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Chapter 6: Plasma auxiliary heating and current drive
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Abstract. Heating and current drive systems must fulfil several roles in ITER operating scenarios:

heating through the H-mode transition and to ignition; plasma burn control; current drive and current

profile control in steady state scenarios; and control of MHD instabilities. They must also perform

ancillary functions, such as assisting plasma start-up and wall conditioning. It is recognized that no

one system can satisfy all of these requirements with the degree of flexibility that ITER will require.

Four heating and current drive systems are therefore under consideration for ITER: electron cyclotron

waves at a principal frequency of 170 GHz; fast waves operating in the range 40–70 MHz (ion cyclotron

waves); lower hybrid waves at 5 GHz; and neutral beam injection using negative ion beam technology

for operation at 1 MeV energy. It is likely that several of these systems will be employed in parallel.

The systems have been chosen on the basis of the maturity of physics understanding and operating

experience in current experiments and on the feasibility of applying the relevant technology to ITER.

Here, the fundamental physics describing the interaction of these heating systems with the plasma

is reviewed, the relevant experimental results in the exploitation of the heating and current drive

capabilities of each system are discussed, key aspects of their application to ITER are outlined, and

the major technological developments required in each area are summarized.
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1. Introduction

The need for external heating power in addition
to the ohmic heating power resulting from the toka-
mak plasma current has been recognized since the
early days of tokamak research. As plasma temper-
ature rises, the plasma resistivity decreases as T 3/2

e

and the role played by the ohmic heating gradually
becomes less important. The auxiliary heating sys-
tems in ITER have to perform several tasks. Their
fundamental role is to deliver sufficient central heat-
ing power to access the H-mode confinement regime;
to control the plasma temperature as the density is
increased to bring the plasma to the desired operat-
ing point; and to control excursions about this oper-
ating point after it has been achieved. There are sec-
ondary requirements such as non-inductive central
current drive (>0.2 MA·m−2) and an off-axis cur-
rent drive capability (>2 MA) for current profile con-
trol. Auxiliary heating systems are also required to
heat non-fusion plasmas in early operating phases
(for example, while commissioning the divertor tar-
get plates) and to achieve a ‘soft landing’ during
the current termination phase while avoiding den-
sity limit disruptions (see Section 3 of Chapter 3 for
a discussion of disruptive density limits). The capa-
bilities to control sawteeth or m = 2, n = 1 modes;
to induce plasma rotation in order to avoid locked
modes; and to stabilize resistive tearing instabilities
are other desirable features. There are also require-
ments for plasma initiation, start-up assist, and wall
conditioning (see Chapter 8).

Four auxiliary heating and current drive methods
are considered for ITER. These include electromag-
netic waves in three frequency ranges:

(i) the electron cyclotron resonance frequency
(ECRF);

(ii) the ion cyclotron resonance frequency (ICRF);
and

(iii) the lower hybrid resonance frequency (LHRF).
In addition, we consider heating and current drive
by
(iv) neutral beam injection (NBI).

2496 Nuclear Fusion, Vol. 39, No. 12 (1999)
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Table 1. Salient features of the four auxiliary heating systems in use on tokamaks

Overall Development/

System Frequency/ Maximum power system demonstration

energy coupled to plasma efficiency required Remarks

Demonstrated

in tokamaks
28–157 GHz 2.8 MW, 0.2 s

ECRF 30–40%
Power sources

and windows,

off-axis CD

Provides

off-axis CDITER needs 150–170 GHz 50 MW, S S

Demonstrated

in tokamaks
25–120 MHz

22 MW, 3 s (L-mode);

16.5 MW, 3 s (H-mode)

ICRF 50–60%
ELM tolerant

system

Provides ion

heating and

smaller ELMsITER needs 40–75 MHz 50 MW, S S

Demonstrated

in tokamaks
1.3–8 GHz

2.5 MW, 120 s;

10 MW, 0.5 s
LHRF 45–55%

Launcher,

coupling to

H-mode

Provides

off-axis CDITER needs 5 GHz 50 MW, S S

Demonstrated

in tokamaks
80–140 keV

40 MW, 2 s;

20 MW, 8 s

+ve ion 35–45% None
Not

applicable
ITER needs None None

NBI
Demonstrated

in tokamaks
0.35 MeV

5.2 MW, D−, 0.8 s

(from 2 sources)
−ve ion

ITER needs 1 MeV 50 MW, S S ∼37%

System, tests

on tokamak,

plasma CD

provides

rotation

‘S S’ indicates steady state

Auxiliary power systems based on these four heat-
ing methods have been successfully used on large,
medium and small tokamaks worldwide. Salient fea-
tures of these systems are summarized in Table 1.
Power levels close to ITER requirements have
already been demonstrated on present large toka-
maks. General considerations applying to ITER con-
ditions are given below, while the specific physics
basis for each system will be found in the following
sections.

(a) Central power deposition

The fundamental role of auxiliary heating is to
initiate the fusion burn. For diffusive heat transport,
the maximum confinement, and, therefore, the min-
imum power requirement, is obtained with central
heating. Hence, the auxiliary heating power should
be deposited near the plasma centre. However, due to
the mixing effects of sawteeth in the ITER reference
scenario, it is sufficient to deposit power within the
sawtooth inversion radius. Three out of four ITER

candidate heating methods – ECRF, ICRF and NBI
– are capable of providing central plasma heating for
the reference operation scenarios for ITER. At the
reference plasma parameters, the lower hybrid waves
(LHWs) can penetrate only to the outer part of the
plasma cross-section, r > 0.5a, and, hence, the major
objective of LHRF in ITER is off-axis current drive
and current profile control.

(b) Current drive

Steady state operation of the tokamak requires
that at least 20% of the plasma current is provided
by an external source, the remainder being gener-
ated by the plasma itself (the bootstrap current).
In addition, this current needs to be generated at
two locations: on (or near) the axis, in order to con-
trol the central q value; and far off-axis, to con-
trol plasma stability. The on-axis requirement can
easily be met by ECRF, ICRF and NBI. The off-
axis requirement involves driving a larger current
(>2 MA) at a lower electron temperature, which

Nuclear Fusion, Vol. 39, No. 12 (1999) 2497



ITER Physics Basis

implies operating close to the theoretical CD effi-
ciency limit. LHRF and ECRF are considered for
this task.

(c) Plasma rotation

It is known from present experiments and theo-
retical considerations that plasma rotation is ben-
eficial and can play an important role in suppres-
sion of plasma instabilities, such as locked and error
field modes, ideal MHD, tearing modes and others.
It is also believed that rotational shear can improve
plasma confinement and can help in the transition
to the advanced confinement modes, which are envi-
sioned to be candidates for steady state operation
in ITER (see Chapter 2); though the relative contri-
butions of external momentum input and local pres-
sure gradients require further clarification. Neverthe-
less, the provision of plasma rotation is an impor-
tant goal for ITER auxiliary systems. It is clear
that tangential NBI injection provides momentum
input to the plasma core (and has been used, for
example, to suppress mode locking and error field
modes). Hence, NBI is capable of driving toroidal
plasma rotation in ITER. Among RF systems, only
ICRH is proven by present experiments to be capa-
ble of inducing a significant plasma rotation. How-
ever, the mechanisms of ICRF driven plasma rota-
tion are not fully understood, and, hence, the extrap-
olation of ICRH rotation drive capability to ITER is
questionable.

(d) Direct ion heating

The H-mode power threshold is proportional to
the plasma density [1] (see also Section 4 of Chap-
ter 2 for a discussion of the H-mode power threshold).
In ITER operation, it is proposed to produce the
transition to H-mode at lower densities, so that an
L-mode to H-mode transition can be achieved with
no more than 100 MW of auxiliary power. As the
density is increased, the H-mode can be maintained
because of additional heating from fusion alpha par-
ticles. In the initial stages, when the alpha particle
power is small, power directly applied to ions is more
effective in increasing the ion stored energy, because
power given to electrons can be lost by radiation or
radial transport before it is collisionally transferred
to the ions.

(e) Future developments

The above candidate auxiliary heating systems all
require further developments to meet ITER needs
(see, for example, [2]). ECRF requires development

of power sources and windows and a demonstra-
tion of off-axis current drive efficiency on medium
sized tokamaks. ICRF requires development of edge
localized mode (ELM) tolerant coupling systems. It
is worth noting that significant recent progress has
been made in the testing of ITER scenarios in DT
plasmas [3]. LHRF requires launcher development,
in particular with a view to coupling in H-mode
plasmas. Negative ion beams require development of
sources and power supply systems and further tests
on tokamak plasmas, both to confirm the current
drive efficiency expected in the electron drag regime
and to assess the influence of instabilities driven by
fast ions.

