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reduced technical options (RTO). These designs are
classified under the general heading as ITER-RC/RTO and
ITER-FEAT. The reduction is primarily seen in the major and
minor radius and the plasma current, each by about 25-
30%.

To reach ignition, the ohmic power alone is not
sufficient and additional heating power is necessary.
Additional heating of tokamak plasma is performed by
neutral beam injection and radio-frequency heating. Various
ranges of frequencies are used for the radio-frequency
heating. Mainly (i) the ion cyclotron frequency range (ICRH
~ 10 to 150 MHz) where powerful tetrodes are used as
power source and where electron and ion heating is
possible; (ii) the lower hybrid frequency range (LH ~1 GHz
to 10 GHz) which is used mainly for current drive (LHCD)
and where the power is delivered by klystrons; (iii) the
electron cyclotron frequency range (ECRH ~30 to 200
GHz) where electron heating is performed and which uses
gyrotrons as power source. This last frequency band
requires the simplest structures inside the tokamak
achieving the highest RF power density but still requires the
development of gyrotrons able to deliver long pulses in the
MW range to compete with the ICRH method. ICRH
together with neutral beam injection are the most widely
used methods for additional heating on large machines.

2. OVERVIEW OF CONFINEMENT RESULTS AND
EXTRAPOLATION TO THE REACTOR

2.1 Scaling laws

Confinement in tokamak plasmas does not behave
classically due to anomalous diffusion. There exist many
theoretical models of anomalous diffusion linked to different
types of turbulence which can be classified in two main
categories: electrostatic and magnetic turbulence. Each
theory leads to its own expression for the scaling of
confinement. Up to now, the major mechanism(s) for
anomalous diffusion have not been clearly identified. In
practice, empirical scaling laws are derived by assuming
that the global confinement scaling can be taken as a power
law of so-called engineering quantities:

t=C, I, Ra“ B’ n" P7 K* M*
(6)
_ C2 a2+a Bll+ﬁ nv Plzl Rpfl qfl Kk Mlu

(where M; is the ion atomic mass and k = b/a the plasma
elongation) and by fitting this expression to an as large as
possible set of experimental data obtained on different
tokamaks.

Note (i) that the engineering quantities can be replaced by a
set of non-dimensional ones which are assumed to express

the physics of confinement (e.g. p*, B ,V, a/R, x, q, M;) [3]
and (ii) that other expressions can be considered to fit to the
confinement database (as e.g. the linear offset scaling: see
§2.2).

2.2 Confinement scaling of ohmically and additionally
heated tokamaks

Following the presentation of B.B.Kadomtsev [4] the
usual confinement of ohmic and additionally heated
discharges can be summarised as following (see Fig. 2):

(A) In ohmically heated discharges, at low plasma densities,
the energy confinement is proportional to the plasma
density and can be expressed by the so-called Neo-Alcator
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or Linear Ohmic Confinement (LOC) scaling law (here
given for the circular case i.e. k = 1):

TNLA. * Neo R2aqeM;0-5 @)

where ngg is the central line-averaged density, R and a
resp. the major and minor radius. We added a dependence
on the atomic mass M; of the plasma ions which is often
observed [5]. q is the safety factor at the edge with 0.5 < a
< 1.0, depending on the machine. For TEXTOR it has been
shown [6] that 0.5 < a < 0.8 and for the sake of simplicity,
we take o = 0.5. The Neo-Alcator scaling is considered as
the experimental optimal mode for confinement in tokamaks
[4]. Above a certain density ng, a saturation of the ohmic
confinement can occur. This Saturated Ohmic Confinement
regime (also called SOC) has a low density dependence
and can often be described by taking the L-mode scaling
law for additional heated discharges (see equation (8) in the
next section), where Piot is substituted by the ohmic
heating power, Pon [7].

Using an adequate procedure for the conditioning of the
wall [8] or pellet injection it is possible to restore a Neo-
Alcator scaling for confinement at high densities. This regime,
which has been called Improved Ohmic Confinement (I0C)
is the prolongation of TN A. above ngp = ng as shown in
Fig. 2. Practically, on TEXTOR at high densities, the ohmic
confinement lies between ty a. and tsoc depending upon
the machine condition.

