential equal to the floating potential ϕf which is different from the plasma potential
ϕp. The plasma sheath is then the region over which the electric field is significant
and the plasma departs noticeably form quasineutrality. Its characteristic length is, not
surprisingly, of the order of the debye length λD.

To make the above a bit more rigurous we will assume a very simple 1D model of the
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Figure 3.2: Spatial dependence of densities and electric potential on the distance from
the wall x illustrating the sheath characteristics

plasma motion. To make things more concrete we will think of the spatial dimention
as the coordinate along a field line that terminates in the solid object1. We consider
cold ions Ti ≪ Te ∼ eϕ and thermal (Maxwellian) electrons that follow the Boltzmann
relation

ne(x) = np exp

[
e(ϕ(x)− ϕp)

Te

]
≡ np exp

[
eφ(x)

Te

]
, (3.6)

where the subscript p refers to quantities in the bulk plasma, sufficienfly far from the
solid and φ is the electric potential refered to the plasma potential. The ion density and
velocity are determined by the conservation of energy2

1

2
miV

2
i + eφ(x) = constant =

1

2
miV

2
p

and particle number

d(niVi)

dx
= 0 ⇒ ni(x)Vi(x) = constant = npVp , (3.7)

which gives

Vi(x) =

[
V 2
p − 2e

mi

φ(x)

]1/2
, ni(x) = np

[
1− 2eφ(x)

miV 2
p

]−1/2

.

To determine the spatial dependence of the electric potential we insert the spatial
charge density calculated from the above into Poisson’s equation

d2φ(x)

dx2
= − e

ϵ0
(ni − ne) (3.8)

= −enp

ϵ0

{[
1− 2c2s

V 2
p

eφ(x)

Te

]−1/2

− exp

[
eφ(x)

Te

]}
(3.9)

1in our simplified case, B is constant and homogeneous so that particles move freely (unaffected by
B) along the field lines. Another approximatelly 1D situation for which the model can be valid is
that of an spherical probe in a homogeneous un-magnetised plasma with spherical symmetry

2recall that vthi
≪ eϕ
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where cs =
√
Te/mi is the ion acoustic speed. Numerical solutions of (3.8) can be

obtained. For illustration, we will consider its asimptotic solution far from the sheath
(x ≫ xS), where eφ(x)/Te → 0 (or ϕ(x) → ϕp). Taylor expansion of the electron and
ion denisties in this small parameter recast (3.8) to

d2φ(x)

dx2
=

1

λ2D

(
1− c2s

V 2
p

)
φ(x) , x≫ xS . (3.10)

For negative values of the pre-factor h = (1− c2s/V
2
p )/λ

2
D on the RHS, this equation has

oscillatory solutions that are unphysical in the present plasma model. This leads to the
Bohm condition for proper sheath formation

|Vp| ≥ cs , (3.11)

which gives exponetialy damped solutions φ(x) = C exp(−x/h) in the pre-sheath region.

We will next obtain the charged particle fluxes on the surface of the solid as approxi-
mately given by this model. The ion flux into the pre-sheath (where we will assume the
Bohm condition is satisfied marginally, i.e. Vp = cs) is

Γi = −npcs = Γi(0)

which equals the flux into the solid by (3.7). The maxwellian, isothermal electron flux
to the wall Γe can be calculated by gas-kinetic theory and is given by

Γe(0) = −1

4
ne(0)⟨v⟩ .

where ⟨v⟩ =
√

8Te/πme. The electron density at the wall is reduced w.r.t. that in
the nearly unperturbed plasma at the sheath entrance by the repulsive electric field

ne(0)/np = exp
[
eφ(0)
Te

]
as given by (3.6). Therefore

Γe(0) = −np exp

[
eφ(0)

Te

]√
Te

2πme

. (3.12)

An estimate of the potential drop between the unperturbed plasma and the surface of
the solid in stationary state can now be obtained. In this situation no net flux of charge
is collected by the solid (i.e. it is floating) and then Γi = Γe which gives a potential drop
between the surface of the solid and the unperturbed plasma

φ(0) = ϕ(0)− ϕp = −Te
2e

ln
mi

2πme

≈ −3Te
e

, (3.13)

for an hydrogenic (A = 1) plasma.
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3.2 Electric probes

If the solid inserted into the plasma is a conductor, one can measure the the current I
drawn into the solid as a function of its voltage V (≡ ϕ(0) in the preceeding section3).
This is its I-V characteristic.

From the above discussion we can obtain an expresion for I(V ) as I(V ) = Ii(V ) +
Ie(V ). In our model, the ion flux to the probe is independent of probe voltage and is
given by the Bohm condition

Ii ≡ qiΓiA = −npecsA = −ISi

where A is the probe area and ISi is the ion saturation current. The electron current is

Ie(V ) = npe
√
Te/2πmeA exp [e(V − ϕp)/Te] . (3.14)

This is valid for V < ϕp. For V ≲ ϕp all electrons directed towards the probe are collected

producing a current equal to the electron saturation current ISe = npe
√
Te/2πmeA. For

more positive potentials no sheath needs to be formed and the behaviour of the currents
cannot be modelled within our very simple formulation. Nevertheless one normaly works
well into the V < ϕp region for ISe can be a very significant current that might potential
damage the electric equipment. The characteristic I-V curve of a probe inserted into
the plasma is then

I(V ) = ISe exp [e(V − ϕp)/Te]− ISi (3.15)

3.2.1 Non-planar geometry and magnetic field effects

There are certain geometry effects in non-planar geometries that, while not adding any
extra physics, one should be aware of. In general, the effective ion and electron collection
surfaces need not be the same. In our treatment in the preceeding sections the electron
flux to the probe is calculated at the probe surface (of area = Ap) whereas the Bohm
condition for ions is known to hold at the sheath entrance (of area = AS). Furthermore,
the sheath thickness has a weak positive depence with the potential drop −eφ(0)/Te
(see Hutchinson [2002]) that gives certain positive slope to the I(V ) curve in the ion
saturation region.

In the presence of a magnetic field, despite certain subtelties (see Hutchinson [2002])
the above is generaly applied in the dimension along the magnetic field using the projected
probe surface area as the effective ion colection area.

3Note that we cannot measure directly φ(0) as we do not know the plasma potential
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Figure 3.3: Different effective collection areas and B-field effect on effective collection
area

3.2.2 Langmuir probes

Langmuir probes is a generic name for small conducting probes inmersed in a plasma,
that make use of the I-V characteristic described in the previous section to infer plasma
parameters. An obvious limitiation of these kind of measurements is that they have to
be restricted to relatively cold (few eV) plasmas.

