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Introduction

Fusion is the energy that powers the stars. Harnessing fu-
sion on Earth would offer the world almost inexhaustible,
environmentally clean and safe energy, see box 1. Research
and development performed during a few decades already
brought significant results. In the domain of magnetic con-
finement, for instance, 16MW of fusion power have been
produced in the JET tokamak [1] in 1997. Since then an
international collaboration was set to build the next step
device, ITER ', the first fusion reactor that would deliver
500 MW of fusion power, 10 times the power injected into
the device, see box 2. Recently, the European fusion sci-
entists, under the banner of European Fusion Development
Agreement 2 (EFDA), developed and published a roadmap °
that describes the steps and the challenges to achieve the
production of electricity from fusion before 2050, see box
3. The steps consist in completing the construction of ITER,
operating ITER, designing, building and operating DEMO, a
prototype reactor that would provide the electrical network

1 ITER: www.iter.org
2 EFDA: www.efda.org

3 Fusion roadmap: http://www.efda.org/efda/activities/the-road-to-
fusion-electricity/

Fusion

The fusion of hydrogen isotopes, deuterium and triti-
um, is the easiest reaction that could be implemented
on Earth, because of its higher cross section at a lower
temperature than other possible reactions.
Temperatures of about 100 M°C must be achieved
so that fusion power becomes exploitable. Before
reaching these temperatures, a gas turns to plasma
wherein particles are ionised.

Magnetic fields then provide a good way to guide the
ionised particles.

The most attractive magnetic confinement device so
far is the tokamak, a toroidal device wherein a poloidal
field, induced by a toroidal current, is superimposed to
a toroidal magnetic field to form the magnetic structure
that guides and maintains the plasma away from the
vacuum vessel walls. In addition poloidal field coils are
used to shape the plasma.

To reach the required temperatures, the plasma is he-
ated by either energetic neutral particles or by micro-
waves delivering their power in the plasma through
different possible resonant schemes.

The CRPP-EPFL tokamak, called TCV ' for 'Tokamak
a Configuration Variable' has a high shaping capability
and an Electron Cyclotron Heating (ECH) system of 4.5
MW.

1 http://crpp.epfl.ch/research_TCV

with several hundreds of MW. The roadmap is divided into
8 missions, including the 'heat exhaust' issue: if one ex-
trapolates from the present devices to a reactor grade de-
vice, the heat flux density produced by particles escaping
from the plasma would reach levels that may exceed the
material capabilities. To mitigate the heat flux impact sev-
eral strategies are proposed. One of these strategies aims
at the exploration of the so-called snowflake configuration.
The scientists of the CRPP-EPFL were the first to realise a
snowflake configuration in a tokamak, thanks to the high
shaping capability of the TCV tokamak but especially to
the hard work of these dedicated scientists. It should be
emphasized that this work was subsequently awarded the
R&D100 prize in 2012 *. This paper presents the achieved
snowflake configuration and its advantages with respect to
heat exhaust.

Plasma configuration

The TCV tokamak is equipped with 16 independently driven
poloidal field coils that are used for shaping the plasma.
Depending on the combination of coil currents, the plas-

4 R&D magazine: http://www.rdmag.com/award-winners/2012/08/high-
performance-tokamak-exhaust

Figure: The CRPP-EPFL Tokamak a Configuration Variable (TCV).
Cyan: vacuum vessel; green: main toroidal field coils; orange:
poloidal field coils (for plasma current induction and plasma shap-
ing); yellow: microwave launchers; pink: plasma. TCV diameter:
3.3m
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ma either lies against the carbon tile covered wall of the
vacuum vessel, the so-called limited configuration, or is
fully detached from the wall thanks to the presence of a null
point in the poloidal field (X-point) and the resulting sepa-
ratrix that delimits the plasma as shown in Fig. 1. In the
latter configuration, the so-called divertor configuration, the
plasma is not in immediate contact with the wall. Particles
that escape from the plasma are diverted towards the ves-
sel wall, along the 'separatrix legs', towards a more remote
position than in the limited configuration. In addition, the
journey of particles escaping from a diverted plasma is par-
ticularly long because the low value of the poloidal field in
the vicinity of the X-point leads to almost entirely toroidal
trajectories. For these reasons, higher performances can
be achieved in diverted plasmas, making this configuration
most suitable for fusion reactors.

