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ABSTRACT

The optimisation of the fusion output power in
a tokamak device of given size and magnetic field re-
quires to maximise the fusion triple product nTτE .
The parameter space for safe, reliable, and stable
operation of a tokamak is limited by various con-
straints. Operational limits of tokamak devices orig-
inate from violation of magnetohydrodynamic stabil-
ity criteria or excessive radiation from impurity ions
in the plasma. Exceeding the boundaries of stable op-
eration may either result in a deterioration of plasma
confinement, or even lead to the uncontrolled disrup-
tive termination of the discharge.

I. INTRODUCTION

The need to optimise the tokamak operation in
order to get a sufficient fusion yield is the main
motivating force to explore and understand opera-
tional limits. As a starting point, a quite general
0-dimensional consideration of a fusion power gener-
ating machine will be presented. The thermonuclear
power density (i.e. released power per volume) in a
D-T plasma is

pDT = nDnT 〈σv〉εDT , (1)

where nD,T are the ion densities of D and T nuclei,
〈σv〉 is the rate coefficient for the fusion reaction, and
εDT = 17.6 MeV is the released energy per fusion re-
action. The fusion power density has a maximum
when the concentrations of both, D and T ions, are
each 50% of the total ion density. In the temperature
range between 10 keV and 20 keV the rate coefficient
scales within a few % proportional to the square of the
temperature, 〈σv〉 ∝ T 2. Using the definition of the
plasma beta, the ratio between kinetic plasma pres-
sure, p, and magnetic field pressure, β = 2µ0p/B

2,
substituting quantities in equation 1, and integrating
over the plasma volume gives

Pfus ∝ p2V ∝ β2B4V. (2)

This equation shows that the achievable fusion power
of a tokamak device strongly depends on the magnetic
field and the machine size, but there is a considerable
dependence on the plasma pressure, i.e. the way the

machine is operated. One way to increase the fusion
power output of a machine is to build a larger device
with a higher magnetic field. Beside the fact that
especially increasing the size of the machine will in-
crease the cost, there are technological limits. The
magnetic field can not be increased arbitrarily be-
cause the required superconducting coils only allow
a maximum field because superconductivity gets lost
at magnetic field strengths above a critical field Hc.
Another route to performance optimisation is opened
due to the dependence of the fusion power on the
square of the plasma pressure. Appropriate means
to tailor the discharge and increase the pressure at a
given magnetic field are required.

The most common operational scenario of a toka-
mak machine nowadays (and foreseen as base opera-
tional mode on ITER) is the so-called ELMy H-mode
(high confinement mode). This is a plasma regime
(only observed in tokamaks with a poloidal divertor)
where a transport barrier at the plasma edge builds
up, steepens the plasma profiles, and leads to an in-
crease of the stored energy in the plasma [1]. The
energy confinement times of H-mode plasmas have
been well documented in numerous experiments on
many divertor tokamaks and a scaling law based on
engineering quantities has been derived [2]:

τE,th ∝ I0.93p B0.15
t P−0.69n0.41e M0.19R1.97ε0.58κ0.78

(3)
(Ip plasma current, Bt toroidal magnetic field, P
heating power, ne line averaged electron density, M
isotope mass, R major tokamak radius, ε = a/R in-
verse aspect ratio, a minor tokamak radius, κ plasma
elongation). Without going in too much detail1, it
can be seen again that increasing machine size, and
increasing plasma current and density have a benefi-
cial effect on the confinement. In addition, the plasma
elongation has a strong influence on the confinement
properties.

The equations above indicate which plasma pa-
rameters have to be increased in order to achieve best
plasma performance in a tokamak machine of given
size and magnetic field. However, there are only a few
actuators for external control of plasma parameters.
The density can be controlled by adjusting the gas

1For a detailed discussion of this scaling law see J. Ongena
”Heating, Confinement and Extrapolation to Reactors”, these
proceedings.
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fuelling into the plasma. The plasma current is con-
trolled by adjusting the loop voltage through the flux
change in the primary winding of the transformer.
The plasma temperature can be regulated by auxil-
iary heating systems, e.g. neutral beam heating or
wave heating in the ion cyclotron, electron cyclotron,
and lower hybrid range of frequencies. As a side ef-
fect (or in some situations deliberately wanted) the
plasma heating methods can drive localised currents
in the plasma. This is utilised to increase plasma
stability or access a certain confinement mode of the
plasma.