A straightforward measurement of a combination of plasma parameters is obtained
measuring the (small) ion saturation current ISi ∝ nT

1/2
e by biasing the probe with a

sufficiently negative voltage.

When the probe is left to float the potential it gets is given by (3.13)

ϕf = ϕp −
3Te
e

however, we cannot determine the electron temperature from this formula as we do not
know the plasma potential ϕp. This is usualy done from the slope of the I(V ) curve

dI

dV
= (I + ISi)e/Te ⇒ Te = e(I + ISi)/

dI

dV
,

so one needs to input a sweeping bias voltage to the probe to obtain the derivative in
the region where ϕf < V < ϕp.

From the characteristic curve we can then extract n, Te and ϕp. However, some-
times the phenomena one is interseted in varies on time scales faster than the minimum
sweeping period allowed by you equipment. Such is the case when studying plasma fluc-
tuations. One then uses the probes either in floating potential ϕf (i.e. unbiased) mode or
ion saturation current ISi mode (i.e. negatively biased). Neither of these measurements
provides a unique plasma paramater.
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Figure 3.4: Langmuir characteristic I − V curve

The floating potential relates to the plasma potential as ϕf = ϕp − 3Te/e. If one
assumes the Te offset remains approximately constant in the timescales of interest, then
the fluctuations in both potentials are similar ϕ̃f ∼ ϕ̃p.

The ion saturation current exhibit a stronger dependence on the density ∼ n than on
the electron temperature ∼ T

1/2
e so it is very often regarded as an approximate measure

of the plasma density.

These two approximations allows to estimate the E × B driven turbulent flux. Con-
sider the pin layout depicted in [figure needed]. The two floating potentials poloidally
separated give an estimate of the fluctuation poloidal electric field Ẽθ ≈ (ϕf1 − ϕf2)/∆
and therefore of the radial velocity ṽr = Ẽθ/B. The central saturation current gives an
estimate of the fluctuating density ĨSi ∝ ñ. The particle flux can then be estimated as

ΓE×B = ⟨ñṽr⟩ ∝
1

B
⟨ĨSiẼθ⟩ ,

where the angular brackets are time averages over stationary signals.

Sometimes, to normalise the prefactor in the ISi the effective radial velocity is calcu-
lated as

veffr =
⟨ñṽr⟩
⟨n⟩

≈ ⟨ĨSiẼθ⟩
⟨ISi⟩B

.
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Figure 3.5: Figures taken from Chung and Hutchinson [1988] that serve the interpreta-
tion of the Mach probe measurements.

3.2.3 Mach probes

The above cold-ion analitical treatment of the plasma sheath for the interpretation of
Langmuir probe characteristics is sufficient to get estimates of some plasma parameters
but it cannot be pushed too much further. Material probe measurements can give
more information of the plasma but more sophisticated modelling is needed to interpret
them. A good example is the Chung and Hutchinson model of Mach probes (Chung and
Hutchinson [1988]).

In their very readable paper, they use Maxwellian electrons and a kinetic description of
the paralel velocity distribution for ions. The boundary condition for the ion distribution
in the unperturbed plasma is a shifted Maxwellian with a paralel drift velocity ud.

Figure 3.5 (figure 11 of the refered article) shows the ion distribution at the sheath
entrance for different drift velocities. Ions tend to enter the sheath at sound speed, but
their density at the sheath entrance varies with the bulk parallel drift velocity ud. This
gives different ion saturation currents for different ud.

A Mach probe consists of two pins separated by a solid wall measuring ion saturation
current in the same magnetic field line (fig 3.6), so that the parallel drift velocity has
oposite signs at each side of the probe.

The ratio of the ion saturation currents on each side of the probe is plotted in figure
3.5 (figure 13 of cited article) which shows a remarkable linearity (in a log scale) for a
wide range of Ti. This result is commonly used for the estimation of the paralel Mach
number M∥ = v∥i/cs

M∥ = 0.41× ln
IupSi
Idown
Si

, (3.16)
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Figure 3.6: Schematic design of a Mach probe.

which is known as the Hutchinson formula for Mach probes.

3.3 Laser Induced Fluorescence Diagnostic

The Laser Induced Fluorescence Diagnostic is a non-invasive technique to measure ion4

velocity distributions with temporal and spatial resolution f(x, v, t). It can be then
used to study the ion flow towards the wall and has been used to verify the Bohm seath
condition in Lunt et al. [2008]. It can also be used to study the densities of impurity
ions present in the plasma as a result of the Plasma-Wall interaction (PWI) that we will
be discussing in the next section, so it makes a nice transition between the preceeding
and comming sections.

The basis of the LIF technique are explained in figure 3.7.

First, an atomic transition line of the species under study (Ar+ in the case of figure
3.7 have to be selected with the atomic and spectroscopic data. The situation is the one
in figure tal.a. Electrons are pumped from an excited state |e⟩, populated by electron
collision, to a metastable state |m⟩ from where they de-excite to a lower enery final
state |f⟩ typically after a few nanoseconds. A tunable laser is injected into the plasma
of a wavelength close to resonant with the transition |e⟩ → |m⟩ and one measures the
intensity of the fluorescence light filtering out the scattered laser light. The detection
volume is determined by the laser beam width and the optics used for light collection
and can be fairly small ∼ mm3.

Now, if frequency bandwidth of the laser ∆fL is narrow compared with the ion’s energy
thermal scatter (ℏ∆fL ≪ Ti), the light of the laser will be resonant only with those ions
of a certain velocity along the laser v. Namely, that which makes the doppler shifted
laser frequency fD = fL(1−v/c) coincide with the transition energy ∆Ee→m ≡ ℏf0. The
intensity of the fluorescence light will be then proportional to the local density of Ar+

ions with a velocity around

v = c

(
1− f0

fL

)
.

4as we will see, ions amenable to study by LIF need to be not fully ionised.
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Figure 3.7: Laser Induce Fluorescence measurements (Taken from Lunt [2009]).

Therefore, scanning the laser frequency we can sample different points in the ion distri-
bution function f(x, v, t). Once the distribution function (or somethin proportional to it)
is known one fluid velocity along the laser beam Vi(x, t) =

∫
dvvf(x, v, t)/

∫
dvf(x, v, t).

