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volume-averaged electron temperature expressed in eV's.
[Unless explicitly stated otherwise, like above for
temperatures, SI units are used throughout the paper.] The
T-” dependence reflects the fact that the strength of the
collisions decreases as the cube of the relative velocity
between the colliding species. This dependence also
implies that the plasma resistance quickly drops as the
plasma becomes hotter. The ohmic power is also
proportional to the square of the plasma current (/,,):
By =R, I, (3)
So, although the resistance falls down when the current is
increased, as a result of the plasma heating, it is not clear
from Eqs (1-3) whether the ohmic power increases or
decreases with current. In order to investigate further the
consequences of the fall in resistivity, we need a relation
linking 7, to I,,.
This is available from the so-called scaling laws for
tokamaks? that provide an expression for the total energy
content of the plasma W as a function of the various
plasma parameters. In the ohmic regime, the so-called
ITER&O scaling is:
W,y = 64X 10° M0'2(1076 IP)O‘S R(l).6a().6K,0A5(10—20 n)0‘6 B;).zs
4.1)
where the new parameters introduced are the isotopic mass
M, and the line-averaged density n. Equating this
expression to the definition of the total plasma energy
content (kp is Boltzmann’s constant)

Wy = mi” 27R, 3nk,T,, (4.2)
we get

T, =68 Mo,z(lo—elp)o,s RS.()Q—IAK—O.S(10—2()”)—0,43?.35 5)
where T, is in eV. It is amazing to note that because

T, o I0° (6)

7z=Wor/Poy is independent of the current, i.e. the energy
confinement time is independent of the heating power.
This situation, which is characteristic of the “good” ohmic
confinement, is in strong contrast with the confinement
degradation observed in auxiliary heated discharges where
Tp < P (7N

However good the ohmic confinement, ohmic heating
nevertheless is insufficient to bring a large machine to
ignition. Using ITER-FDR-type parameters (R,=7.75m,
a=2.8m, k=1.6, II,:ZSMA, B=6T), Eq.(5) implies
T,~=1.3keV. Even taking into account that the temperature
profile is peaked, this means that it is going to be very
difficult to get in OH a central temperature in excess of 3-
4 keV.

Why not increase the current above 25MA?
Because one then encounters the g-limit, discussed earlier
in these proceedings®, above which the plasma becomes
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Fig. 1. Sketch of the principle of neutral beam heating.
On top, generation of the neutral beam in the
injector. Bottom, capture of the neutral beam
energy in the plasma.

magnetohydrodynamically unstable and disrupts. This
condition (¢,>2) can be written

5a’k (8)
1,[IMA]= B;

2R,

which means that 25MA is about the maximum current
that can be obtained in a machine of this size. Therefore
additional heating is required to bridge the gap to ignition.
These conclusions, resting here on very simple
considerations, are corroborated by more sophisticated
simulations®.

III. NEUTRAL BEAM INJECTION

Because of the strong toroidal magnetic field, there
is no possibility to directly inject energetic charged
particles inside the plasma. Instead, one injects fast
neutrals at the expense of going through the sequence
schematically described in Fig.1. The ions are produced in
the source and accelerated to a high energy, usually
electrostatically, before crossing a charge exchange cell
where they are neutralised. The neutralisation is only
partial and the remaining ions are deflected magnetically
and sent to a dump. Usually, their energy is lost but it is
conceivable to recover it by biasing the dump. The
neutrals can then cross the machine’s magnetic field and
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Fig. 2. Maximum neutralisation efficiency of atomic
and molecular ions following Berkner et al.”
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reach the plasma where they get ionised, transferring
afterwards their energy to the plasma bulk by collisions.
The beam source is a plasma discharge from which the
ions are extracted by an electrostatic potential. A
hydrogenic plasma discharge —for example in deuterium-
not only produces atomic ions, D* and D, but also
molecular ions Dj, Dj. After acceleration at high energy,
these ions are neutralised with very different efficiencies.
Figure 2 shows that the maximum neutralisation efficiency
of a gas cell becomes very small for an atomic D ion
above some 200 keV. This is why high energy beam
injectors are based on negative ion technology. At lower
energy, it is more appropriate to use positive-ion based
injectors as the production of positive ions is much easier
than that of negative ions.