All actions and attempts to optimise the fusion
power output are constraint by operational bound-
aries, i.e. the plasma density can’t be increased in-
finitely but has to be kept below the so-called density
limit. The plasma current cannot be increased above
a critical value without excitation of magnetohydro-
dynamic (MHD) instabilities. In the worst case the
violation of operational limits leads to a disruption
of the discharge, which is a sudden breakdown of the
plasma current and a release of the stored energy to
the first wall of the tokamak. The severity of opera-
tional limits can be categorised into soft limits which
result in a deterioration of confinement and a related
reduction of fusion power, and hard limits which even-
tually lead to a disruption with potentially harmful
impact on the integrity of the machine.

The mechanisms leading to a deterioration of con-
finement or initiating a plasma disruption have to be
studied in detail in order to devise strategies to avoid
touching an operational limit, stabilise an instability
once it occurs, or completely prevent disruptions to
happen.

II. OPERATIONAL PARAMETER SPACE OF A
TOKAMAK: THE HUGILL DIAGRAM

An overview on the operational space of a spe-
cific tokamak machine is usually given in form of the
so-called Hugill diagram [3]. Figure 1 shows such a
plot for the TEXTOR tokamak2 The Hugill diagram
is a plot of the inverse safety factor at the plasma
surface, 1/qa, versus the Murakami number, neR/Bt
[4]. Because in a cylindrical approximation the edge
safety factor3 can be written as

qa = 5a2Bt/(RIp), (4)

the inverse of the edge safety factor is proportional to
the plasma current Ip. Therefore the Hugill diagram

2The TEXTOR tokamak was located in the Forschungszen-
trum Jülich and has been in operation for 30 years until 2013.
See O. Neubauer et al., Fusion Sci. Technol. 47 76 (2005) for
a description of the machine.

3The edge safety factor is infinite in a poloidal X-point di-
vertor configuration. In those cases the safety factor q95 of the
flux surface encompassing 95% of poloidal flux is used synony-
mously.
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Figure 1: Hugill diagram for the TEXTOR tokamak.

can be seen as a plot of the plasma current versus
the line averaged plasma density (scaled by machine
size).

The operational space of the TEXTOR tokamak
is shown in figure 1. The data have been collected
during several years and cover various experimen-
tal campaigns with different methods of wall con-
ditioning and ohmic as well as neutral beam injec-
tion heated scenarios [5, 6]. Careful inspection of
this diagram reveals the existence of three operational
boundaries.

At first one notices the absence of data points
above an inverse edge safety factor of 0.5, i.e. qa < 2.
When the edge safety factor falls below 2 the m =
2, n = 1 external kink mode gets destabilised [7]. This
mode grows to a large amplitude4. Eventually the
plasma will end up in a disruption.

A second operational limit manifests itself by the
absence of data points in the lower right of the dia-
gram. For a given plasma current (which corresponds
to a specific 1/qa value) there exists a maximum elec-
tron density. This is an empirical boundary which
is not as sharply defined as the qa > 2 limit dis-
cussed before. The Hugill diagram shows that the
maximum density depends on the first wall surface
material of the tokamak, and on the applied heat-
ing power. Especially the improvement of wall con-
ditioning techniques led to an increase of tokamak
performance which can be attributed to cleaner plas-
mas with a lower effective charge, Zeff [8]. There is
obvious link of the achievable density with the pure-
ness of the plasma, or in other words, the plasma can
sustain a higher density when there are less impurity
ions in the plasma. Impurity ions lead to an increased
energy loss of the plasma which increases with den-
sity up to the critical point when the radiated power

4Mode amplitude is the radial magnetic field component,
but in this context the displacement of flux surfaces is used
synonymously.
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equals the heating power. It can be seen in figure
1 that discharges with neutral beam heating can be
stable operated at higher density.