The detection of the fluorescence photons is not trivial thought. The state |m⟩ is also
populated by electron impact excitation, so the background emission in the fluorescence
wavelength is generally much lager than the one induced by the laser. To overcome this
problem the laser is pulsed and the on and off spectra are compared. Also, an accurate
measurement of the distribution function requires a very precise knowledge of the laser
instant power and wavelength.

3.4 Basic Plasma-Wall Interaction and Divertor physics

3.4.1 General concepts and issues in PWI

As we saw in chapter 1 in a steady state plasma, all fusion produced α heating or ex-
tenarly applied power are either radiated (by Bremstralung or line radiation) or trans-
ported accross the plasma last closed flux surface (LCFS) into the open field lines region
(SOL). Once there, the particles and the energy they carry quickly flow towards the
divertor plates (or limiter surface) while more slowly diffusing perpendicular to the field
lines towards the main wall. In their journey towards the material surfaces they can
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still give part of their energy exciting impurities which radiate it away homogeneously.
However, impurities in the core plasma have deleterious effects on the fusion reactions
(particularly high Z ones) as they disipate energy through radiation and dilute the
reactants.

Also recall that the characteristic SOL thickness is ∼ 1cm that we estimated in (1.12)
as the density profile e-folding length λn. It turns out that the typical thickness of the
energy flux q ∝ TΓ is even narrower meaning that the heat fluxes (Energy per time and
surface area units) at the divertor plates can be as high as 10MW/m2 in present day
large tokamaks.

The main concerns of PWI which are being studied (and therefore need to be diag-
nosed) are

Material erosion –caused by energetic plasma particles and charge-exchange neutrals
inpinging on the material surface (physical sputtering) and chemical reactions be-
tween plasma and wall species that unbind atoms from the surface of the wall
(chemical sputtering). The polution of the plasma by sputtered impurities dilutes
the plasma and increases the radiated power that can lead to a radiation collapse.
Extreme transient power fluxes to the walls (like those caused by a plasma disrup-
tion or edge localised mode ELM) can heat the materials over their melting point
with very deleterious consequences.

Tritium retention –the radioactive hydrogen isotope inventory in a D-T fusion machine
has to be kept under a strict control for safety. Tritium can react with some species
like Carbon and form stable molecules in the surfaces that are hard to remove
without a serious impact in the operation of the device.

Material migration and mixing –eroded material can be redeposited and eroded again
so that it is transported to a distant wall region. Different wall materials can then
react to form alloys with poorer thermal and mechanical properties. For instance,
Be-W alloys can reduce the melting point by over a 1000 deg, BeO can have a
tritium retention comparable to C, etc.

These and others PW issues are or particular relevance for next step fusion devices
(like ITER) with long pulse durations and significantly larger heat loads to the walls.
Wall erosion, for instance, will experience an increase of from a few µm in today’s large
devices to the cm scale.

The interaction of the plasma with the main chamber wall and (unpumped) limiters
poses, already in current devices, a problem of fueling efficiency and density control.
Ions leaving the plasma are neutralised into the wall. After a number of shots the wall
is saturated with neutral atoms so further ions leaving the plasma are returned by the
wall as neutral particles that get ionised again inside the plasma. This re-fueling of
the plasma by the wall is knonw as recycling (fig. 3.8)). As the typical saturated wall
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Figure 3.8: Schematic illustration of the plasma recycling process

inventory is larger than the plasma particle content, changes in the recycling can affect
importantly the fueling of the plasma and therefore its density control. To ameliorate
this situation, walls are baked (so that neutral are themally desorbed and pumped away)
and conditioned (coating the walls with materials able to get and retain hydrogen –like
B or Li– so that wall saturation is reached after a greater number of discharges).

Current ITER wall design is presented in figure 3.9. A Beryllium wall is projected for
its low T retention and low radiating power (low atomic number Z). The divertor targes
(around strike points) are made of Carbon for its good thermal properties, because it
does not melt and can provide some intrinsic radiation to the divertor to reduce heat
loads. However, C can be a problem for it forms hydrocarbons and T retention. The
other parts of the divertor, made of Tungsten are chosen for its high physical sputtering
threshold.

Sputtering

Plasma expelled to the SOL from the confined region eventually reaches the limiting
surface. As we discussed in 3.1.2, a sheath forms in front of the material surface that
acts to slow down the electrons and accelerate ions so that no net flux of charge reaches
de wall. Ions striking the surface adquire an extra 3Te energy from the potential drop
in the sheath (see equation (3.13) and figure 3.2). The mean energy of an ion entering
the sheath can be approximated assuming the ion velocity ditribution is a Maxwellian
with Ti shifted by cs = [(Ti + Te)/mi]

1/2. This gives

Es =
5

2
Ti +

1

2
mc2s =

7

2
T , (for Ti = Te).
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Figure 3.9: Material choice for the ITER first wall and divertor tiles
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Figure 3.10: Physical sputtering yield as a function of the energy of the deuterium
projectiles for C, Be, and W. (Figure taken from [Stangeby, 2000, page
119])

More realistic ion distributions give somewhat lower sheath entrance energies Es ∼ 2T
(see [Stangeby, 2000, chapter 2]). Therefor ions striking the surface have a typical energy
given by

E0 ≈ 2Ti + 3Te ∼ 5T ,

which shows that, for an aproximatelly isothermal plasma, the sheath increases the ion
impact energy significantly.

Physical sputtering has a strong dependence on the energy of the projectile ion (or
neutral form charge exchange). Figure 3.10 shows the sputtering yield (number of atoms
removed from the wall per incident ion) as a function of energy for the three main ITER
wall components (C, W and Be). There exists a threshold energy bellow which no
sputtering occurs. This threshold is larger for larger lattice binding energy and larger
substrate atomic mass.

Chemical suttering is a more complex phenomenon involving the reactivity and ki-
netics of many chemical processes. It is nearly independent of the incident energy but
depends on the flux of ions to the material surface (figure 3.11)

3.4.2 Divertor physics

As discussed in the Introduction, diverted plasmas lend themselves to a better control
of their interaction with the wall. To begin with, the flux expansion together with an
appropriate orientation of the divertor plates allow to reduce ‘geometrically’ the power

39



Figure 3.11: Chemical erosion yield of Carbon as a function of the Deuterium ion flux
as measured in different plasma confinement devices. (Figure taken from
Roth et al. [2004])

densities to the wall by simply increasing the surface area over which the power into the
SOL is dritributed (figure 3.12). The longer paralel conections lengths and the physical
separation of the plasma and divertor volumes allow to have larger neutral and impurity
densities in the divertor and parallel temperature gradients. This is very much desirable
because lower divertor temperatures reduce the energy of the surface-striking ions and
therefore the physical sputtering yield, whereas higher neutral densities can absorb part
of the plasma energy and distribute it more uniformly over the wall in form of radiation.