C, L P o B v T k w
GOLDSTON | 3.68x107[ 1.00 [ 1.75[-0.37| 0.00 [ 0.00 [ -0.50 | 0.50 | 0.50
[9]

KAYE- 3.02x10°| 124 | 1.65|-0.49] -0.09 | 0.26 | -0.58 | 0.28 [ 0.50
GOLDSTON
10]

ITERL-89P | 4.80x10°] 085 | 1.20| 0.30 [ 020 [ 0.10| -0.50 | 0.50 | 0.50
[11a]

ITERL-97P | 3.40x10“] 0.96 | 1.89|-0.06] 0.03 [ 0.40] -0.73 | 0.64 [0.20
11b

ITERE—|—9?P(Y) 3.40x10%] 090 [ 1.90|-0.20[ 0.05 | 0.30 | -0.65 | 0.80 [ 0.40
11c

TPBI8(y,2) | 365%<1072| 093 | 139 | 058 | 0.15 | 041 | -0.69 | 0.78 [0.19
[11d]

TTERF-93P | 3.60x<102| 1.06 | 1.90 [-0.11| 032 |-0.17| -0.67 | 066 | 041
[11e]
TTERA-97P | 3.90<102 | 005 | 184 | 008 | 0.5 | 035 | -0.67 | 063 [042
[12]

Table | : Coefficients for confinement scaling expressions of
the form

v p.oapb vpr k I
7=C, I[,R%" B/ n" P, k" M;

with units (s, MA, m, m, T, 1019m3, MW, -, -)
(GOLDSTON, Kaye-Goldston, ITERL-89P, ITERL-97P:
L-mode; ITERH-92P(y), IPB98(y,2): ELMy H-Mode;
ITERH-93P, ITERH-97P: ELM-free H-mode).

(B) When additional heating is applied, the basic mode of
confinement is L-mode. If one looks at the values of the
coefficients t, p, a, ... for different empirical scalings (see
Table 1), one sees that to a good approximation v =1,
B=0,v=0, a=0, p=1.5 n=-0.5 k=0.5 and u= 0.5.
Therefore Equ. (6) can be approximated as :
T=fn O, RP PG (KA (8)

where fH is an enhancement factor with respect to the
considered scaling. It is characterised by a low-density
dependence, a linear increase with current and a
degradation with the total applied heating power.

Illustrations of the low-density dependence and of the
power degradation of the L-mode are given on Figs. 3a and
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3b.
The L-mode scaling can also be described
approximately by the T-10 scaling ([4], p.141):
TT-10 = T8O C(POHPiot) 05 = 1. €)

Many improved confinement schemes have roughly
the same parametric dependence, and can be characterised
by their enhancement factor fH L with respect to L-mode
scaling. The best known is the H-mode regime, for which
fH,L = 1.5 to 2 (see the ITERH-93P scaling of Table | for
ELM-free H-mode discharges which has a parametric
dependence similar to the L-mode scalings).

The H-mode is an improved confinement regime which
is observed in divertor machines above a certain threshold
for the additional heating power. The H-Mode is
characterised by the following features: existence of a
transition between the usual confinement regime (L-mode)
and the H-mode with a reduction of the Hg, light at the
transition, formation of a density and/or temperature
pedestal at the plasma edge and an improvement of the
energy and particle confinement time. During the H-mode,
MHD events called ELMs (Edge Localised Modes) can
occur and the confinement improvement will depend on their
repetition rate. Moreover, at high density a further
degradation is often observed, and it is difficult to maintain
the H-mode or even L-mode confinement up to the density
limit of the machine (cfr. the discussion of the Greenwald limit

in § 1).

The largest confinement is obtained in the absence of
ELMs but this confinement regime leads to non-stationary
discharges ending with the onset of MHD phenomena and
with a tendency of impurity accumulation in the centre of the
plasma (see Fig. 4a). Stationary conditions can be obtained
in ELMy H-Mode discharges (see Fig. 4b). Confinement in
such plasmas is somewhat lower than in ELM-free H-
Modes and can be roughly characterised by:

T (ELMy H-mode) = 0.85 tiTeRrH-93p (10)

The ELMy H-mode regime is presently considered as the
favourite operational regime for ITER to reach ignition.