A third limit is not very obvious but results in a
lack of data points at very low density, i.e. close to the
left axis of figure 1. Due to the toroidal loop voltage
the electrons in the plasma experience an accelerat-
ing force. Under normal conditions the electric force
is balanced by the friction force resulting from colli-
sions. Because friction scales ∝ nev−2 there is a crit-
ical velocity upon which an electron is continuously
accelerated and runs away. The Maxwellian distri-
bution function develops a non-thermal tail. The
plasma operation under these conditions has to be
avoided because runaway electrons (RE) will be accel-
erated up to several MeV of energy and the RE beams
can carry a substantial amount of energy which, when
released to the first wall, may cause serious damage
to the machine.

III. RADIATION LIMITS

Tokamak plasmas always contain a certain
amount of impurity ions. These ions originate either
from the material of the surrounding walls and are
released by sputtering, or impurities are deliberately
introduced in the discharge for the purpose to cool
the plasma edge or divertor region in order to control
plasma surface interaction. The presence of these im-
purity ions results in an increase of the radiation from
the plasma which brings about the possibility of ra-
diation driven instabilities.

A. Radiation Mechanisms

In a tokamak plasma different sources for ra-
diation losses are present. The power radiated by
bremsstrahlung due to electron-ion collisions (free-
free) or recombination (free-bound) scales like

Pbr ∝ Z2 ne nZ T
1/2
e , (5)

where Z is the ion charge state5, ne and nZ are the
densities of electrons and ions in charge state Z, and
Te denotes the electron temperature. For normal
tokamak operational conditions this power loss can
be easily supplied by the plasma heating systems.

A more substantial power loss is due to electron
cyclotron radiation:

Pc = e4/(3πε0m
3
ec

3) B2 ne Te, (6)

where e is the elementary charge, ε0 the permeabil-
ity of free space, me the electron mass, and c the
velocity of light. The power radiated by electron cy-
clotron emission can become quite large, but it is not
of concern because the plasma is optically thick at

5Due to the strong dependence on the effective charge num-
ber, the standard Zeff diagnostic of a tokamak is the measure-
ment of the visible bremsstrahlung.

Figure 2: Asymmetric plasma radiation after onset of
a MARFE in TEXTOR.

the fundamental frequency and the emitted power is
immediately re-absorbed. Loss of a small fraction of
radiated power can occur at the harmonic frequencies
where the plasma in not optically thick.

Most important source of radiative power loss
are impurity ions. They lead to an increase of
bremsstrahlung losses (see equation 5) and addition-
ally emit line radiation with a power density given
by

PR = L(Te) ne nI , (7)

where L(Te) is the cooling rate6 [9] for a specific im-
purity and nI gives the impurity density. It is impor-
tant to note that the cooling rates increase when the
temperature drops, i.e. dLTe/dTe < 0.

B. Density Limit

The density limit in tokamaks is actually a radi-
ation limit. When the elctron density is increased at
constant pressure (i.e. without increasing the heating
power), the electron temperature drops. This leads
to an increase of the radiative power loss due to the
above mentioned shape of the cooling rate curves.
The density limit is reached when the radiative power
equals the total heating power which is the sum of
ohmic and auxiliary heating powers:

Prad = Pheat = POH + Paux. (8)

The critical density scales like [10]

ncrite ∝ (Pheat/(Zeff − 1))1/2. (9)

Low effective charge and high heating power can ef-
fectively increase the density limit. This can be seen
as well in the Hugill diagram figure 1 where with the
progress in wall conditioning (carbonisation, boroni-
sation) and with increased heating power larger den-
sities were accessible.

6Other authors refer to this quantity as radiation parameter
or radiation function.
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Figure 3: m = 2, n = 1 disruption precursor mode.