However, those escaping particles may damage the sur-
face of the divertor because they deposit their significant
energy on a relatively small area leading to unacceptably
high heat flux densities. The snowflake configuration has
been proposed as a potential solution to mitigate the strong
heat flux in the divertor.

W#19421 t=2.2¢ / i W#24239 t=o.37y

Figure 1: Comparison of plasma cross-sections in the limited (left,
19421) and diverted (right, 24239) configurations. Also shown are
the vessel and plasma shaping coils cross-sections.

Snowflake configuration

A snowflake configuration is obtained when not only the
poloidal field vanishes, as in the diverted configuration, but
also its first derivatives. This second order null implies that
six separatrix sprout from the X-point instead of four for the
diverted configuration, as shown in sketch (b) of Fig. 2. The
name 'snowflake' comes from this 6-fold geometry. In the
sketch, the upper lobe represents the plasma enclosed in
its separatrix while the lower lobes encompass two poloidal
field coils. The vacuum vessel then cuts both lower lobes
resulting in four separatrix legs instead of two. It directly
reveals the advantage of such a configuration: the heat flux
power may be diverted towards four sections of the vac-
uum vessel walls, thereby reducing the heat flux densities
onto the divertor plates. If the configuration slightly deviates
from the perfect snowflake shown in Fig. 2b, it produces the
other configurations shown in Fig. 2. These variants of the
snowflake configuration are labelled SF+ (snowflake plus)
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and SF-, reflecting the excess or lack of current flowing in
the conductors, respectively. The distance between the two
X-points, indicated by the green crosses, normalized by the
minor radius of the plasma torus, is used as the measure,
denoted o, of the proximity to the perfect snowflake.

SF+ SF SF-

(a) (©

Figure 2: Schematic representation of a perfect snowflake configu-
ration (b). Upper lobe represents the plasma while the lower lobes
encompass the current conductors. A small vertical displacement
of the plasma would generate the (a) or (c) configurations depend-
ing of the direction of the displacement.

(a) SF+

(b) SF (c) SF-

1

3 3 3

Figure 3: Equilibrium reconstruction and tangential views of the
plasma obtained with a CCD camera at three different times dur-
ing a plasma discharge in which the plasma was vertically dis-
placed to go through the variant configurations shown in Fig. 2.
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The snowflake configuration was proposed by Ryutov et al
[2,3]. It was experimentally realised for the first time in the
TCV tokamak at the CPPP-EPFL [4] and then reproduced in
the NSTX spherical tokamak at the Princeton Plasma Phys-
ics Laboratory [5] and more recently in the DIlI-D tokamak
at General Atomics [6].

Fig. 3 shows an example of a TCV discharge wherein the
plasma was vertically shifted to reveal the different snow-
flake configurations described in the schematic representa-
tion (Fig. 2). The plasma equilibrium reconstructions, based
on magnetic measurements, are shown in the first row. The
numbering 1-4 helps to identify the regions where the sepa-
ratrix legs reach the vacuum vessel walls. Locations 1 & 4
are called primary locations since they correspond to the
divertor legs of the traditional divertor configuration (field
lines surrounding the plasma hit the wall at the primary lo-

ITER

ITER, currently under construction in the south of France,
aims to demonstrate that fusion is an energy source of
the future. ITER is a collaboration between European Un-
ion, including Switzerland, Japan, South Korea, China,
India, Russia and United States.

Main goals
e Ratio of fusion power to input power larger than 10
(Q>10)

cation). In opposition locations 2 & 3 are called secondary
regions due to the absence of direct connection with the
vicinity of the plasma.

The second row exhibits tangential views of the plasma
obtained with a CCD camera. Since most line radiation
originates from relatively "cold" plasma, the measurement
of the emitted visible light provides an excellent mean to
locate the edge of the plasma as well as the separatrix legs.
This series of measurements shows a clear agreement be-
tween both information sources.