Let us briefly discuss the conditions for the sustainment of parallel temperature gra-
dients in the SOL. In general heat transport from the upstream region to the divertor
plates can be conductive (i.e. depending on the parallel gradient of the temperature
κ∥dT/dx) and convective (which depends on the local temperature v∥T ). Strong par-
allel convection tends to flaten the temperature along the field line. It is therefore the
necesary to have a conduction dominated heat transport in the SOL to have significant
∇∥T . A way to reduce flows over most of the extension of the SOL is to localise the
particle source near the target. This can be seen from ion continuiny equation

dnv

dx
= Si(x) ,

where Si is the particle source (compare with (3.7) which implicitly assumes that the
particle source is at x → ∞). Integrating the above equation from the sheat entrance
(where we assume the Bohm condition to hold v(xS) = cs) to a distance x ≥ xS and
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Figure 3.12: Divertor geometry allows to reduce heat fluxes (W/m2) to the wall by en-
larging the surface over which the heat expelled from the confined region
is distributed. This is done by exploting a) flux expansion and b) the field
line landing angle

assuming the density in the sheath entrance to be similar to the bulk denisty and one
gets

v(x) = −cs +
1

n

∫ x

xS

Si(x)dx.

Therefore, the localisation of Si(x) determines how close to the sheath the ions are
accelerated to reach the Bohm condition the more distant the source is, the longer
the fracion of the SOL where ions are at nearly sonic speed and therefore advection
is important (figure 3.13). Close-to-target ionization is easier to achieve in diverted
plasmas. Ionization in limiter plasmas tend to occur inside the LCFS so the ion source
in the SOL is not localised near the limiter (ions created in the plasma close to the
limiter move in the confined region and may come back to the SOL at any distance from
the limiter).

The two-point model of the Divertor SOL

In this section we present a very simple model that relates the upstream (u) and target
(t) conditions in a conduction dominated SOL. We will assume that the ionization of
the recycling neutrals occurs very close to the surface, so that the plasma is accelerated
near the target to reach the local sound very close to its surface vt = cst =

√
2Tt/mi.

We have also assumed the plasma is isothermal Te = Ti (hence the factor 2 in the sound
speed). With this starting conditions we now impose pressure and power balance to
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Figure 3.13: Illustration of the effect of close-to-target ionization source in the ion
parallel velocity variation towards the target. (Boundary conditions are
v(xS) = −cs and v(∞) = 0)

relate the upstream and target conditions.

1. Pressure balance. In the absence of dissipative forces we have a Bernoulli equation
for the plasma fluid

p+ nmv2 = constant .

Equating the upstream (vu = 0) and target conditions (vt = cst) we get

ntTt =
1

2
nuTu (3.17)

2. Power balance. All the heat flux q∥ enetering the SOL in the upstream is removed
at the target, a distance L downstream. As disccused earlier this flux is transported
through conduction. The classical Spitzer thermal conductivity of a plasma dis-
plays a strong temperature depencence κ∥ = κ0eT

5/2. The power balance equation

q∥ = −κ0eT 5/2dT

dx
= −κ0e

2

7

dT 7/2

dx
,

can be integrated to yield

T 7/2
u = T

7/2
t +

7L

2κ0e
q∥ . (3.18)

An expression for the heat flux leaving the plasma at the sheath entrance can be
obtained assuming Maxwellian electrons and a shifted Maxwellian distribution for
ions (see [Stangeby, 2000, section 2.10])

q∥se = γTeΓse = γTtntcst (3.19)

With equations (3.17), (3.18) and (3.19) we can relate the upstream and target condi-
tions as a function of the control variables (nu and q∥)

5 and the parameters (κ0e and L).

5in experiments these can be controlled and monitored with the average electron density n̄e and
injected power Pin
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In order to have more manageable expressions we further assume that the parallel tem-
perature gradient renders a target temperature sufficiently smaller than the upstream
one, so that when exponentiated gives T

7/2
t ≪ T

7/2
u . Equation (3.18) is then simply

Tu ≈
(
7q∥L

2κ0e

)2/7

.

It is now easy to obtain the following relations

Tt ∝ q
10/7
∥ /n2

uL
4/7, (3.20)

nt ∝ n3
u/q

8/7
∥ , (3.21)

Γt ∝ n2
u/q

3/7
∥ L4/7 (∝ ϕrecycle), (3.22)

where ϕrecycle is the recycling flux. It is important to note the rather strong beneficial
effect of having high upstream densities nu in that reduce the temperature at the target
Tt ∼ n−2

u . Long conection lengths L have also positive but less pronounced Tt reducing
effects.

Divertor modes of operation

(Figure and text in this section are adapted from EFDA-JET http://www.jet.efda.org/focus-
on/limiters-and-divertors/)

Sheath limited divertor When the connection length between the upstream and down-
stream locations is rather short and/or the plasma density in the SOL is low (e.g. when
the core plasma density is low), then the temperature drop along a field line is negli-
gible. In this case, all the power entering the SOL reaches the solid surfaces, namely
the divertor target plates. The power deposition is highly localised close to the divertor
strike points (i.e., the intersection of the separatrix with the divertor plate.

Heat transfer across this sheath between the plasma and the wall must be proportional
to the product of the particle flux and plasma temperature. Therefore the heat that can
be transported along the field lines is limited by the heat that can cross the sheath.
That is why this regime is named “sheath limited”. As a consequence, the plasma
temperature and particle flux in front of the target will increase until the sheath can
transport the entire power that enters the SOL, resulting in high temperatures and heat
loads on the target. In practice this mechanism excludes the Sheath limited regime from
being relevant for a future fusion reactor.

High recycling divertor When the density in the SOL is increased then the plasma
flux to the targets increases and more and more neutrals are released from the target
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Figure 3.14: Sheath-limited and high recycling divertor regimes. In the high recycling
regime part of the energy is carried by radiation or CX neutrals which
reduce the peak heat flux in the strike lines.

plates and penetrate into the SOL – the recycling becomes high. The neutrals are ionized
in the plasma of the SOL which removes energy from the SOL in the volume not far
from the target (figure 3.14). Consequently the temperature along the field line drops.
The temperature is further decreased if impurities are present in the SOL, enhancing
radiative losses and so cooling down the divertor plasma. In the high recycling regime
the pressure remains constant along any given magnetic field line connecting upstream
and downstream locations. That is, the density of the plasma gets high in front of the
targets where the temperature is low.