Present-day tokamaks with metal walls and/or
state-of the art wall cleaning methods and sufficient
heating power installed would allow for a rather high
density limit. Unfortunately, it turns out that the ra-
diative density limit is not dominated by a symmetric
radiation belt following equation 9 but is determined
by a variety of other mechanisms [11]. Particle trans-
port at the edge, plasma detachment and recycling
phenomena whith plasma cooling being a key element
of them all start to play a role. One important and
rather common phenomenon in this context is the ap-
pearance of the so-called MARFE7 [12]. In a situation
with local plasma cooling the characteristic shape of
the cooling rate curves leads to a self amplifying con-
densation process most often resulting in a radiation
collapse. The requirement of pressure balance results
in a local, cold and very dense plasma, the MARFE.
Figure 2 shows a tomographic reconstruction of the
poloidal radiation distribution during a MARFE. The
appearance of the MARFE is strongly correlated with
the recycling flux from the plasma edge [13]. Reduc-
ing this particle flux by moving the plasma away from
the surrounding walls allows for higher densities (see
points labelled outward shifted in figure 1). The data
from many tokamaks has been analysed in detail [11]
and a surprisingly simple scaling law could be derived:

ne,G = κj, (10)

with ne,G the maximum line-averaged density in units
of 1020 m−3, κ the elongation of the poloidal plasma
cross section, and j the poloidal average of the current
density in units of MAm−2. Despite it’s simplicity

7The acronym MARFE stands for Multifacetted Asymmet-
ric Radiation From the Edge.

this simple formula has been found to well approx-
imate the density limit in a variety of tokamaks of
different size.

C. Impurity Accumulation

Nowadays tokamak are more and more equipped
with limiters and divertor tiles made of high-Z ma-
terials like tungsten due to their high melting tem-
peratures and low sputtering rates. When off-normal
events lead to increased thermal and particle loads
high-Z material may be eroded and released to the
plasma where it is transported toward the plasma
centre. The strong radiation causes local cooling and
flat or even hollow temperature profiles. Because the

electrical conductivity scales σ ∝ f(Zeff )T
3/2
e with

temperature a decreases of the central plasma current
follows and enforces the temperature decay and fur-
ther accumulation of the high-Z impurity on plasma
axis.

IV. BETA LIMIT

In the introduction it has been shown that the
increase of beta

βt = 2µ0〈p〉/B2
t , (11)

where 〈p〉 is the volume averaged plasma pressure,
is a rational way to increase fusion performance and
make best use of the applied toroidal magnetic field
Bt. This gives rise to the question, how large the
plasma pressure can get before MHD instabilities be-
come destabilised.

A. The Ideal Beta Limit

The maximum plasma pressure which can be con-
fined by a given magnetic field has been calculated by
Troyon [14]. In his calculations he considered stability
against (i) the Mercier criterion [15], (ii) ballooning
modes, and (iii) the n = 1 free-boundary kink mode.
It has been found that the latter determines the up-
per limit on beta. For circular plasma cross section
a simple scaling law for the poloidal beta8 has been
found:

βmaxp = 0.14 (R/a) qa. (12)

More general, the maximim beta βm for a given con-
figuration9 can be written as

βm = g
I

aBt
(13)

where g is named the Troyon factor and a value of
g = 2.8 the Troyon limit. The quantity

βN =
β

I/(aBt)
(14)

8Same as toroidal beta in equation 11 but toroidal field is
replaced by poloidal field Bp.

9Here configuration means plasma shape.
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is called normalised beta. The stability limit can then
be simply expressed as βN < g. It turns out that
the Troyon factor depends on the shape of the cur-
rent density profile and can be approximated in many
cases by g = 4li, where ii is the internal inductance
of the plasma.

B. Resistive Wall Modes

A certain operation mode of tokamaks, the so-
called advanced scenario, makes use of an elevated
q-profile, a broad current density distribution, and
steep pressure gradients which lead to a large boot-
strap current fraction. In this scenario the external
kink mode plays the limiting role. The mode can be
stabilised by a close fitting conducting wall. This will
result in a somewhat higher maximum beta value.
Due to the conducting wall the growth rate of the
external kink is reduced to the inverse of the resistive
time constant of the wall. Depending on the proper-
ties of the stabilising wall, the achievable beta is in
the range

βno−wall < β < βideal−wall. (15)

In this context the beta limit is called the resistive
wall mode (RWM) limit. Stabilisation of the RWM
is proposed via two different mechanisms: (i) dissi-
pation of the free energy of the mode by fast plasma
rotation, and (ii) active feedback control to cancel the
RWM field by a set of saddle coils mounted inside the
vacuum vessel [16].