In all three cases shown in Fig. 3, the emitted light clearly
reveals that all separatrix become active. This suggests
that the low poloidal field in the vicinity of the null point en-
hances the cross-field transport. If this transport were suffi-
ciently large it could not only distribute the heat among four
divertor legs instead of two, but also widen the power flux

e Fusion power up to 500 MW

e Test of key technologies such as divertor materials
and blanket modules wherein neutrons will deliver
their energy and breed tritium

Main parameters
e Plasma major & minor radii: 6.2 m & 2 m
e Toroidal field: 5.3T
e Plasma current: 15 MA
¢ Plasma duration: 500 s

Figure: ITER. Orange: divertor; dark blue: blanket modules. ITER diameter: 28.6m
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channel at each leg and thereby further reduce the power
flux density onto material surfaces. Dedicated measure-
ments were done in the most promising scenario for ITER:
the H-mode.

H-mode and snowflakes

In the early 1980's, tokamak experiments performed in
diverted configuration revealed the existence of an op-
erational regime wherein the confinement of particles and
energy suddenly increases by a factor of two [7]. It was
called H-mode regime (H for 'high') and has since been ob-
tained in most tokamaks. By comparing results obtained
in several devices it was shown that the additional heat-
ing power should exceed a threshold that depends on the
plasma density, the plasma size and the main toroidal field
[8]. The improvement in the plasma confinement proper-
ties observed in this H-mode regime makes it the selected
operational mode for the ITER baseline scenario. Unfortu-
nately, H-modes are generally accompanied with plasma
edge instabilities (ELM) that repeatedly release particles to-
wards the divertor in sharp bursts that threaten the divertor
material.

H-modes are also regularly obtained and investigated in
TCV diverted plasmas. Soon after the realisation of the
first snowflake in TCV, efforts have been dedicated to the
search for H-modes in snowflake configuration and results
came soon: the access to the H-mode regime occurs at ap-
proximately the same power as in the quadrupole diverted
configuration. The confinement improvement is similar or
even slightly better.

Regarding the heat flux to the divertor, dedicated measure-
ments were performed. The high pressure observed near

Fusion electricity - EFDA roadmap

European scientists established the necessary steps
and challenges that should be solved in order to re-
alise a fusion reactor that would provide the electrical
network with electricity before 2050.

Steps
e 2012-2020: Construction of ITER
e 2020-2030: Exploitation of ITER
e 2030-2050: Construction and exploitation of
DEMO

Challenges
¢ Plasma regimes of operation
¢ Heat exhaust
Neutron resistant materials
Tritium self-sufficiency
Integration of intrinsic safety features
e Integrated DEMO design
e Competitive cost of electricity
e Stellarator

The roadmap to fusion electricity can be downloaded
from: http://www.efda.org/efda/activities/the-road-to-
fusion-electricity/
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the second order null even increased the cross-field trans-
port relative to the conventional configuration. This resulted
in an efficient distribution of the power on the secondary
divertor regions as shown in Fig. 4. The power deposited
onto the divertor tiles, measured in regions labelled 1 and
3 in Fig. 3, shows a strong reduction in the primary diver-
tor region while the secondary zone receives a significantly
larger fraction. [9].
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Figure 4: Fraction of the ELM energy loss reaching two of the di-
vertor plates as a function of o, the measure of the proximity to the
perfect snowflake (perfect at 0=0). When the snowflake is formed
by decreasing o below 0.75, up to 20% of the power (red curve)
reaches the divertor at the additional location (label 3 in Fig. 3)
while the power decreases (blue curve) at the primary location (la-
bel 1 in Fig. 3).

Conclusions

CRPP-EPFL scientists have demonstrated the feasibility
of the snowflake configuration and shown the advantage
of the corresponding increase of the number of separatrix
legs, in the form of a significant reduction of the heat flow
onto the divertor plates. While snowflakes will not likely be
achievable in ITER, design studies for the subsequent de-
vice, DEMO, are evaluating the snowflake configuration as
a potential divertor solution.
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