Detached divertor With further increase of the plasma density the amount of charged
particles that reach the divertor plates falls to negligible levels. As the density is in-
creased more impurities are released by plasma facing components that raise the radia-
tion levels. For tokamaks where the walls of the divertor are made of materials that do
not radiate efficiently enough, impurities can be puffed i.e. “seeded” into the divertor for
obtaining the required radiation and thus cooling of the divertor volume. This method
is known as impurity seeding. As the temperature in the divertor decreases over a large
volume, electrons and ions can recombine to form neutrals volumetrically. This process
is amplified by the presence of those neutrals that, recycled at solid surfaces, now slow
down the plasma flow towards the targets through friction. That increases the time that
the charged particles have for recombining, making this process more likely to happen.
When this occurs in large quantities the measured particle flux at the target plates drops
by more than an order of magnitude. Neutral atoms transport the residual power and
as they are not bound by magnetic field lines, they can deposit power and particles over
broad areas reducing the peak values to acceptable levels for materials to sustain the
bombardment.

This regime is known as the plasma (or divertor) detachment as ideally the plasma
becomes completely detached (separated) from any solid surface. Plasma detachment
allows higher operating temperatures upstream. Due to the high neutral particle densi-
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Figure 3.15: Temperature and density as a function of the distance to the target for the
different regimes described in the text.

ties/pressures established in the divertor volume in front of the pump ducts, the pumping
of the helium ash becomes more efficient. And due to the negligible plasma influx onto
material walls the production of impurities may be reduced.

While detached operation has interesting properties, a very strong detachement can
lead to the neutral cloud reaching the confined plasma forming a strongly radiating belt
called MARFE. MARFEs can lead to radiative condensation6 and plasma disrution.

Figure 3.15 presents a graphical summary of the divertor regimes.

3.5 Divertor and Wall diagnoscs

From what we learnt reviewing the basic physics in the divertor and SOL there are
obvious things that are interesting to measure like heat fluxes to the wall, material
erosion and migration or radiation levels particularly in the divertor region. In what
remains of this chapter we will briefly introduce some of the diagnostics customarily
used in magnetic plasma confinement devices to diagnose these plasma-wall issues.

3.5.1 Infrared thermography

The wall temperature is monitored in current devices by Infrared (IR) cameras. IR
cameras are conceptually similar to visible CMOS cameras but the sensitive semicon-

6a positive feedback process where the cooling of the plasma caused by an increase in the radiated
power leads to higher radiation power and further cooling, so that plasma thermal energy is quickly
transformed into radiation
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ductor is chosen to have a narrower gap to be sensitive to ∼ µm wavelength radiation.
Semiconductors are often made of Indium compounds (InSb or InAs). Because of the
narrow gap, electron noise at room temperature is untolerable and the detector array
need to be cooled down to ∼ 70K.

After callibartion the digital levels in the camera pixels can be converted to degrees
centigrades (deg). The temperature range of surface measuraments available with these
cameras is typically from ∼ 200deg to ∼ 2500deg. It is posible to inferr the heat flux to
the wall by tracking the changes on the surface temperature.

3.5.2 Emission spectroscopy

Spectrally resolved radiation measurements in the edge can provide information on neu-
tral densities, electron temperatures and densities and impurity levels. Emission spec-
trocopy is presented in separate lectures.

3.5.3 Divertor bolometry

Another vital diagnostic tool for fusion plasmas is bolometry, which provides absolute
measurements of total radiation losses of a plasma discharge, regardless the radiation
wavelengths. A bolometer is just a tiny piece of metal with precisely defined thermal
properties that heats up due to plasma radiation (bolometry is. The radiation comes
through a narrow slit, named pinhole that defines a “viewing line” of each bolometer.
Plasma radiation losses along the viewing line are then derived from the increase in the
bolometer temperature. With a set of suitably positioned bolometers and along with
them a number of viewing lines, it is possible to estimate the radiation emissivity pattern
on plasma cross-section.

3.5.4 Quartz Microbalance

Quartz microbalance monitors which permit the measurement of the minute erosion and
deposition on wall materials. Thanks to these measurements we can rapidly progress
towards better plasma configurations to produce lower wall erosion.

3.5.5 Ex-vessel probe analysis

A useful so called post-morten analysis of the divertor tiles is to remove and inspect them
in searh of deposits of wall materials or injected inpurities. This helps asses issues such
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as material migration or impurity transport. Obviously, temporal resolution is rather
poor.
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4 Experimental techniques for the
plasma Core region

4.1 Core diagnostics

The plasma core of magnetic confinement fusion devices has typical temperatures of 1-10
keV and number densities of 1-10× 1019 m−3. While these parameters prevent the use
of material probes they provide suitable conditions to diagnose those regions by probing
the plasma with externally injected particles and radiation, as these techniques require
a minimum density for the probing objects to have a significant interaction cross-section
with the plasma particles. One can also pasivelly observe the radiation comming from
the plasma core to extract information about the plasma conditions in the region it was
emitted from.

The high temperature plasma present in the core can only coexist with highly ionised
impurity species and the radiation comes mainly form electron-ion Coulomb collisions
or Bremgstralung radiation. In general the intepretation of the radiation spectrum is
complicated by the light comming from different plasma regions consisting on a mixture
of (Doppler-broadened and shifted) line radiation and the continuum Bremgstralung +
Recombination spectrum. The use of frequency filters allows to select only those parts
of the spectrum that lends themselves to a simpler interpretation.

In the following we will discuss the Heavy Ion Beam Probe (HIBP) diagnostic, bolom-
etry and soft X-rays (SXR) diagnostics. Other fundamental core diagnostics (line radia-
tion spectroscopy, Thomson scattering, electron cyclotron emission (ECE) spectroscopy,
Microwave Reflectometry, etc) are covered in other lectures.