C. (Neoclassical) Tearing Modes10

In contrast to kink modes which are driven by
the plasma pressure, a class of modes named tear-
ing modes are driven by the radial gradient of the
plasma current. These modes, when destabilised,
form so-called magnetic islands which are radially
and poloidally localised regions where reconnection
of magnetic field lines occurs and the magnetic topol-
ogy is changed. The growth of tearing modes depends
on the tearing parameter ∆′ defined as

∆′(w) =
1

Br

∂Br
∂r

∣∣∣∣rs−w/2
rs+w/2

, (16)

where w is the island width and rs the radius of the
rational surface where the mode grows [17]. A pos-
itive ∆′ will destabilise the mode. The growth rate
depends on the resistivity η of the plasma and is ap-
proximately given by

dw

dt
' η

2µ0
∆′(w). (17)

Tearing modes can grow to rather large size with a
radial width of 10%-20% of the minor plasma radius.

10This section is just for completeness and kept rather con-
cise, a much more detailed article by H. R. Wilson on ”Neo-
classical Tearing Modes” can be found elsewhere in these pro-
ceedings.

An example of a tearing mode is shown in figure 3.
Here the plasma current (a), the electron tempera-
ture at about half radius (b), and two interferom-
eter chords (c) are shown. The time traces of Te
and ne measurements show a characteristic modula-
tion which results from the flattening of the plasma
profiles across the island11 and the diamagnetic drift
motion. It can be seen in the figure that the island
rotation frequency slows down when the island size
gets larger.

A common observation in almost all tokamaks is
that the ideal beta limit can only be reached tran-
siently but that the stationary achievable beta values
are lower [18]. This behaviour has been found to be
caused by the onset of a m = 3, n = 2 or m = 2, n = 1
tearing modes. Strangely, the ∆′ parameter of these
modes is negative, i.e. the modes should be stable.
These modes have been named neoclassical tearing
modes (NTM) and their growth can be described by
a generalised Rutherford equation [18]. Additional
to the tearing parameter this equation contains two
pressure driven contributions. One term is destabilis-
ing and originates from the loss of bootstrap current
due to the pressure profile flattening in the island.
The second term is assumed to be stabilising and re-
sults from a polarisation current within the island.
Neoclassical tearing modes are usually a soft limita-
tion, i.e. the discharge does not disrupt but the con-
finement gets deteriorated. Plasma disruptions are
possible in case the m = 2, n = 1 neoclassical tearing
mode gets unstable. A widely investigated method for
stabilisation of NTMs is to replace the missing boot-
strap current in the island by non-inductively driven
current using ECRH wave injection or lower hybrid
current drive12 [19, 20].

V. THE CURRENT LIMIT

The qa-limit
qa > 2 (18)

has been already mentioned when discussing the
Hugill diagram (figure 1). This is an hard limitation
and falling below this value will unavoidably end up
with a disruption. Because the density increases with
plasma current, increasing the current is an easy way
to achieve better confinement, as can be seen by the
proportionality of the energy confinement time with
plasma current (see equation 3). The main implica-
tion of the qa-limit is that there is a maximum sus-
tainable plasma current at a given toroidal magnetic
field. But even at qa values above 2 but close to 2 the
plasma may be already affected by MHD stability is-
sues due to the growth of the m = 2, n = 1 tearing

11Magnetic islands are commonly referred as O-points of the
mode, whereas the crossing of the island separatrix between
O-points is labelled the X-point.

12See E. Westerhof’s article on ”Non-inductive Current
Drive” in these proceedings.
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mode. There is no simple criterion to decide whether
this mode is unstable because the shape of the current
density profile, the plasma pressure, plasma rotation,
and the proximity to a conducting wall influence the
stability. As a rule of thumb one can say that the
excitation of the m = 2, n = 1 mode becomes more
likely at lower edge safety factor qa. Most plasma
scenarios today use values of 3 or larger.