The extrapolation of ELMy H-Mode confinement, as
given by equation (10), to the parameters of ITER is shown
in Fig. 5.

Additionally heated discharges can also be described,
especially for the transition from OH to predominantly
additionally heated conditions, by the linear offset scaling
([6]:

TOL = [FOHPOH + Tinc(Ptot-POH)IPtot (11)

with Ttoq being the ohmic confinement time and equal to
TN.A. OF Tsoc, depending on the machine conditions. The
incremental confinement time tinc is proportional to Ip [6] and
is relatively insensitive to Ptot and neo for not too high
values of these quantities. At high values of Piot, Tinc
decreases as given by Equ (8). Fig. 6a shows the
evolution of E = PtottQL as a function of ngg compared to
the behaviour of the ohmic energy EOH = POHtTOH. For
neo > Ng the increase in plasma energy, tinc(Ptot-POH),
can take place with respect to the Neo-Alcator scaling (or its
extension above ng, IOC) instead of the SOC. Starting

from SOC, one would find an apparent large t*inc (see Fig.

VOL. 49

6a). In fact, the total increase of energy is not only due to
the heating effect (as described by <tinc) but also by the
restoration of the non-saturated ohmic confinement regime
by the additional heating (e.g. by its action on the plasma
boundary) [6]. This is illustrated in Fig. 6b.

2.3 Triple fusion product scaling

From equations (8) and (1) one can derive an
approximate expression for the triple fusion product:

(aB,) M, =C, (%Ip) £2M, (12)

i

2
nTrt= C, (f—H\
q/

where fy is the enhancement factor of the considered
discharge regime with respect to a standard L or H mode
scaling. The constants Co and C3 depend on the scaling
chosen.

Expression (12) shows that the value of the triple
fusion product required for ignition (nTt)ignition is More easily
obtained at a large current and aspect ratio R/a, and with a
large enhancement factor fy. For a given value of aBy
(characterising the toroidal field coils) the ignition condition is
strongly dependent on the ratio fy/q which is considered as
a figure of merit for ignition margin [8].

Equ.(12) also shows that the usual power degradation
observed for confinement « Pyo170-5 leads to a scaling of the

triple fusion product independent of the additional heating
power.

Fig. 1 shows the values obtained for NTT versus T in
different experiments. The ‘parabolic’ lines indicate the
domains corresponding to ignition (reactor conditions) or
breakeven (fusion power = additional power supplied to the
plasma).

3. PLASMA THERMALISATION

For fusion reactions to occur, the kinetic energy of the
ions has to be sufficiently large. The amount of energy
transferred to ions and electrons depends on the heating
method. Heating methods that deliver mainly energy to the
plasma ions, can lead to the formation of energetic ion tails.

With neutral beam injection energetic ion beams are
injected into the plasma. These beams have slowing down
times proportional to T2 /n. [13]. An equal amount of
energy is transferred of from this energetic ion beam to the
plasma ions and electrons if the beam energy Ep equals the
so-called critical energy E; « Tg [13]. For E, > E; the beam
energy is predominantly delivered to the electrons. The a-
particles produced in fusion reactions mainly heat the
electrons because their large energy (3.5 MeV) is much
higher than Ep. The various heating scenarios used for

ICRH heating (minority heating, wave conversion, ion
harmonic cyclotron damping) often lead to the formation of
hot energetic ion tails, and depending on the conditions the
heating power is shared differently between plasma
electrons and ions [13]. The fusion reactions due to the
presence of ion energetic tails or beams can generate an
appreciable part of the total fusion power, due to head-on
collisions of the fast ions with slower or counter circulating
fast ions (originating from counter beam injection). This is the
case for tritium or deuterium neutral beam injection in a D-T
plasma. The fusion power is then due to thermal, beam-
target, and beam-beam reactions (see also § 4.3 and [21]).

FEB. 2006

HEATING, CONFINEMENT AND EXTRAPOLATION TO REACTORS

427










