The HIBP measures electric potential profiles (from where one can compute the radial
electric field) which is believed to be important for the formation of transport barriers
and confinement transitions Carreras [1997]. Bolometry measures the total power loss
caused by electromagnetic radiation which participate in a not fully understood density
limit observed in all toroidal confinement devices Greenwald [2002]. SXR cameras and
tomographic reconstruction techniques provide information on fast core MHD phenom-
ena with high time resolution. Such phenomena as sawtooth crashes which limite the
core performance or disruptive MHD instabilities have been studied with SXR diagnotic.
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4.2 Heavy Ion Beam Probe (HIBP)

The Heavy Ion Beam Probe (HIBP) is a unique diagnostic for its ability to measure
plasma electric potential well inside the plasma column, where no material probes can
be inserted. The operating principle is as follows: heavy ions Iq with charge q (Cs+ in
the case of TJ-II) are accelerated to high energies (several hundred keV) and injected
as a continuous jet into the plasma column. The interaction with the plasma yields a
fan of secondary ions Iq

′
that are more strongly deflected by the magnetic field. Those

secondary ions produced in the so-called ‘sample volume’ are collected in an energy
analyser. Their energy contains information on the electric potential in the sample
volume. Trajectory reconstruction codes allow us to measure the position and reltive
potential of the sample volume.

4.2.1 Formal expression of the electric potential ϕ

Following the notation of the figure 4.1 we denote as A, B and C the injection, ionization
and detection points respectively.

The Hamiltonian of a charge in an electromagnetic field is

H(p,x, t) =
1

2m
(p− qA)2 + qϕ

=
1

2
mv2 + qϕ = Ek + Ep

(4.1)

From the Hamiltonian equations we obtain the ion trajectory x(t). Assuming that the
ion’s energy variation from A to B is given as

∆H(A→ B) =

∫ tB

tA

dH
dt
dt =

∫ tB

tA

∂H
∂t

dt

and using the Hamiltonian expression (4.1) we obtain

∂H
∂t

= q
∂ϕ

∂t
− qv · ∂A

∂t
,

and thus

∆H(A→ B) = q

∫ tB

tA

∂ϕ

∂t
dt− q

∫ tB

tA

v · ∂A
∂t

dt . (4.2)

We use the notation
∆H(A→ B) = qΩAB .

In the range of ion energies and plasma temperatures commonly found in magnetic
fusion experiments the main ionizing collision is electron impact I+ + e− → I2+ + 2e−.
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Figure 4.1: HIBP scheme
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Because of the large mass ratio between the heavy ions and light electrons (∼ 105) we
can regard the collision as an ionizing process with no change in the ion momentum and
kinetic energy. The extra positive charge after the ionization gives the ion an energy
increment

∆Hioniz. = (q′ − q)ϕ(B, tB) ,

and therefore the total energy change between A and B is

∆H(A→ B) ≡ HB −HA = qΩAB + (q′ − q)ϕ(B) . (4.3)

Similarly, the energy change between B and C is

∆H(B → C) ≡ HC −HB = q′ΩBC . (4.4)

Summing (4.3) and (4.4) gives

ϕ(B) =
HC −HA − (qΩAB + q′ΩBC)

q′ − q
. (4.5)

In most situations, the energy difference (or the electric potential energy inside the
plasma) is much larger than the energy increment caused by the fluctuating electro-
magnetic fields qΩ which tends to cancel out along the ion’s trajectory. The electric
potentials of the injection and detection points are both close to the vacuum vessel
potentials so that HC −HA ≈ Ek,C − Ek,A. Therefore (4.5) simplifies to

ϕ(B) =
Ek,C − Ek,A

q′ − q
. (4.6)

4.2.2 Operational expression for the electric potential ϕ

The energy analyser of the HIBP diagnostic at TJ-II is of the Proca-Green type Green
and Proca [1970]. The kinetic energy of the secondary ions entering the analyser is given
by

Ek = q′ϕana(Fδi+G) , δi =
iu − id
iu + id

, (4.7)

where ϕana is the deflecting electric potential in the analyser gird, i(u,d) are the currents
measured on the up and down plates of the analyser and F and G are adimensional
geometric factors depending on construction parameters and on the entrance angle of
the ions entering the analyser. The kinetic energy of the ions at the injection point
Ek,A can be written as their charge times the accelerating potential in the injector, i.e.,
Ek,A = qϕinj Substituting this and (4.7) into (4.6) and inserting, for the particular case
of a singly charged primary ion (, q′(Cs2+) = 2 y q(Cs+) = 1, one gets

ϕ(B) = 2ϕana(Fδi+G)− ϕinj . (4.8)
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Radiation type e− initial-final state Physical mechanism
Cyclotron free-free charge acceleration by the Lorentz force
Bremsstrahlung free-free electron-ion inelastic collisions
Recombination free-bound electron-ion collision and e− capture
Line bound-bound electron transition between atom’s quantum

levels

Table 4.1: Types of radiation in a plasma

The ionization rate of primary ions in a plasma volume is approximately proportional
to the local electron density. For the high energy neutral beam and the low density
plasmas, as found in the TJ-II device, the attenuation of the secondary beam along
its trajectory from the ionization or sample volume to the analyser is negligible. In
this situation, the total current on the analyser plates i = iu + id is approximately
proportional to the electron density in the sample volume

i = iu + id ∝ ne(B) . (4.9)

4.3 Plasma radiation spectrum

Thanks to Dr Marian Ochando for her notes, assistance and orientation in preparing
this section

Charged particles in a plasma experience accelerations by electromagnetic forces and
energy transitions in the ion’s quantum levels. In these processes electromagnetic radi-
ation is emitted. Classical electromagnetic theory explains the emission of radiation by
charged particles being accelerated. The radiation emitted by a particle accelerated by
the Lorentz force is called cyclotron or syncroton radiation whereas inelastic collisions
between unlike particles emit Bremsstrahlung radiation. There are also quantum contri-
butions to the spectrum primarily comming from atom excitation by electron impact and
subsequent de-excitation with photon emission (line radiation) and from free electrons
falling into the quamtum potential fields of an atom (recombination). Bremsstrahlung
and recombination radiation produce the continuum part of the power spectra as the
energy of the photon emmited varies continuously for a continuous electron energy ditri-
bution. Line radiation produce discrete peaks (somewhat Doppler broadened) in the
energy spectra corresponding to increments of the electrons’ potential energy between
two quantum leves. This is known as the characteristic spectrum of the ion species.
Table 4.1 is a summary of the radiation processes typical of a magnetically confined
plasma.