VI. LOCKED MODES AND ERROR FIELDS

An MHD perturbation like a kink or tearing
modes are usually frozen in the plasma fluid according
to Alfvén’s theorem. As a consequence modes rotate
due to drifts or momentum input by neutral particle
injection. A growing mode in the plasma will experi-
ence friction caused by induced eddy currents in the
wall and slow down the plasma rotation. Eventually
the mode can lock to the wall and the rotation in the
tokamak frame stands still. The growths rate of the
mode after locking is determined by the resistivity of
the tokamak first wall and much larger than in the ro-
tating state. In many cases mode locking is observed
to be a precursor to a disruptions. The slowing down
and locking leading to fast mode growth and disrup-
tion can be seen in figure 3. Here a disruption starts
at t = 0.552 s shortly after the mode stopped and a
fast growths (see Te signal) set in.

A common source for the excitation of locked
modes are intrinsic error fields. These fields can
arise from small alignment errors of the coils sys-
tems. Already low error field amplitudes of the order

Br/Bt ≈ 10−4 (Br is the radial component of the er-
ror field) have been found sufficient to excite locked
n = 1 modes. An error field of this size is expected
on ITER due to small coil misalignments [21].

The critical mode amplitude for mode excitation
has been investigated in a variety of tokamaks and a
power law scaling expression has been derived [22]:

Br/Bt ∝ nαn
e BαB

t q
αq

95R
αR . (19)

The exponents αx show a rather large scatter be-
tween individual machines, good agreement has been
found only for αn which is about 1, i.e. the resistance
against error field driven modes increases linearly
with plasma density. αB is always negative, meaning
that acceptable error field levels become even smaller
at larger machines.

Plasma rotation generally increases the threshold
for mode excitation. Momentum input which adds to
the diamagnetic drift will act stabilising, but when
the fluid rotation is compensated by external momen-
tum input the error field threshold shows a minimum
[23].

VII. VERTICAL STABILITY

A circular shaped plasma is stable with respect
to vertical displacements if the field index

n = − R

Bv

dBv
dR

(20)

is larger than zero [7]. However, vertical elongation κ
has a positive effect on the confinement (see equation
3) and most of the tokamaks are operated with elon-
gated plasma shape. A drawback is that the plasma
column becomes unstable with respect to vertical dis-
placements. The growth rate of this vertical displace-
ment event (VDE) depends on plasma elongation and
can become rather large. A loss of control will results
in the plasma either touching on the divertor or ar-
mour tiles at the top. Large heat loads and halo cur-
rents13 arise before the plasma current eventually dis-
rupts. The growth rate of the VDE can be decreased
down by a close fitting conducting wall (similar to
RWM stabilisation). Experiments on the Swiss toka-
mak TCV have shown that growth rates of several
1000 s−1 could be feedback stabilised [24].

VIII. DISRUPTIONS

A disruption is a fast decay of the plasma current
as a consequence of a severe plasma instability, an op-
erational limit, or a loss of plasma control. The evolu-
tion of a disruption can be divided into several stages

13Halo currents arise when the plasma column touches the
wall and a fraction of the plasma current flows partly in the
wall.
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[10]. An initiating event causes an unstable state, of-
ten accompanied by changes of the current density
distribution. Precursor like mode oscillations appear
next before the actual disruption starts. There are
two distinct phases: (i) the thermal quench (TQ) dur-
ing which the temperature profile collapses and the
stored plasma energy is released to the surrounding
walls, and (ii) the current quench (CQ) during which
the plasma current decays very fast and the magnetic
energy is released. Energetic electrons with energies
up to several MeV can be generated during the CQ
because the tokamak loop voltage rises due to Lenz’s
law.

Disruptions pose a threat to the integrity of a
tokamak because they could result in (i) radiative and
convective heat loads on plasma facing components
which may cause melting or evaporation, (ii) strong
j × B forces on the vacuum vessel due to induced
eddy currents and halo currents, and (iii) a beam of
high energetic electrons which can carry a significant
fraction of the plasma current and may cause severe
damage when hitting plasma facing components.

Disruption studies are at high urgency for ITER
[21] and methods for reliable early detection, avoid-
ance, and mitigation need to be developed.