III.LA.  Neutral beam injectors (based on positive ions)

All present-day injectors, except one discussed in
next section, are based on positive ion (H*,D%,...)
technology. There exists nowadays neutral beam injectors
able to deliver 1-2MW of neutrals at energies up to 150
keV. We shall now briefly describe some characteristic
features of these injectors. As noted above, the plasma
source generates various ion species. After extraction by a
negative potential, the negative ions are eliminated but the
molecular ions (D3, Dj,..) remain present in the beam.
After acceleration, all ions have the same energy, say E
but, as molecular ions contain several atoms, the final
beam of neutrals delivered to the plasma will provide after
dissociation of molecules and ionisation, in addition to the
full energy (atomic) beam ions at E, energy, ions at energy
Ey/2 and Ey/3. Some 30% of the total beam power can be
carried by these less energetic components that deposit
their energy more at the outside of the plasma, as
compared to the full energy component. This is a feature
that has to be taken into account for computing power
deposition profiles. When crossing the neutralisation cell,
each ion has a neutralisation probability that first increases
with the length of its path in the cell. Afterwards,
neutralised ions can be re-ionised again and the
neutralisation efficiency decreases’. Each ion thus has a
maximum neutralisation probability for a given thickness
of the cell, different for each type of ion. Figure 2 shows
this maximum neutralisation efficiency. It indicates that
for beams with energy below 150 keV, the molecular
composition of the beam is that of the source. It also
points to the limited efficiency of positive-ion based
injectors, which falls below 50% around 100 keV.

The energy that can be reached -at reasonable
efficiency- with positive-ion based technology is
insufficient for the next generation of machines. For the
heating of the ITER plasma 0.5MeV beams are required.
If the beams are to be used to non-inductively generate the
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plasma current, energies of 1-2MeV are required. This is
clearly out of reach of any positive-ion based neutral beam
and efforts are presently devoted to the development of
neutral beams based on a negative-ion source.

III.LB. Negative-ion based injectors

In their principle, negative-ion beam injectors are
identical to the positive-ion based ones, as sketched in
Fig.1. The differences are that (i) The source must
preferentially produce negative ions, (if) Negative-ion
based beams can operate at much higher energy (0.5 - 1
MeV). The electron captured in the negative ion has a very
low binding energy -called affinity- of 0.75 eV. It is
therefore very easy to loose, and this feature explains why
a high neutralisation efficiency can be achieved with
negative ions (Fig.2). The reverse side of the medal is that
these ions are hard to produce. In order to increase their
rate of production, one incorporates caesium in the source,
an element which has very low ionisation potential
(E;=3.894 ¢eV), and which therefore easily liberates
electrons. Two production mechanisms are exploited:
surface and volume production. In surface production the
ions are produced when atoms bounce off walls coated
with caesium. As intense wall bombardment is required to
get a large negative ion yield, high power densities are
required and the initial energy of the negative ions is
rather large. Hence the difficulty to operate these sources
for long pulses and to produce well focalised ion beams.
Volume production rests on a process called “dissociative
attachment” whereby a hydrogen molecule in a high
vibrational state breaks up at the time it captures an
electron. The efficiency of this mechanism was
experimentally found to be unexpectedly large.
Nevertheless, the ion yield remained limited, the high gas
pressure required leading to early dissociation of the
negative ions and high stray electron current. The
presently most efficient sources sort of combine both
mechanisms through caesium seeding of volume sources.
This increases the negative ion yield, minimises the stray
electron current and reduces the isotopic effect. (The
production of D- is only about half that of H- in volume
sources. This is raised to 80% in Cs seeded sources).
Standard arc discharge sources have achieved the
performances required for ITER®. However, they remain
complicated and require regular maintenance of the
filaments generating the arcs. Therefore a new type of
source, the radio-frequency (RF) source, simpler and
requiring no maintenance is under development. On a
reduced-size source about 1/5 of the ITER one, 75-90% of
the current density, a source pressure of 0.3 Pa and less
than one extracted electron per negative ion have been
achieved, as required for ITER’.
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