The power spectral density (or symply power spectra, i.e. energy emitted per photon
energy interval as a function of the energy of the photon) of these processes depend
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Spectral Region Wavelength / Energy Region
Near Infrared 700-1200 nm / 1-2 eV
Visible 400-700 nm / 2-3 eV
Ultraviolet (UV) 200-400 nm / 3-6 eV
Vacuum Ultraviolet (VUV) 30-200 nm / 6-40 eV
Extreme Ultraviolet (EUV) 10-30 nm / 40-120 eV
Soft X-Ray 0.1-10 nm / 120-12000 eV

Table 4.2: Usual names of the different spectral regions in which a hot plasma emmits
most of its energy

on plasma parameters such as electron density and temperature and impurity atomic
number and concentration. The overall spectra is a complex one with different pro-
cesses dominating in different plasma conditions and radial locations. This makes the
extraction of quantitative plasma parameters from radiation measurements not straight-
forward. Filters are used to isolate parts of the spectrum in which the emited power can
be easily modelled in terms of some plasma parameters that are then given as a result
of some kind of fitting. Nevertheless, the total power radiated by a plasma is itself an
interesting quantity to know so as to compute the plasma power balance.

These emissions span a broad range of frequencies from hard X-rays to microwaves,
although little energy is emitted on wavelengths longer than the infrared (IR). In these
long wavelengths, the main emission process is the electron cyclotron radiation. This
emission is absorved and reemited many times in the plasma volume, so that it is more
accurate to say that it is transported. The plasma is said to be optically thick in this
wavelength, whereas for visible and higher photon energies, under the typical conditions
of magnetically confined fusion plasmas, plasma is optically thin and can be considered
as a volume emitter.

Table 4.2 shows usual naming of the most important parts of the spectrum. The
photon energy associated with a given wavelength also provides orientation as to what
kind of process can emmit in such wavelength. For instance, line radiation on not too
high Z species will have energies around 1 to 1000 eV (remember the ground state
ionization potential of a hydrogen-like atom of atomic number Z is 13.6× Z2 eV in the
Bohr model). Shorter wavelength (or higher photon energies) will generally come from
Bremsstrahlung and recombiation radiation of relatively hot electrons whose number
increases towards the core of the plasma.

Different types of detectors are needed to measure the light in the different bands (i.e.
with different semiconductor technology like in IR and visible light cameras or AXUV
photodiodes or different dispersite elements in specrometers). Bolometers have simple
absorbing elements sensitive to a wide range of wavelengths and even to charge-exchange
neutrals. Its intended purpose it to monitor the total power losses conducted by these
processes.
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4.3.1 Relative importance of the radiation mechanisms

As we said earlier, the relative importance of the radiation mechanisms depend on local
plasma condition like ne, Te and imputiry content (Zeff). Analytical expressions can be
found for the energy distribution of the continuum spectrum (see e.g. Stratton et al.
[2007] and references therein). The Bremmstrahlung radiation power density per unit
photon energy interval (W/m3eV) emitted by a (ne, Te) Maxwellian electron distribution
colliding with an i-species ion population of density ni and charge state Zi can be written
as

dPBrem
i

dE
= CneniZ

2
i gffT

−1/2
e e−E/Te , (4.10)

where C is a constant and gff is the Gaunt factor1, E is the photon energy and Te is
the electron temperature in energy units. Note strong positive dependence on the ion
charge state ∼ Z2

i , which explains why it is important to keep your plasma clean from
high-Z impurities.

Summing expression (4.10) over all ion species gives

dPBrem

dE
= Cn2

eZeffgffT
−1/2
e e−E/Te ,

2 where the effective atomic number is defined as Zeff = 1
ne

∑
i niZ

2
i . For a fixed photon

energy E, the power emmited is most sensitive to temperature variations for energies
around the electron temperature. For a keV fusion plasma core, that falls in the soft
X-ray spectral range (see table 4.2). For a fixed electron temperature Te the spectrum
is purelly exponential e−E/Te i.e. linear in a log-scale with −1/Te being the slope (see
figure 4.2).

The expression for the power emitted by recombination processes as a function of the
photon energy can be written in compact form as

dPRec
i

dE
= (γ(Te, Zi)− 1)

dPBrem
i

dE
.

The pre-factor is a complicated sum of the weights of the different possible final levels
of the electron in the ion’s quamtum potential Goeler et al. [1975]. It includes low
energy cutoffs corresponding to the different bound energies of these final states: a
recombination process into a final electron state of a certain bound energy can only
emit photons of energies higher than that. For a fixed Te the recombination radiation

1this factor introduces some quantum corrections to the classical treatment used to derive (4.10).
There is a relatively weak Te dependence (as compared to the other factors) and a very weak Zi

dependence hiden in this factor.
2note that

∫∞
0

dPBrem

dE dE ∼ n2
eT

1/2
e as we anticipated in Chapter 1 in the discussion of power balance

in fusion plasmas.
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Figure 4.2: Bremsstrahlung spectrum. Photon energy (left) and electron temperature
(right) dependence.

preserves the e−E/Te dependence on the photon’s energy. Now, the total contiuumm
radiation (Bremsstrahlung + Recombination) caused by a given ion is then

dPContinuum
i

dE
= γ(Te, Zi)

dPBrem
i

dE
, (4.11)

and γ is consequently termed the enhancement factor (γ > 1 by definition). For low
electron temperatures of the order of the quantum potential wells of the impurities
present in the plasma, γ ∼ 2−100. It approaches unity (i.e. the continuum is dominantly
Bremstrahlung radiation) as Te increases –the very energetic electrons have little chance
of ending trapped by an ion. How large Te needs to be for that to happen depends very
much on the type and concentration of impurities present in each particular plasma.
Lines can dominate the radiated power in the relativelly cold (Te ∼ 1− 10 eV) neutral
and impurity rich plasma in the Edge/SOL and divertor region. A strong radiation
increase in the edge can cause a radiation collapse and is thought to take part in the
physiscs of the (not fully understood) density limit.

The populations of a particular impuritiy’s different charge states, in turn, depend on
plasma conditions. They are the result of a balance between ionization, recombination
and transport processes. A simplified model to estimate equilibrium concentrations of a
certain impurity is known as coronal equilibrium (but this lies rather on the spectroscopy
part of the subject). In the conditions expected in a fusion reactor, i.e. for a very pure
(Zeff ≈ 1) and very hot (Te ≳ 10 keV) plasma, radiation losses are mostly due to
Bremsstrahlung (remember our discussion about the energy balance in a fusion reactor
in Chapter 1).

