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The development of safe, sustainable and environmentally 
friendly energy sources is one of the main challenges man-
kind faces in the 21st century. Fusion is based on the princi-
ple that powers the Sun and all stars in the universe, and it 
has the potential to provide a solution to the world’s energy 
problem. Fusion is intrinsically safe, provides the largest en-
ergy density of all known energy production principles, uses 
fuels that are practically inexhaustible, does not produce 
greenhouse gases, does not require geological storage of 
wastes, and has no impact on weapon proliferation issues.

The basic challenge of fusion devices is to confine enough 
plasma, the ionized state of matter in which fusion reactions 
take place, at temperatures of 10-20 keV, for sufficiently 
long times. We focus here on the magnetic approach to fu-
sion, in which the charged plasma particles are trapped in 
a cage formed by a magnetic field. We consider tokamak 
devices, which are based on a combination of fields pro-
duced by external coils and by a strong current driven by 
transformer action in the highly conducting hot plasma. To 
obtain electricity in a practical reactor, the fusion gain Q, the 
ratio of the power input to that produced by fusion reactions, 
must be significantly larger than 10. In Deuterium-Tritium 
plasmas this condition corresponds to nτET > 1021 keVs/m3, 
where n and T are the plasma density and temperature, and 
τE is the energy confinement time.

When Q > 5, the self-heating due to the by-products of the 
fusion reactions provide the dominant contribution to the 
overall heating of the plasma. The plasma is said to be 
burning. In DT plasmas, the by-products are α-particles 
at 3.5 MeV, which transfer their energy to the background 
plasma by colliding with electrons and ions (Fig. 1). The un-
derstanding and control of burning plasmas constitute the 
focus of today’s fusion research.

First, it is necessary to reach the burning plasma conditions. 
This implies identifying auxiliary heating scenarios that can 
be used effectively in 50:50 DT mixtures, including neutral 
beam injection (NBI) and waves that resonate with the ion or 
electron cyclotron motion (Ion or Electron Resonance Heat-
ing, ICRH or ECRH). This also involves minimizing the ef-

fect of turbulence on the energy and particle confinement in 
the different regions of the plasma column.

Second, burning conditions must be sustained for macro-
scopic times by the auxiliary and self-heating processes. In 
the case of NBI and ICRH, as in that of the fusion generated 
α-particles, strong supra-thermal, or fast ions are created, 
with energies much greater than the mean bulk plasma en-
ergy [1]. As the fast ion slowing down process occurs over 
macroscopic time scales, good confinement is essential to 
obtain a high fusion power gain. In addition, as the fast ions 
carry large amounts of energy, only very minor (< 5 %) loss-
es can be tolerated. This involves understanding and con-
trolling their interactions with imperfections in the confining 
magnetic fields, with coherent waves with which they can 
resonate, and with turbulence. In turn, the fast ions influ-
ence the macroscopic plasma stability, an effect that must 
be regulated in order for the plasma to burn in stationary 
conditions.

Third, one has to restrain the interaction between the plas-
ma and the surrounding material walls, while exhausting 
energy and particles from the burning plasma core, a major 
challenge towards the realisation of a nuclear fusion power 
plant [2]. In ITER, the first burning plasma device [3], whose 
aim is to demonstrate the scientific and technological feasi-
bility of fusion, the plasma power to the walls will be of the 
order of 100 MW, resulting in heat fluxes of 10 MW/m2 in 
the conventional configuration of the plasma periphery, the 
so-called magnetic divertor. This is at the limit of the capa-
bilities of all present materials. The DEMO device [4], which 
will follow ITER to demonstrate that fusion can be deployed 
commercially, will need to have a size similar to ITER, for 
economical reasons, but higher exhaust power. Therefore, 
if conventional boundary configurations are used, the ma-
terials’ limits will be exceeded. Alternative advanced solu-
tions for the plasma periphery must therefore be found. An 
example of these is the snowflake divertor, pioneered on the 
TCV tokamak (Fig. 2). To be considered for DEMO, solu-
tions like the snowflake divertor need to be proven viable 

Fig. 1 The DT fusion reaction. The α particles must be confined in 
the plasma and transfer their energy by collisions to the DT ions, 
while the 14 MeV neutrons are used to generate heat from which 
electricity is produced, and to breed Tritium by reacting with Lithi-
um in the blanket surrounding the plasma chamber.

Fig. 2 The snowflake divertor in the TCV tokamak [5]
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both from the point of view of plasma conditions and from 
that of the engineering design compatibility with reactor 
constraints, such as the need for a large fraction of power 
from the plasma in the form of isotropic radiation, and that 
of suppressing violent instabilities that can be driven by the 
extreme plasma gradients at its periphery. Wall materials 
must avoid significant Tritium retention and dust production, 
and be compatible with a core plasma that has only traces 
of high atomic number materials.

Finally, high performance burning plasmas must be achieved 
in conditions that optimize plant operation, with for exam-
ple an effective Tritium breeding and burn-up, an adequate 
thermo-dynamical efficiency and a high degree of plant reli-
ability and availability.

A key feature of burning plasmas is that alpha particles will 
couple several plasma features, including macroscopic sta-
bility, wave-particle interactions and transport, which will 
complicate the interplay between plasma dynamics and ex-
ternal systems (Fig. 3).

The challenges of simulating burning plasmas reflect those 
that characterize experimental research. As fusion plasmas 
are complex self-organized systems with an extremely wide 
range of spatial and temporal scales, we must improve our 
understanding of the individual phenomena occurring in a 
confinement device, but also integrate these different ele-
ments into a comprehensive description, so as to provide a 
solid modeling basis for how to reach, maintain and control 
burning plasma conditions.

The complexity of the individual phenomena and of the non-
linear coupling between them calls for using different physi-
cal models (kinetic, gyro-kinetic, fluid) for representing the 
different plasma regions, and for simulations that exploit the 
most advanced numerical techniques, and necessitating 
state-of-the-art high performance computers (see Fig. 4).

Both in the experiments and simulation efforts, significant 
progress has indeed been achieved on the separate build-
ing blocks of the diagram in Fig. 3, but the coupling of the 
different elements makes extrapolations from the weakly 
self-heated plasmas that are available today difficult and 
may lead to new phenomena. For this reason, the whole 
community is looking forward to the first burning plasmas 
obtained in the ITER device, which is under construction in 
the South of France (Fig. 5), and in which a single Q = 10 

discharge will produce ten 
times more α-particle energy 
than generated thus far in the 
whole history of fusion.
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Fig. 4 Contours of perturbed 
density of a global gyro-kinetic 
turbulence simulation with the 
ORB5 code in an ITER toka-
mak plasma configuration on 
PetaFlop HPC (109 particles, 
109 points, ~106 CPU hours) 
[6].

Fig. 5 The ITER construction site in Cadarache, France
Courtesy of ITER Organisation

Fig. 3 Interplay between plasma dynamics and external systems. The letter Γ indicates a flux, while 
E is the electric field and JBS is the self-generated bootstrap plasma current.