Undoubtedly, the power required to bring ITER
to ignition can be provided by several existing meth-
ods. This has been clearly demonstrated on present
large tokamaks that reached the required ignition
temperature in a DT environment with both NBI
and ICRH methods. However, there is still a need
to improve the efficiency and multitasking capabil-
ities of the auxiliary heating systems. With regard
to experimental demonstrations, emphasis should be
placed on simulating the operating conditions of
ITER, namely, regimes with low plasma rotation,
moderate ion heating and low particle fuelling; and
in developing steady state scenarios that require effi-
cient current drive systems and feedback control of
the current density profile.

2. ECRF physics

2.1. Introduction

The physics of electron cyclotron (EC) heat-
ing and current drive (ECCD) is well developed
in both experiment and theory [4, 5]. Experiments
have been performed over more than two decades
in mirror machines, tokamaks [6], and stellara-
tors. These experiments have demonstrated effective
plasma heating, with reliable access to the H-mode.
Experiments have also demonstrated current drive,
plasma start-up, and control of sawteeth, ELMs,
locked modes, as well as control of m = 2 modes
and some types of disruption [7]. EC waves have also
proven to be a useful tool for transport studies.

The fundamental properties of EC wave absorp-
tion and propagation lead directly to its application
as an auxiliary heating and current drive mechanism
in fusion plasmas. Electron cyclotron waves can be
launched in vacuum and propagate directly into the
plasma without attenuation or interaction with the

2498 Nuclear Fusion, Vol. 39, No. 12 (1999)
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edge. Consequently, the launching structure does not
have to be in close proximity to the plasma. The
waves continue to propagate smoothly within the
plasma until they encounter the resonance and are
locally absorbed. Absorption is generally complete
and does not lead to the formation of an energetic tail
or other non-linear effects. This localized absorption
property allows control over the deposition profile
and lends this heating method particular flexibility
for such applications as on-axis and off-axis heat-
ing and current drive, MHD control, and transport
studies.

This heating method is limited primarily by
refractive effects as the density cut-off is approached.
Low frequency density fluctuations of sufficient
amplitude can also lead to scattering and local-
ized random refraction of the wave. Localization of
the deposition for these and other reasons discussed
below is generally well above the theoretical min-
imum of a few wavelengths, being of the order of
∼0.05 of the minor radius. However, this is more than
sufficient for the heating and current drive applica-
tions envisioned, and much more localized in com-
parison with other heating methods.

In ITER, the heating and current drive functions
can be accomplished over the desired operating range
using fixed frequency (170 GHz) sources by launch-
ing elliptically polarized ordinary mode (OM) waves
from the low field side (LFS) of the torus, provided
that a modest toroidal steering capability is pro-
vided. Steerable injection accommodates the wide
variety of plasma equilibria possible in ITER, par-
ticularly in the case of advanced tokamak equilib-
ria. Start-up assist can be accomplished using lower
frequency sources and does not require steerable
injection. Dedicated systems may also be needed for
other applications, such as stabilization of neoclas-
sical tearing modes, resulting in specialized system
requirements for modulation capability, frequency,
peak power, etc.

2.2. Heating and current drive

2.2.1. Propagation and absorption

Two mechanisms are responsible for absorption of
electron cyclotron waves [8, 9] by the plasma. Inter-
action of the wave and particle occurs in the pres-
ence of an elliptically polarized electric field rotating
in the same direction as the electron at a frequency
close to the electron gyrofrequency. A second means
of interaction is provided by the Lorentz force arising
from the magnetic field component transverse to the

static toroidal magnetic field. If the parallel electron
velocity, ve‖ 6= 0, then a resonance energy exchange
occurs. In both cases the perpendicular energy of the
resonant particles is increased.

The resonance condition for the nth harmonic
OM is ω = nΩe/γ + k‖ve‖, where Ωe(R) is the
cyclotron frequency, γ is the relativistic mass fac-
tor, and k‖ is the parallel wavenumber. The width
of the absorption region is affected by the angle of
incidence, through the broadening of the resonance
due to the relativistic Doppler effect; by the elec-
tron temperature; and by the divergence of the wave
beam. For normal propagation, the absorption layer
is a few centimetres in width, but it can be increased,
if desired, by increasing the beam divergence. For
oblique toroidal propagation, as used for current
drive applications, the absorption region not only
broadens but shifts toward lower magnetic fields.
Oblique poloidal propagation also shifts the absorp-
tion region in this direction.

Current drive experiments at the fundamental
and second harmonic EC resonances have been per-
formed at a number of facilities, for example DIII-D
[10], Tosca, W7-AS, T-10 [11], WT3 and JFT-2M.
It was shown (DIII-D, T-10) that for the funda-
mental harmonic and power deposition in the cen-
tral region, ECCD efficiency is in accordance with
the theoretical predictions. In experiments on the
W7-AS stellarator, in which there is effectively no
toroidal electric field, agreement between experiment
and theory was found, taking into account the effect
of trapped particles, both for fundamental and sec-
ond harmonics [12].

Many of the potential applications of ECH waves
require off-axis current drive. Here, only a few exper-
iments [13] have been carried out and further work is
needed to completely validate the models. The cur-
rent drive efficiency generally decreases with increas-
ing minor radius due to the increasing trapped elec-
tron fraction [14].

2.2.2. Upshifted/downshifted ECCD scenarios

ECCD is based on the generation of an asym-
metric collisionality by the selective heating of elec-
trons moving in a given direction [15]. As a result,
the collisionality or resistivity is reduced and a net
toroidal current is generated. Two schemes are pos-
sible: downshifted and upshifted. In the downshifted
scheme, power is absorbed on the high field side
(HFS) of the resonance mostly by electrons with
N‖p‖ < 0, while in the upshifted scheme, electrons

Nuclear Fusion, Vol. 39, No. 12 (1999) 2499
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with N‖p‖ > 0 are heated on the LFS [16]. Here, N‖
is the parallel index of refraction and p‖ is the parallel
momentum. Both schemes rely on absorption of the
power on one side of the resonance, and thus require
a large optical depth to achieve high efficiency.

The best option for downshifted frequencies is
with extraordinary mode (XM) injection from the
HFS of the resonance. In the case of upshifted fre-
quencies, the XM is generally cut off and cannot
reach the plasma centre, leaving OM launch as the
only upshifted option. Top OM launch suffers from
a large sensitivity to the injection angle as well as
significant second harmonic absorption. LFS OM
launch, in contrast, provides good control over the
deposition location with significantly reduced second
harmonic absorption. Note that simultaneous first
and second harmonic absorption is generally unsuit-
able, since, in this case, currents are driven at two
different locations and in opposite directions [17].

Radial control of the location of the power deposi-
tion is obtained through oblique launch of the wave in
the toroidal direction. The resonance can be shifted
by a large fraction of the plasma cross-section [5,18]
by varying k‖, the limit being due to relativistic
effects and reduced wave damping. Additional use
of poloidal steering is generally desirable.

2.2.3. Codes

The theory of ECCD is highly advanced, and
ray tracing/Fokker–Planck codes based on first prin-
ciples can accurately predict the propagation and
absorption of EC waves in a plasma. For current
drive or high power density cases, Fokker–Planck
codes such as CQL3D [19], ORGAY and BANDIT-
3D [20], have proven very effective in understand-
ing experimental results quantitatively. These codes
have been benchmarked [21] in several ways. Exam-
ples are the calculation of the neoclassical electric
conductivity for which analytic expressions exist, or
of the low power, linear ECCD efficiency for which
adjoint calculations are also available [14]. Another
example is a calculation for the parameters of the
ECCD experiment in DIII-D [10, 21]. Good agree-
ment is obtained both between code predictions and
experiment and between the different codes them-
selves. These codes provide a predictive capability
for present day experiments as well as giving confi-
dence for the applications of EC waves foreseen in
ITER.

The code predictions show that non-thermal
effects are not to be expected in ITER. Such effects

would be expected for

P (MW · m−3)/[n (1019 m−3)]2 > 0.5

(see [18]), whereas the EC power density in ITER
will remain well below this critical value.