4.4 Bolometry

Bolometry in generally used to measure the power radited in from the confined plasma
and divertor region. There are numerous types of bolometers but they all have an

55



Heat sink

absorber
thermometer

weak thermal link

Figure 4.3: Scheme of a generic bolometer showing its main defining constants: the
absorber’s heat capacity C and the weak thermal link’s characteristic time
τ . An absorber perfectly isolated from any heat sink would have an infinite
τ .

absorber and a thermometer (fig.4.3). The thermometer measures the temperature vari-
ations in the absorver caused by the radiation flux emitted by the plasma. For this
reason bolometers are arranged in pairs, one of them being screened from the plasma,
which monitors temperature changes in the absorber caused by reasons other than the
radiated flux (temperature drifts in the vacuum vessel, neutron absortion, etc). The
absorber needs to have near 100% efficiency from the IR range to a few keV.

Thin layers of metals such as gold an platinum3 have this characteristics. Their
resistance increases linearly with the conductor’s temperature so they are commonly
used to construct bolometers, called metal-resistor bolometers. Figure 4.4. Changes in
the resistivity of the bolometer with respect to the reference (screened) bolometer can
be accurately measured with a Wheatsone bride configuration. The radiated power is
well aproximated as a function of the temperature changes as

Prad = C

(
d∆T

dt
+

∆T

τ

)
, (4.12)

where C is the heat capacity and τ is the time constant4. ∆T is proportional to the
changes in the metal resistivity and thus to the potential output of the Wheatstone
bridge.

The metal layer absorbs also part of the power of particles impinging on it. This
includes charge-exchange neutrals comming from the divertor and edge regions (where
most of the CX collisions occur) which carry energies of the order of some eV. This can
be seen as an advantage if the total power loss (radiation and CX neutrals) is to be
monitored. Otherwise, bolometers can be made wavelength selective by the use of filters
(see next section).

3Platinum is preferred to gold for burning plasma exmeriments (with a high neutron yield) because
gold captures neutrons and transmutes into mercury

4it can easily be checked that the constant power (Prad = ct, t > 0,∆T (0) = 0) solution of this equation
is ∆T (t) = Pradτ

C

(
1− e−t/τ

)
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Figure 4.4: Left: Implentation of a metal-resistor bolometer from A. Huber et al. EFDA-
JET-CP(06)04-15. Right: Bolometers are generaly aranged in a Wheatstone
bridge setup to substract temperature drifts caused by processes other than
EM radiation (neutron radiation, vessel temperature drifts, etc.). Tempera-
ture changes are proportional to the voltage difference accross the bridge.

The radiation detectors can be arranged in different geometries adjusting the entrance
aperture and the detector-aperture distance (Fig.4.5). 2π detectors mesure the radiation
comming from a whole plasma cross section, i.e to monitor the total radiation power
loss. Reducing the apperture and/or increasing the detector-aperture distance, colimated
views or chords can be obtained for more localised measurements. A number of such
chords can be arranged in arrays or cameras to cover the plasma cross section and provide
spatial resolution. With several of these cameras looking to the same cross section from
different prespectives tomography reconstruction can be achived to obtaing a 2D image
of the plasma cross section.

4.5 Soft X-ray diagnostic

As we said earlier, the power emmitted by the plasma in the SXR of the specturm
has a strong dependence on the electron temperature for keV plasmas and the line
radiation in those energies is only due to K lines (transitions to the n = 0 shell) of high
Z impurities. Crystal spectrometers can be used to get finely resolved SXR spectrum
and obtain information from those lines. The pulse height analysis (PHA) spectrometer
is a photon-counting detector which measures the overall SXR spectrum (typically 1-50
keV) with moderate energy resolution. It can used to obtaing information on Te and
impurity concentrations suplementing other techniques.

One-dimmensional SXR cameras made of arrays of SXR detectors viewing different
chords of a plasma poloidal cross section, are used to study spatial features of fast plasma
events affecting Te or impurity concentration. Bolometers, described above, can be used
for such detectors. A crude spectral sensitivity can be achived by the use of filters con-
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Figure 4.5: Viewing geometries of radiation detectors.

siting in thin metal foils. More commonly, AXUV photodiodes are used in SXR cameras
which features a quantum efficiency that already filters part of the low energy photons
(see figure [AXUV diodes and QE curve]). A typical arrangement of these cameras is
shown in figure tal. The usual SXR photon flux in MFC experiments allows for short
exposure times and high temporal resolution (∼ µs). For this reason SXR tomography
is one of the primary diagnostics for the study of MHD phenomena (sawtooth crasses,
tearing modes etc) in MFC experiments. Figure tal shows the tomographic inversion of
a W7-AS plasma with a m = 2 tearing mode.

As discussed above, the radiation spectrum in the SXR region can have contributions
from both line and continuum radiation depending on plasma conditions (ne, Te, and
impurity concentration mainly), which complicates the data interpretation. To ease this
interpretation metal foils (a few µm thick layers) are used as filters to isolate parts
of the spectrum which lend themselves to a more or less simple moddelling. Thus
one can isolate a impurity x-ray line to diagnose impurities or eliminate all main lines
to enhance the sensitivity to plasma temperature fluctuations. The x-ray transmission
coefficient of a metal foil of thickness d depends on the x-ray photon energy E as T (E) ∼
e−µ(E)d where µ(E) decreases with energy energy approximately like µ ∼ E−α with
α ≈ 3. Therefore the transmission strongly increases as energy increases log T ∼ −E−3.
This tendency breaks down when an absorption edge of the particular metal in use is
reached, when the transmission suddenly drops to start increasing again for higher x-ray
energies. The position in energy of the absortion edges of a metal depend on the binding
energies of their electrons in the different shells (this is the general principle of absortion
spectroscopy). Figure 4.6 shows the spectral transmission of different elements.

Chossing the appropriate element and thickness these filters can be used to cut away
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Figure 4.6: Mass absorption coefficient of different metals as a funciton of the radiation
wavelength
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Figure 4.7: Simuated SXR spectra for a 1 keV plasma using Berillum filters with different
thickness.

low energy part of the SXR spectrum to ‘clean’ it from lines (fig.4.7). The transmission
steps (absortion edges) of different elemens can also be used to simulate band pass filters
as differences of SXR flux intensities measured with one filter or the other (fig.4.8).

Impurity studies from filtered SXR data make use of measured Te and ne profiles
together with some continuum + line radiation intensity model for the part of the spec-
trum selected by the filter. The intensity of the lines in the model are fitted to match
the measured SXR flux. Te can in principle be obtained form the comparison of two
high pass filters of a spectral region with low line radiation contributions. In this case
the ratio of fluxes is a well defined function of the electron temperature that can be
obtained from (4.11) and the filter spectral transmission T (E).

Filter 1

Filter 2

Figure 4.8: Illustration of the use of absortion edges to implement a band pass filter from
the signal difference of two detectors with selected filters.
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