A. Runaway Electrons

Runaway electrons (RE) are generated when the
friction force due to collisions gets smaller than the
electric force due to the toroidal loop voltage. A rela-
tivistic calculation of the critical electric field required
for electrons to run away yields

Ecrit =
nee

3lnΛ

4πε20mec2
(21)

where lnΛ is the Coulomb logarithm, e and me charge
and mass of an electron, and c the speed of light. For
normal tokamak conditions the electric field is less
than the critical electric field, so no runaway electrons
are generated. At very low density the loop voltage
is large enough to produce runaway electrons. These
conditions are at the left edge of the Hugill diagram
(figure 1). Although in a strict sense the generation
of runaway electrons is no operational limit, tokamak
operation at those conditions is usually avoided be-
cause of the potential damage they may cause.

Once there is a population of energetic electrons
an avalanche-like process due to small angle collisions
with thermal electrons sets in [25]. This secondary
generation process will be dominant on large toka-
maks.

B. Disruption Avoidance

The optimum approach to solve the disruption
problem would be to avoid any disruption happen-
ing. This requires a reliable way to detect the very
early stage of a disruption, e.g. a precursor, and some

actuators to rectify whatever went wrong and to re-
gain plasma control. The application of neural net-
works for early detection of disruptions is under in-
vestigation and shows good progress [26]. For certain
classes of disruptions a direct detection of a precursor
mode and the use of neutral beam injection in order
to enhance plasma rotation and stabilise the mode
has proven to be successful [27].

C. Disruption Mitigation

The situation that a disruption cannot be avoided
may arise. In this case a way to deliberately shut
down the plasma discharge and to ameliorate the con-
sequences of a disruption is required. The shutdown
procedure has to be designed in a way which keeps
j×B forces on vessel and coil systems within accept-
able limits, dissipates the plasma stored thermal and
magnetic energies in a way which does not lead to lo-
calised overheating of plasma facing components, and
prevents that a part of the plasma current is trans-
formed into REs. The energy balance for a shutdown
prcedure is as follows:

Wth +Wmag = Wrad +Wcoupled +Wconv (+WRE)
(22)

The thermal plasma energy Wth and the magnetic en-
ergy Wmag are converted in to radiated energy Wrad

(this is preferred because radiation is distributed on
a large wall surface), the energy Wcoupled which is
coupled via the mutual inductances into the tokamak
coil systems, the part of the energy which is con-
vected by plasma wall contact Wconv, and the energy
which is carried by RE electrons. Especially the lat-
ter two components result in small wetted areas and
large local heat loads. Various disruption mitigation
methods have been proposed: (i) A fast controlled
ramp-down of the plasma current seems to be a good
solution but is not always possible. It needs a rather
large warning time, and the plasma density (and ra-
diation) may not decrease with the required rate thus
provoking a density limit disruption. (ii) Injection of
so-called killer pellets14 or shattered pellets15 in or-
der to force the plasma into a radiation limit disrup-
tion. (iii) Massive gas injection [28] using specially
designed fast valves is another promising method to
deliberately induce a radiation collapse. This method
is presently under investigation on many tokamaks.

IX. SUMMARY

The operational limits of a tokamak machine arise
from a variety of different physical mechanisms. The
density limit is actually defined by the balance be-
tween plasma radiation and heating power. Clean

14Similar to frozen hydrogen fuelling pellets but made of
neon or argon.

15Nobel gas pellets of large size which are shot against a
solid target which disaggregates the pellet before entry into
the plasma.
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plasmas and good wall conditioning together with suf-
ficient heating power can assure stable operation close
to this limit. A limitation on the maximum plasma
current at a given toroidal field results from the MHD
stability properties of the m = 2, n = 1 mode. The
generation of runaway electrons constrains the oper-
ation at low density. The ideal beta limit originates
from pressure driven n = 1 kink instabilities. More of
importance is the so-called practical beta limit which
is due to the neoclassical tearing mode and is the most
frequent limitation to plasma performance. Disrup-
tions can cause damage to the machine pose the most
severe problem on large tokamaks requiring an ade-
quate mitigation method.
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