2.2.4. Experimental results

ECCD has been achieved in several tokamaks
both in the downshifted scheme using oblique
HFS injection of fundamental X-mode (DIII-D [10],
COMPASS-D [22], RTP [23]), and in the upshifted
scheme using oblique LFS injection of either second
harmonic X-mode (T-10 [24], RTP [25]) or funda-
mental O-mode (T-10 [11]). The last is the proposed
scheme for ECCD in ITER. Results from these exper-
iments are difficult to compare directly, since full
non-inductive current drive is generally not obtained
and different techniques are used to determine the
EC driven currents: either by comparison of loop
voltages in co-drive and counter-drive discharges

IECCD = Ip(Vcnt − Vco)/(Vcnt + Vco)

or by the difference of the sum of the calculated
inductive and bootstrap currents and the total
plasma current, I∗ECCD = Ip − Icond − Iboot . The
driven currents, I∗ECCD , obtained by the latter anal-
ysis contain, besides the purely EC driven current, a
synergistic contribution that is caused by an increase
in the conductivity due to the EC generated non-
thermal electrons.

Maximum measured normalized efficiencies, η20
(1020 A·W−1·m−2), range from η20 = 0.01 (RTP,
Te ≈ 3 keV, upshifted or downshifted) and η20 =
0.015 (DIII-D, Te ≈ 3 keV, downshifted includ-
ing synergy) to η20 = 0.03 (T-10, Te ≈ 7 keV,
upshifted). The CD efficiency is defined as η20 =
〈ne20〉IECCDR0/Plaunched where 〈ne20〉 is the vol-
ume averaged electron density in units of 1020 m−3,
IECCD is the net current driven by the launched EC
wave power, R0 is the major radius measured at the
magnetic axis of the target plasma, and Plaunched is
the launched EC wave power. The higher efficiency in
T-10 is mainly due to the higher temperature reached
in these experiments. These efficiencies are in general
agreement with theoretical expectations. The major
parametric dependences, as predicted by linear the-
ory, have been verified [11], though definitive exper-
imental data on the quasilinear power dependence
are lacking. Further confirmation of ECCD theory
comes from detailed experiments in the W7-AS stel-
larator [26,27]. The measurements in DIII-D and T-
10, when adjusted by means of code calculations to
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flatten density profiles and lower Zeff , as expected
for ITER, are in line with the temperature depen-
dence of the efficiency as predicted for ITER [28]:
this leads to the prediction of a maximum efficiency
for ECCD in ITER of η20 = 0.3 at Te(0) = 30 keV
(see Fig. 1).
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(Ref. [28]).

Full non-inductive ECCD has only been achieved
on T-10 in the scheme most relevant to ITER [11].
The low plasma current in these discharges (75 kA)
resulted in high βp, such that the bootstrap current
accounted for a large fraction of the plasma cur-
rent (∼50 kA) as seen in Fig. 1, where a compar-
ison of predicted on-axis current drive and experi-
mental results is shown. The curves (marked by •
and N) are simulations showing the influence of tem-
perature profiles and the divergence of the wave due
to diffractive effects. Experimental results from T-10
and DIII-D are also shown (marked by ∇ and �).
Corrections for density profiles and Zeff have been
made in both cases [28].

2.2.5. Transport studies

Because of the highly localized nature of the
absorption of electron cyclotron waves, ECH has

been used as a perturbative technique to study heat
transport in plasmas on many devices [29–35]. A rel-
atively small power can generate small perturbations
in the electron temperature at a desired location on
the radial profile of the temperature, and phase sen-
sitive detection can provide information on the loca-
tion of the heating and on the transport of heat
from the deposition site. Detection averaged over a
record of many cycles of the perturbation can greatly
improve the signal to noise ratio, thereby reducing
the requirement on the power used for the perturba-
tion. This technique has been employed on several
devices to study the power deposition profile and
transport.

2.3. Plasma heating and H-mode access

Experiments in many tokamaks using ECH have
demonstrated effective plasma heating [6]. Global
confinement in the L-mode with solely ECH auxil-
iary heating has been shown to be consistent with
the ITER-89P scaling relation. In direct comparison
with neutral beam heating on the DIII-D tokamak,
ECH has been shown to have the same global heat-
ing efficiency as neutral beams at the same power,
although the range of power for ECH has been lim-
ited to a small fraction of the available neutral beam
power in experiments so far. For a true benchmark,
ECH power in the range of at least 5–10 MW is
needed. Reliable access to the H-mode has also been
demonstrated in tokamaks [36–38] and in a stellara-
tor [39] using ECH power alone. The power thresh-
old for the transition from L-mode to H-mode under
ECH was found to be about the same for H-mode
induced by NBI on the DIII-D tokamak [36]. The
improvement in confinement above the L-mode scal-
ing is a full factor of 2 in the DIII-D experiments [40].
The scaling of confinement in the H-mode with ECH
has not been studied in depth so far, as the available
ECH power has been only slightly above the thresh-
old power. However, some studies do exist, such as
those in ELMy H-mode on COMPASS-D generated
by using both on-axis and off-axis ECH [41].

2.4. Start-up and wall conditioning

EC wave power has been used effectively for
pre-ionization and start-up assist in many toka-
mak experiments [4, 42] and is used routinely for
plasma production in stellarators [4]. In early toka-
mak experiments, ECRH pre-ionization typically
led to a reduction by a factor of 2–5 in the ini-
tial loop voltage together with a somewhat smaller
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reduction in the overall flux consumption dur-
ing the current rise phase. Features common to
many of these early experiments [4, 42] include an
insensitivity to the wave launching scenario (i.e.
inboard/outboard launch, XM/OM polarization),
effective pre-ionization at the second harmonic, and
a weak dependence on the resonance location. The
effective use of the OM for pre-ionization has been
attributed to the depolarizing effect of wall reflec-
tions. Various detailed theoretical descriptions of
ECRH pre-ionization in tokamaks have been devel-
oped [43–45].

A systematic series of experiments was carried out
on DIII-D in order to study low voltage start-up with
and without ECRH to provide data that could be
readily extrapolated to ITER [42]. It was shown that
for low voltage start-up, ECRH not only leads to
improved start-up reliability, but permits operation
over a greatly extended range of prefill pressure and
stray magnetic field and leads to reduced runaway
generation. ECRH assisted start-up with an electric
field of ∼0.15 V·m−1 was demonstrated.

For ECRH assisted start-up in ITER, the power
and pulse length requirements will be essentially
determined by the need to ensure burnthrough, i.e.
complete ionization of hydrogen and the transition
to high ionization states of impurities. A zero dimen-
sional code (with inclusion of some one dimensional
effects), incorporating a non-equilibrium impurity
model, has been developed to study start-up [46].
It has been concluded that control of the deuterium
density is the key factor for ensuring successful start-
up in ITER. Because of the large ratio of vessel
volume to plasma volume during start-up, fuelling
by the volume outside the ionization region may be
an important effect, and the role of neutral screen-
ing is also crucial. Without ECRH assist, successful
start-up may only be possible over a restricted range
of parameters. Although there remain uncertainties
over exact requirements, it has been estimated that
∼3 MW of absorbed ECRH power will ensure rea-
sonably robust start-up for a broad range of condi-
tions with up to 5% beryllium impurity [46]. Higher
powers are required for carbon impurity, even 5 MW
being marginal under some conditions. An ECRH
pulse length of a few seconds is adequate to ensure
burnthrough.

For the proposed start-up scenario, in which a
poloidal field null is established close to the outboard
limiter, several frequencies in the range 90–140 GHz
must be provided to accommodate the range of
toroidal fields envisaged in ITER. OM injection from

the LFS may be envisaged. Due to the low initial
electron temperature the OM is only weakly damped,
but by launching the power at an oblique toroidal
angle significant conversion of the OM to the XM
will occur upon reflection from the inner wall. After
several reflections, over 75% of the launched power
is expected to be absorbed by the plasma [46].

ECRH discharge cleaning is one of the wall con-
ditioning methods foreseen in ITER to reduce and
control outgassing of impurities and hydrogenic fuel
from the plasma facing components, for the achieve-
ment of clean and stable plasma operation. The
effectiveness of ECRH discharge cleaning has been
demonstrated in a number of devices [47]. Both
the main ECRH heating system (170 GHz) and the
ECRH start-up system may be utilized for this appli-
cation, but steady state operation of the start-up sys-
tem would be required in this case.

2.5. MHD stabilization with ECRF

Tearing modes are resistive MHD instabilities that
lead to a reconnection of the nested flux surfaces
and produce so-called magnetic islands. These lead
to regions of enhanced heat diffusivity, producing
flat spots in the temperature profile that reduce the
stored energy. This mechanism is one of the phe-
nomena possibly limiting β in long pulse collision-
less tokamak discharges [48] (see also Section 2.3
of Chapter 3). Here, the drive for the instability
mainly comes from the reduction of bootstrap cur-
rent as the island develops and the pressure flattens
at the O-point. Besides their role in the beta limit,
tearing modes also play a major role in the density
limit disruption, when, through excessive edge cool-
ing, the equilibrium current profile shrinks and the
free energy in the poloidal magnetic field leads to the
formation of magnetic islands [49].

ECRF can be applied in two ways to act on the
stability of the plasma. The first involves the shaping
of the equilibrium current profile in the vicinity of the
resonant surface to decrease the available free energy
for the island to grow. The free energy is given by the
stability index

∆′(W ) = (ψ′/ψ)rres+W/2 − (ψ′/ψ)rres−W/2

where ψ is the poloidal flux, ψ′ is its derivative with
respect to minor radius, and W is the width of the
island; ∆′(W ) > 0 means instability, whereas in the
case ∆′(W ) < 0 the equilibrium configuration resists
tearing and there is a saturation width for the neo-
classical island, Ws ∼ βp/(−∆′). As this scheme
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relies on a purely toroidal current, the injection can
be continuous and the method is referred to as the
‘DC scheme’. The other method is to inject directly
into the O-point of the island and thus restore the
lost current locally. This requires phased injection
and is referred to as the ‘AC scheme’. Current can
also be driven outside the island, which will reduce
the efficiency of either scheme. Note that heating will
also lead to an increase of the local current density
through enhanced conductivity.

For current gradient driven tearing modes, the
driving energy comes from the gradient in the equi-
librium current profile. The DC scheme creates a
local peak of positive toroidal current centred around
the resonant surface. This decreases the stability
index at the resonant surface when no island is
present [50]. The DC scheme has successfully been
demonstrated in experiments in JFT-2M [37] and
T-10 [51]. The AC scheme works on the non-linear
stability of the mode, and thus the requirement in
current and power differs from the DC scheme by a
factor that tends to favour the AC scheme. The effect
of phased current drive in a magnetic island has suc-
cessfully been demonstrated in ASDEX-Upgrade [52]
and COMPASS-D (where the phase feedback loop
was closed, whereas no radial deposition feedback
was applied [53]).

Note that for both schemes, one does not have
to maximize the total driven current, but rather the
number IECCD/d

2, where d is the ECCD deposition
width, because the stabilizing effect depends on the
gradient of the current density. This allows injec-
tion of the ECCD power at relatively small angles
from perpendicular, because both driven current and
deposition width increase with angle. With the con-
straint that the absorption has to be at the q = 2
surface, calculations find a maximum of the driven
current density between 10◦ and 20◦ at a frequency of
130 GHz. However, the absolute value of the driven
current strongly depends on the assumed Te at the
q = 2 surface.

For neoclassical tearing modes in the resistive beta
limit, the condition ∆′ < 0 prevails. With the DC
scheme, one makes use of the fact that the critical
βp for non-linear instability scales linearly with ∆′.
In ITER, it is expected that the m = 2 mode will be
the most critical instability for the beta limit. This
scheme is, in principle, capable of avoiding neoclas-
sical tearing modes. The AC scheme again works on
the non-linear stability. Note that, similar to the case
of the current gradient driven tearing mode, only a
small injection angle, and therefore narrow deposi-

tion width, is needed. For the reasons stated above,
the AC scheme is favoured over the DC scheme. Cal-
culations indicate that stabilization will require a
driven current of the order of one per cent of the
total current [54].

A potential problem for the AC scheme is that
the stabilization efficiency rapidly decreases when
the deposition width exceeds the island width. In
practice, this may mean that the island cannot be
completely removed by the AC scheme, but rather
that it will be reduced to an island width of the
order of the deposition width. This also favours a
small injection angle and, therefore, small deposition
width. For complete magnetic island removal, how-
ever, other means would have to be invoked.

A special case occurs when the magnetic islands,
due to interactions with the conducting vacuum ves-
sel wall and error fields arising from imperfections of
the coil system, slow down and reach a stationary
(locked) position. In this case, the AC scheme can
only work at full efficiency if the EC wave antenna
is located in front of an island O-point. As has been
shown, counter drive in the X-point will be less effec-
tive in removing the island. Thus, it is advisable to
ensure injection from more than one port, or to com-
pensate the error field using external coils that can
be used to change the phase of the locked mode. Oth-
erwise, the stabilization of this kind of locked mode
is not different from a rotating one.

A different kind of locked mode occurs when exter-
nal error fields penetrate the plasma and produce a
magnetic island. In this case, the equilibrium cur-
rent profile is stable to tearing, i.e. ∆′(W ) < 0. This
kind of locked mode has successfully been removed in
COMPASS-D [5] using ECCD in the island O-point.
It was shown that above a critical heating power, the
island spins up to its natural rotation frequency and
decays, due to the fact that ∆′(W ) < 0.

2.6. Other results

2.6.1. ELMs

Another MHD instability occurring in tokamak
discharges is the ELM [55] (see also Section 2.6 of
Chapter 3). Experiments on DIII-D have shown that
ECRF heating of the plasma edge gives rise to a
noticeable effect on the type I ELM frequency [56]:
heating inside the separatrix increased the ELM fre-
quency (as does any rise in heat flux through the sep-
aratrix in the case of type I ELMs), whereas heating
outside the separatrix decreased the ELM frequency.
This may be due either to a decreased resistivity, and
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thus a longer current diffusion time, or a softening of
the pressure gradient across the separatrix.

No experiments exist for the case of type II ELM
control. However, ECH applied to type III ELMs was
shown to reduce the ELM frequency, consistent with
the other forms of heating power [57]. As the transi-
tion from type III to type I ELMs seems to be con-
nected to increasing edge temperature, one might
envisage a separate control mechanism for type II
ELMs by using edge heating. The usefulness of this
effect will depend on the ELM type in ITER, which,
at the moment, cannot be predicted accurately.

2.6.2. Effect of ECH on sawteeth

As in the case of ELM control, sawtooth (see Sec-
tion 2.2 of Chapter 3) control in ITER will require a
tailoring of repetition frequency of sawteeth in order
to maximize their beneficial effect in transporting
impurities and the He ash out of the plasma cen-
tre. As in tearing mode control, AC and DC schemes
are both possible. The DC scheme operates on the
equilibrium profiles, while the AC scheme influences
them = 1, n = 1 mode connected with the sawtooth.
Control of the pressure profile inside the q = 1 sur-
face can, in principle, control the sawtooth behaviour
[58]. However, here one has to compete with the
300 MW of alpha power, so that this method does
not seem feasible. On the other hand, a localized
DC current drive at the q = 1 surface has been suc-
cessfully demonstrated by ion cyclotron heating in
JET [59]. Due to the more localized deposition of
EC waves, this heating method will be even better
suited to this scheme. An AC scheme for sawtooth
control might be possible by local current drive in the
O-point of the m = 1, n = 1 precursor mode in order
to change its growth rate and thus prolong or shorten
the sawtooth repetition time. Theoretical estimates
show that this might be more difficult than for the
m = 2 mode because of the almost ideal character of
the m = 1 resistive kink. However, a way of altering
ideal stability in order to make the mode grow like a
resistive mode, which can then be stabilized like an
m = 2 mode, has been proposed in [60]. This area
requires further theoretical and experimental work.

2.7. Application to ITER

2.7.1. Technological issues

Gyrotrons, a type of millimetre wave oscillator
[61], are presently unequalled in their ability to gen-
erate high power efficiently at the frequencies of

interest to ITER. High power millimetre wave win-
dows are required to form the vacuum envelope on
the tube itself, as well as on the torus. Several types
of window that are potentially capable of steady
state MW level operation include room tempera-
ture single disk, edge cooled diamond windows and
‘chilled’ high resistivity Au doped silicon windows,
cryogenic windows, and distributed windows [62].

The state of the art in gyrotron and window devel-
opment establishes constraints on the performance
that can be expected to be available for ITER. The
development goal is the simultaneous demonstra-
tion of a 170 GHz, 1 MW, steady state, 50% efficient
tube with the use of a single stage depressed collec-
tor [63,64]. The choice of frequency is a compromise
between the state of the art in the technology, the
operational range in magnetic field, and the heat-
ing and current drive physics requirements. Window
performance generally limits the output power to the
1 MW range, although output powers of up to 2 MW
may be possible with diamond windows [65].

Since electron cyclotron waves propagate in vac-
uum, the launcher need not be in close proximity to
the plasma to efficiently couple to it. However, to pro-
vide the required steering capability, neither can the
launch point be too distant. As a compromise, the
launch location has been chosen at a point behind
the blanket/back plate, about 1 m distant from the
plasma. The LFS midplane has been chosen for the
location of the launchers. Modelling shows that this
option is well suited for the intended applications of
heating and current drive.

Central heating at full field both in reference dis-
charges and in advanced scenarios is possible. Off-
axis current drive is also possible in almost all cases
of interest. Thus, in terms of overall flexibility, the
proposed single frequency system is well optimized,
particularly given the range of parameters and appli-
cations of which it is capable and the variety of engi-
neering constraints it satisfies.

2.7.2. Heating and current drive in the ITER
reference discharge

Studies of core current drive in ITER like plasmas
[16] recommend scenarios based on upshifted absorp-
tion of elliptically polarized ordinary mode EC waves
launched from the LFS midplane (see Section 2.2.2).
Modelling of the ITER reference discharge has shown
that the current drive efficiency depends strongly on
both the EC wave frequency and launch angle. At
the full field of 5.7 T, frequencies suitable for cur-
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Figure 2. The current drive figure of merit for 24 MA, 6 T target plasmas with Te0 = 20 keV and Te0 =

30 keV. The figure of merit, 〈η〉, is plotted against toroidal launch angle for selected frequencies between 160

and 220 GHz (Ref. [28]). Note that these calculations were performed for an earlier version of the ITER EDA

design, but the results are still, in essence, valid.

rent drive lie in the range 160–230 GHz, as shown in
Fig. 2. For each frequency there is an optimal toroidal
launch angle. For example, at 230 GHz the predicted
central current drive efficiency at full field is in the
range η20 ∼ 0.28–0.33 A·W−1·m−2 for Te0 ∼ 20–
30 keV and requires a toroidal launch angle of ∼40◦.
At the highest temperature, the dependence of the
current drive efficiency on temperature is weak.

Effective core heating and core current drive can
be provided by a single system at 170 GHz, the
choice of the frequency of the gyrotron sources. This
places the heating slightly inboard of the major
axis, at r/a = 0.15, for perpendicular propaga-
tion. Full absorption is obtained, even in the ini-
tial ohmic phase of the discharge (Te0 ∼ 5 keV,
ne0 ∼ 3 × 1019 m−3), and can be maintained after
the H-mode transition throughout the density ramp
up and approach to ignition. Between the ohmic
and ignited phases of the discharge, the opacity
varies between 30 and 300, implying strongly local-
ized deposition. The optimum toroidal angle for CD
is relatively insensitive to temperature in the range
5–30 keV. In this case, the predicted current drive
efficiency is 0.16 A·W−1·m−2 at Te0 = 20 keV and
increases to 0.19 A·W−1·m−2 at Te0 = 30 keV.
At reduced magnetic field, increased current drive
efficiencies are achievable, since this is analogous
to increasing the frequency at fixed field. Thus at
170 GHz and Bφ ∼ 4.2 T, current drive efficiencies
η20 ∼ 0.3 A·W−1·m−2 are obtained [28].

Rationalizing the technological constraints with
the proposed heating and current drive missions
for ITER leads to a system based on 170 GHz
fixed frequency gyrotrons. With the current design,
approximately 50 MW of elliptically polarized O-
mode power can be launched over a range of toroidal
angles from a single equatorial port. The resulting
system is flexible in that it can fulfil a wide variety
of functions under both the reference and advanced
tokamak modes of operation.

3. Fast wave heating and current
drive

3.1. Introduction

After the pioneering work of heating in the ion
cyclotron range of frequencies (ICRF) in TFR, PLT
and a number of smaller machines [66], radio fre-
quency (RF) heating is now widely used on existing
tokamaks, and includes many systems operating at
the multi-MW level (Table 2).

The fast magnetosonic wave can experience a
large variety of interactions with plasma particles,
including ion cyclotron fundamental and harmonic
damping, or direct coupling to the electrons’ parallel
motion, when the general resonance condition

ω = pωcs + k‖v‖s (1)
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Table 2. The present ICRF systems of various tokamaks

Frequency Number of Generator Maximum coupled

(MHz) antennas power (MW) power (MW)

ASDEX-Upgrade 30–120 4 (×2 straps) 8 5.7

C-mod 80 2 (×2 straps) 4 3.5

DIII-D 30–120 3 (×4 straps) 6 3.6

HT-6M 14–45 1 (×1 strap) 1 0.6

JET 23–57 4 (×4 straps) 32∗ 22

JT-60U 102–131 2 (×2 straps) 8 7

TEXTOR 25–38 2 (×2 straps) 4 3.6

TFTR 30–76 4 (×2 straps) 14 11.4

Tore-Supra 35–80 3 (×2 straps) 14 9.5

∗Losses in long transmission lines 8 MW

is fulfilled for species s and cyclotron harmonic num-
ber p = 0, 1, 2, . . . (ω is the wave frequency; ωcs =
ZseB/ms is the cyclotron frequency, with Zse the
charge, ms the mass, v‖s = vs · B/B the compo-
nent of the particle velocity, vs, parallel to the mag-
netic induction, B; k is the wavevector with compo-
nents along and perpendicular to B : k‖ = k ·B/B,
k⊥ = |k − k‖B/B|). The standard interactions are
cyclotron heating of ions (p > 0, s = i) and transit
time magnetic pumping (TTMP) or Landau damp-
ing of electrons (p = 0, s = e). In addition, the fast
magnetosonic wave (FMW), which is the carrier of
the RF energy, can be converted into short wave-
length electrostatic waves (e.g. ion Bernstein waves),
which damp rapidly on ions or electrons according
to the scenario.

In the ion heating regime, the transfer of energy
from the wave to the ions causes velocity space dif-
fusion, i.e. the formation of a tail in the velocity
distribution function of the heated species, which
can be tailored to some extent by controlling the
power deposition profile. The direct power coupling
to the ions is a distinct feature of ICRF that can
be exploited to control the plasma reactivity. In a
reactor, this assists the L-mode to H-mode transition
and/or allows control of the burn [67]. In harmonic
heating, the wave interacts preferentially with the
more energetic ions. This can be exploited to influ-
ence energetic particle populations selectively. The
presence of k‖ in the resonance condition, Eq. (1),
allows the wave to generate current by launch-
ing non-toroidally symmetric spectra, which favours
interaction with particles (electrons or ions) moving
toroidally in one or the other toroidal direction. The
RF power can also be used to create a plasma inside
the vacuum chamber in the presence of a toroidal

magnetic field for wall conditioning, depositing coat-
ings, or for start-up assistance. Hence, the ICRF sys-
tem is a flexible tool that can address a range of tasks
for next step machines and reactors. RF systems are
based on well established technology that can be eas-
ily extrapolated to reactors.

The processes of wave propagation, damping and
velocity space diffusion are described in textbooks
[68–70], while introductory texts on the applica-
tion of wave processes to heating and non-inductive
current generation in fusion plasmas are available
[71–73]. The subject was recently reviewed in [74].

3.2. Physics and performance of power
coupling

The electromagnetic energy is coupled to the
plasma using loop antennas, slots or waveguides.
Except for the possible excitation of short wave-
length electrostatic waves near the ion cyclotron lay-
ers, the coupling and wave propagation problem can
be described in the cold plasma limit. In this limit,
two generally uncoupled waves coexist: the fast wave
and the slow wave with respective perpendicular
refractive index component n⊥F and n⊥S (n = k/k0,
k0 = ω/c)

n2
⊥F = S − n2

‖ −
D2

S − n2
‖

(fast wave) (2)

and

n2
⊥S = P

(
1−

n2
‖
S

)
(slow wave) (3)

following the notations of [69] for the dielectric tensor
elements S, D, P . For ICRF in ITER, typical mag-

2506 Nuclear Fusion, Vol. 39, No. 12 (1999)



Chapter 6: Plasma auxiliary heating and current drive

nitudes of these quantities are (at the plasma centre
n = 1020 m−3, BT = 5.7 T, f = 2fcT )

S ≈ −700, D ≈ 1400, P ≈ −2.5× 106. (4)

The parallel component of the refractive index
vector n‖ is determined by the antenna size

n‖ ≈ π/(k0Lz) ≈ 1–10

(Lz is the toroidal distance between successive
straps), i.e. it is significantly smaller than the dielec-
tric tensor components. Accordingly, the slow wave
is strongly evanescent (n2

⊥S < 0) with, according to
Eq. (3), a typical evanescence length

λ⊥S = 1/|k⊥| ≈ 0.6 mm. (5)

Its polarization vector has E‖ as the main compo-
nent. The wave evanescence reflects the fact that the
plasma acts as a very good conductor in the parallel
direction and screens out the parallel electric field by
allowing image currents to flow over one skin depth
(Eq. (5)). Inside the plasma, the fast wave propagates
with typical wavelength

λ⊥F = 2π/k⊥ ≈ 0.12 m. (6)

Note that both scale lengths, Eqs (5) and (6),
are roughly inversely proportional to density, i.e.
increase towards the plasma edge. At the very edge,
the density falls nearly to zero, S ≈ 1 andD ≈ 0, and
the fast wave connects to the vacuum wave polar-
ized with electric field perpendicular to the static
magnetic field. For a large part of the n‖ spectrum
of usual antennas, this vacuum wave is evanescent
(k‖ > k0) and, if we call k‖c the characteristic parallel
wavenumber of the antenna, the electromagnetic field
decays as exp[−k‖c∆r] a radial distance ∆r away
from the antenna in the vacuum or very low density
plasma layer. It is therefore harder to couple the FW
power for larger distances between antenna and last
closed flux surface.

Many ICRF coupling models have been devel-
oped. These models rely on a slab approximation,
assuming uniformity in the toroidal and poloidal
directions and a radiation boundary condition in
the radial direction. Image currents induced on con-
ducting surfaces surrounding the powered conduc-
tors must be taken into account in the computations
because they deform the spectrum and thereby mod-
ify the antenna radiation resistance [75]. The most
relevant of these models to ITER is the RANT-3D
code [76], which allows the plasma to extend to the

first wall and the antennas to be recessed into the
first wall. This code is currently used to compute
the resistance of the ITER antennas. It has been
benchmarked against experimental results [76] and
has been shown to accurately predict the loading
resistance in TFTR when the computation uses the
experimental density profiles measured in front of the
antenna by reflectometry.

Many of the early ICRF experiments were plagued
with impurity production [66]. This problem has dis-
appeared in present day experiments [77] due to
improved conditioning and coating of the first wall.
In particular, the use of a material, like Be, with
a self-sputtering coefficient less than unity limits
impurity production from the Faraday screen [78].
The impurity production has been explained on the
basis of the RF sheath effects generating fast ions.
RF sheath theory has been applied to ITER anten-
nas [79], indicating that they are properly designed
in this respect. The sheath effects are expected to be
largest when the antenna arrays are operated with
zero phasing. In this case, image currents on septa
or other antenna parts are large and the sheath volt-
ages are the largest. In most cases, zero phasing oper-
ation is observed to disturb the plasma edge more
than π phasing and, in several instances, to lead to
reduced heating efficiency or inhibition of the tran-
sition to H-mode [78, 80–82]. Operation with π/2
phasing, as is required for ICRF current drive, may
also lead to a reduction in heating efficiency [83].
In JET H-modes, the energy content is about 20%
less using π/2 phasing than if dipole phasing is used,
due either to less power reaching the plasma core,
or to a reduction in H-mode quality. The better
understanding of RF sheaths has also led to a pro-
posal to remove Faraday shields from ICRF anten-
nas, and experiments with unshielded antennas have
been successfully performed in TEXTOR [84] and
ASDEX-Upgrade [85] without significant differences
from those with shielded antennas. Although it might
be necessary to keep a Faraday shield for other rea-
sons, such as decoupling of thermal and mechani-
cal stresses on plasma facing components (Faraday
shield or current strap), in ITER this opens a way to
simplified antenna structures.

One of the problems of the ITER antennas is
the large distance to the last closed flux surface
(15 cm) and the short density scrape off length
(2 cm) assumed in modelling ITER antenna cou-
pling. With such parameters, the required voltage
for coupling the 50 MW in ITER (see Section 3.7)
would be about 40 kV in π/2 phasing and would be
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in excess of 50 kV in π phasing. While several exper-
iments operate, with plasma, at voltages near 40 kV,
none is operated routinely at 50 kV. Experiments in
JT-60 [86] and ASDEX-Upgrade [87] have shown a
more complicated scrape off layer structure, with a
much slower density decay far away from the LCFS.
ITER relevant shots with ICRF heating, at the sec-
ond harmonic of H, have been performed in JT-60
with a LCFS to antenna distance similar to that
expected in ITER (15 cm). Under these conditions, a
power density of 4 MW·m−2 was launched from the
antenna with a maximum voltage of 38 kV [88]. This
matches ITER requirements, albeit at a somewhat
higher frequency (102 MHz).

The edge density variations due to ELMs cause
fast variations of the antenna coupling resistance
that must be compensated to avoid excessive reduc-
tion of the average power or generator tripping.
One type of compensation uses recombination of
the reflected power from two antennas by hybrid
couplers and was successfully tested on DIII-D [89]
and ASDEX-Upgrade [82]. Other systems are under
development based on frequency feedback [90, 91].

3.3. Modelling

The coupling, propagation and absorption of the
wave are determined by the wave equation

∇×∇× E− ω2

c2
εE =

4πiω
c2

jA (7)

where jA is the antenna current, and ε is the dielec-
tric tensor. In general, ε is a complex integral opera-
tor acting on the electric field E. However, ε reduces
to a simple matrix for cold plasmas. With the
complete hot plasma ε, Eq. (7) is too complex to
be solved in full toroidal geometry. Therefore, one
resorts to approximation (see [92] for a review). One
class of approximation is to solve the system in slab
geometry (one dimensional codes). In this geome-
try, one can retain the full complexity of Eq. (7) as
an integrodifferential system. Alternatively, reduced
order descriptions are available. The advantage of
one dimensional codes is that they are fast, can cor-
rectly treat short wavelength modes, and provide
quick insight into the physics of particular scenar-
ios. The second class of approximation is developed
by retaining the complexity of both the hot plasma
and the toroidal geometry, while treating wave prop-
agation in the eikonal approximation. This reduces
the integrodifferential system, Eq. (7), to an alge-
braic system. The resulting ray tracing codes (see, for

example, [93,94]) determine the deposition profile in
the cases where the wavelength is small compared to
the dimensions of the machine. This is often the case
for large machines like ITER. Ray tracing codes are
usually not able to tackle interference effects, sharp
reflections, or mode conversion processes that involve
tunnelling.

More recently, two dimensional global wave codes
(see, for example, [95–98]) have been developed that
resort to a direct numerical solution of reduced
order approximations to Eq. (7), using finite ele-
ment or finite difference methods, often combined
with poloidal Fourier decomposition. This numeri-
cal procedure works for long wavelength waves, but
convergence is much more difficult to achieve if short
wavelength structures are generated or short wave-
length modes are excited. The lowest order approx-
imation retains only the fast wave. More involved
codes include the slow wave and sometimes the ion
Bernstein and kinetic Alfvén waves. The basic out-
put of these codes is the distribution over magnetic
surfaces of the RF power transferred to the differ-
ent plasma species. Power deposition profiles pre-
dicted by eight different codes have been compared
and good agreement has been achieved in most cases
[99].

The dielectric operator depends on the distribu-
tion functions of the plasma species. During intense
RF heating, energetic tails develop on distribution
functions of the heated ion species that broaden
the deposition profile and increase the absorption
strength. The velocity distribution of the resonat-
ing ions results from wave induced velocity space
diffusion and Coulomb collisions. The velocity dis-
tribution during ICRH can be obtained by solving a
quasilinear Fokker–Planck equation

∂f

∂t
= C(f) +Q(f) (8)

where C is the collision operator and Q the RF oper-
ator [69]. The velocity distribution becomes highly
anisotropic at large velocity. This is because the
collision frequency decreases with energy, while the
cyclotron interactions, which preferentially heat the
ions in the perpendicular direction, do not. Vari-
ous Fokker–Planck codes for calculating the velocity
distribution have been developed [100–102]. Most of
them are based on the quasilinear diffusion operator
of [103] derived for straight magnetic field lines. More
recent models, based on the Monte-Carlo technique,
incorporate finite banana width effects and configu-
ration space diffusion due to RF [104–106], leading to
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a broadening of the collisional power transfer profiles
to the background plasma species.

The last step in the modelling of the effect of
RF heating in the plasma consists of incorporat-
ing the result of the combined solution of Eqs (7)
and (8) into a transport code in order to compute
the changes in temperature and profile modifications
due to RF. The RF input comes into the energy
balance equations as power deposition profiles into
the various plasma species. An additional input is
in the contribution of the RF generated tails to the
plasma β and to the non-thermal plasma reactiv-
ity. In turn, the plasma equilibrium and profiles are
used for the computation of the solutions of Eqs (7)
and (8).

The PRETOR transport code [107] is often used
for prediction of ITER plasma evolution. Recently,
the PION code has been implemented in PRETOR
to study the effects of direct ion heating on the
plasma and, in particular, its effect on the H-mode
threshold crossing [108]. The power deposition is
solved self-consistently by modifying the dielectric
tensor as the distribution function evolves in time.
Experimentally measurable quantities, such as the
fast ion energy content [109] or the neutron rate, can
be compared with model predictions. Figure 3 shows
the good agreement between the measured neutron
rate in a JET discharge and that calculated with the
PION code [110].

3.4. Heating scenarios and database

The ITER ICRF system is designed for heating
at second harmonic tritium (2ωcT ) or fundamental
minority 3He (ωc 3He) resonance (57 MHz at full
toroidal field), with ωcD (42 MHz) as an alter-
native minority scheme. The system can operate
at constant performance in the frequency range
40–70 MHz, covering the whole ITER toroidal
field range (4.0 < Bφ < 5.7 T). The 3He minority
scenario can also be used in pure deuterium or
hydrogen. During the ignited phase, ICRF can
be used for controlling the sawtooth period using
minority ion current drive at the q = 1 surface
either inboard (75 MHz) or outboard (55 MHz).
Fast wave CD scenarios are in the frequency window
between 2ωcT and 2ωcD, with a maximum CD
efficiency around 62 MHz. In this section, we outline
high power ICRF heating and confinement results
obtained in a variety of scenarios including those
that are proposed for basic ITER applications. The
CD database is discussed in the next section.
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the fusion cross-section). (From Fig. 4 in Ref. [110].)

3.4.1. General ICRH database

Significant levels (up to 22 MW) of ICRF power
have been coupled to L-mode plasmas in toka-
maks worldwide using FW outboard antennas. This
includes 3.6 MW in DIII-D [111], 3.5 MW in Alca-
tor C-Mod [112], 5.7 MW in ASDEX-Upgrade [113],
3.6 MW in TEXTOR [114], 7 MW in JT-60U [115],
9.5 MW in Tore-Supra [116], 11.5 MW in TFTR [117]
and 22 MW in JET [118]. Central minority ion heat-
ing with H or 3He as the minority species in D
plasmas has been the most generally used scenario,
because fundamental cyclotron absorption is a strong
mechanism as long as the polarization of the wave
remains good (significant E+ component), i.e. for
not too large minority concentration. Some devices
[81, 87, 118] have also carried out second harmonic
heating of hydrogen. The antennas consist of two or
more radiating straps, which are generally phased
(0, π). The power is deposited centrally, including at
high plasma density, by locating the ion cyclotron
layer in the centre of the plasma. Low concentra-
tion minority ion heating produces strong tails which
relax on electrons leading to higher Te (1.5–2 × Ti,
depending on density) in present devices. While puls
lengths for high power ICRF heating are typically
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2–10 s, Tore-Supra has coupled 2 MW for 30 s and
JET 3 MW for 60 s, achieving quasi-steady state con-
ditions. H-modes (with energy confinement typically
twice that of L-mode) with ICRF heating have been
obtained in Alcator C-Mod, ASDEX-Upgrade, DIII-
D, JT-60U and JET. A major factor in achieving
H-mode with ICRH in JET is automatic control
of the coupling resistance, which has been achieved
by feedback control of the plasma radial position
[78]. The maximum power coupled to an ELMy H-
mode in highly (edge) radiative JET discharges is
about 16.5 MW. Improved confinement (about twice
L-mode) has been obtained with combinations of
ICRF and NBI at high density with impurity seeding
and radiative edge (nearly 100% radiated) in TEX-
TOR [119].

Some amount of momentum can be transferred
from the wave to the plasma if an asymmetric spec-
trum is launched. Compared, for example, with NBI,
this amount of momentum is relatively modest. How-
ever, direct momentum transfer is not the only way
to induce plasma rotation. Experiments on JET
and Alcator C-Mod show that ICRF can indirectly
induce a significant amount of toroidal co-rotation,
with toroidal velocities of up to 105 m· s−1 in C-
Mod [120,121]. In JET, rotation is explained by the
increase in ion pressure gradient following the H-
mode transition, but in C-Mod the ∇p contribution
is negligible and the rotation might result from the
build-up of a radial electric field due to displacement
of the fast ion orbits by ICRH.

3.4.2. Scenarios for basic ITER applications

All scenarios relevant to ITER have been tested in
various existing experiments. With a view to appli-
cation to a 50/50 DT reactor plasma, heating at high
minority concentration has been demonstrated at a
power level of 10 MW in JET with nH/n 3He ≤ 1. At
high concentrations, minority tails are less energetic
and more power is delivered to background ions [122],
leading to Ti > Te. ICRF heating at the second har-
monic of tritium has been carried out in DT plasmas
in TFTR [117]. In a combined heating experiment
with PICRH = 5.4 MW and PNBI = 23 MW, it was
found that the additional ICRH power increased Ti

from 26 to 36 keV and Te from 8 to 10 keV. The
neutron production rate increased by 10% and the
confinement was about 10% better in DT discharges
than in D discharges due to the isotope effect. In
the absence of beams, tritium is introduced via a gas
puff. In such pure RF experiments, despite a low tar-

get temperature of 2 keV, the damping was adequate,
due to the rapid formation (100 ms) of an energetic
tritium tail (500 keV), and the heating efficiency was
comparable to that obtained with NBI [123,124]. By
power modulation experiments, it was deduced that
two thirds of the RF power was going to ions and
one third to electrons via direct electron damping.

In JET a wide variety of experiments in DT have
been performed where ICRF alone was used to heat
the plasma [125]. The efficiency of second harmonic
T heating was less than that of minority scenarios
(enhancement factors H97 = τE/τE,ITER97H−P over
the H-mode confinement scaling ITER97H-P [126]
of about 0.7, compared to 0.85–0.95 for minority sce-
narios) due to the formation of a very energetic T tail
and subsequent loss of fast ions, representing a 20%
power loss. A second consequence of the highly ener-
getic tail is a predominant transfer of power to the
electrons. However, these results are well explained
by the PION code, which predicts, for the ITER case,
where the RF power density is only about one third
of that in JET, predominant power coupling (70%) to
the ions. Addition of about 1% 3He improves the per-
formance dramatically, leading, even with the large
power density of JET, to strong ion heating with
Ti0 ≈ Te0 ≈ 12.5 keV. Thermal neutrons dominate
all ICRH schemes in tritium plasmas except in the
(D)-T scenario. In the latter scheme, the optimiza-
tion of the D minority tail in T plasmas produced
fusion power of 1.7 MW, with Q = 0.22 for a record
duration of 2.7 s. In both the (3He)-DT and (D)-
T schemes, the enhancement factor H97 was ≥0.9,
which is sufficient for ignition in ITER. In DT plas-
mas, as in D plasmas, RF heated discharges often
have smaller ELMs (by a factor of 2–3) than NBI
heated discharges [127,128].

Minority ion current drive physics was first dis-
cussed by [129]. The resonant condition ω − ωci =
k‖v‖ implies that the current is driven in opposite
directions on the two sides of the minority cyclotron
layer in a tokamak. Since the effect is local, it can
be used to modify the gradient of plasma current
density, especially near the q = 1 surface, either to
stabilize or destabilize sawteeth [130, 131]. Such a
control of sawteeth provides some control over the
energy confinement inside the q = 1 surface and
could possibly be used to advantage for burn con-
trol in a reactor.

‘Heavy minority’ scenarios, relevant to the non-
activated phase of ITER in hydrogen, have been
investigated both experimentally and theoretically.
Experiments have been performed in JET, ASDEX-
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Upgrade and C-Mod. In JET, D-(T), H-(D) and
H-(3He) schemes have been used in L-mode (RF
power ≤3 MW) [132]. These scenarios have some-
what lower confinement than the normal ‘light
minority’ scenarios. Minority T (5–10%) in D
showed a large neutron production associated with
a suprathermal T tail formation [125]. In ASDEX-
Upgrade, H-(3He) heats the electrons more effec-
tively than FW direct electron heating [113,133]. In
C-Mod, H-(3He) has 20–30% lower heating efficiency
and lower single pass absorption than D-(H) [134].
Results from a one dimensional full wave code [135]
indicate that good single pass absorption with domi-
nant ion heating would be obtained for both H-(3He)
and H-(D) in ITER at sufficiently low concentra-
tion (≤3%) and for usual toroidal mode numbers
(n = 20, 40). At larger concentrations and lower n,
ion absorption drops significantly. In all cases consid-
ered, the absorption at the Alfvén resonance located
in front of the antenna [132] was negligible (<1%).

3.4.3. ICRF in advanced scenarios

Applicability of ICRF minority heating in neg-
ative shear discharges is an important subject for
ITER steady state scenarios, where the current pro-
file is hollow because of a high bootstrap current
fraction. Attempts at ICRF heating in advanced sce-
narios were made in several machines [136]. In JET,
in optimized shear discharges a substantial part of
the ICRF power was coupled to deuterons, espe-
cially at high Te, leading to a neutron yield compa-
rable to that obtained in hot ion H-modes with less
stored energy [137]. In JT-60U, minority and sec-
ond harmonic heating have been used in negative
shear discharges [88, 138]. Second harmonic hydro-
gen minority ICRF heating was successfully applied
to negative shear plasmas, typically with q0 ∼ 6,
qmin ∼ 2 and qeff ∼ 5. The negative shear con-
figuration was produced by current ramp up with
early beam injection of 13 MW, followed by injec-
tion of 4 MW of ICRF power. The electron and
ion temperatures in the plasma core increased sig-
nificantly after the start of the ICRF injection and
reached ∼7 keV and ∼12 keV, respectively. A trans-
port barrier was produced near the position of the
minimum value of the safety factor. Steep gradient
layers appeared in profiles of the electron and ion
temperatures and the electron density. The H fac-
tor H89 increased from 1.4 before ICRF to 2.0 at
the end of the ICRF pulse. A transport barrier was
also produced when PIC � PNB (PIC = 4.5 MW,

PNB = 1.5 MW) [138]. In these conditions, the elec-
tron density profile was not so steep because of
the absence of particle fuelling. Similar results may
be obtained in ITER, where alpha particle heat-
ing is dominant. Direct FW electron heating of the
‘postlude’ phase of enhanced reversed shear (ERS)
discharges was also demonstrated in TFTR, delay-
ing the transition out of the ERS [123]. In DIII-D,
counter-FWCD in discharges with mildly negative
shear causes spontaneous appearance of improved
confinement [139].

3.4.4. Other ICRH scenarios

Other scenarios have been exploited in existing
machines which do not directly extrapolate to ITER
as follows.

(i) Heating at third ion cyclotron harmonic. In JET
and Tore-Supra, it was possible to locate the third
harmonic of D in the centre of the plasma while
other cyclotron damping mechanisms, such as the
fundamental and second harmonic of H, were outside
the plasma. In JET, with 12 MW of ICRH power, a
very energetic D tail is produced which cuts off at
about 4 MeV, when the ion orbits reach the limiters.
The DD neutron rate reached 0.9 × 1016 s−1. These
results were well reproduced by PION [109] code cal-
culations, giving confidence in the understanding of
the production and confinement of energetic tails.
Higher harmonic heating experiments were also per-
formed in JT-60U [81], both on ohmic target plas-
mas and with beam heating for the study of saw-
tooth stabilization and beam acceleration. Second
and third harmonic heating of fast ions was stud-
ied in TEXTOR to investigate neutron production
by beam acceleration and RF controlled diffusion of
fast particles [140].

(ii) Mode conversion heating. Significant electron
heating has been observed by damping of ion Bern-
stein waves (IBW) that were accessed by mode con-
version of the externally launched fast waves from
the LFS of the tokamak in mixed species plasmas
[113,124,141]. In TFTR and Tore-Supra, a peak was
observed in the electron temperature profile in the
vicinity of the mode conversion layer where the IBW
deposits its power into electrons. In TFTR, the loca-
tion of the mode conversion layer was deduced from
modulation experiments and found to move in agree-
ment with theory when Bφ was varied. Efficient ion
heating was obtained in TFTR in the case of a high
ion temperature target plasma [142].
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(iii) Direct launch of the IBW was also attempted
with limited success, in terms of coupled power
and heating efficiency, but leading in some cases to
transport barrier formation [143] or poloidal rota-
tion [144].

3.5. Current drive

A resonant interaction occurs when the parallel
velocity of an electron matches the parallel phase
velocity of the fast wave. The partly opposite elec-
tron Landau damping and transit time magnetic
pumping [69] result in fast wave electron heating
(FWEH), with, for example, significantly less damp-
ing per pass than minority ion heating (one can
estimate the FWEH damping per pass as ≈10–20%
in existing machines and ≈50% in ITER). Up to
9.5 MW have been coupled to electrons in Tore-
Supra in a scenario where the electron damping per
pass is about 10% and where the only competing
damping is the central 3ωcD, for which the damp-
ing per pass is estimated to be a hundred times
lower [145]. The behaviour with respect to the mag-
netic field has been explored on DIII-D (1 T and 2 T)
and on Tore-Supra (from 1.3 T to 3.5 T), confirm-
ing that the heating efficiency is independent of Bφ

(because the fast wave ultimately damps on the elec-
trons over many passes through the device), as long
as the coupling to electrons remains the dominant
damping process [146].

The power is deposited centrally (typically within
r/a ≈ 0.4) [147, 148], and the interaction does not
produce suprathermal electrons [149]. The resulting
thermal electron pressure profile is peaked enough
(although less peaked than, for example, central
minority heating) for efficient bootstrap current gen-
eration (up to 35 kA MW−1 observed on Tore-Supra)
[150].

By asymmetrically phasing the antenna current
straps, one directly couples the power to electrons
flowing co or counter to the plasma current. This
asymmetric absorption results in fast wave current
drive (FWCD). The effect has been observed on
JFT-2M [152], DIII-D [153] and Tore-Supra [145],
with current drive efficiencies in excess of 0.04 ×
1020 A·W−1·m−2 and shows a linear dependence
with Te0, in very good agreement with theoretical
predictions (Fig. 4). The driven current profile is
strongly peaked due to trapped electron effects, as
was checked experimentally in DIII-D. The agree-
ment with theory is very good [139]. The extrapo-
lation to ITER leads to an efficiency of the order

of 0.15–0.25× 1020 A·W−1·m−2 (depending on elec-
tron temperature), providing an opportunity for the
ICRH system to generate a sizeable amount of cen-
tral plasma current. The strong peaking of the driven
current may be very effective for driving the cen-
tral seed current and generating large bootstrap cur-
rents, as well as for controlling the central current
density. Current drive experiments have also been
performed in the mode conversion regime in TFTR
with an efficiency slightly in excess of theoretical pre-
dictions [151].
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3.6. Plasma production

Non-inductive plasma production will be an indis-
pensable tool for keeping constant wall conditions in
superconducting devices. It will also be required for
low voltage tokamak start-up in reactor scale fusion
devices (for the present ITER start-up scenario, the
inductive electric field is limited to E ≈ 0.3 V·m−1).
Early attempts at plasma production with ICRF
power were made in stellarators [154]. ICRF plasma
production has now been successfully achieved in the
tokamaks TEXTOR-94 [155] and Tore-Supra [156]
using conventional double loop antennas operated at
their normal ICRH frequency. RF discharges have
been obtained in pure toroidal magnetic fields in 4He,
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D and H over a wide range of magnetic field values
(ω/ωci ranging from about 0.5 to 20). RF power at
the generator during these experiments ranges from
50 kW to 0.5 MW, with coupling efficiencies rang-
ing from 50% to more than 90%. Central line aver-
aged densities range from a few times 1017 m−3 to
4×1018 m−3, while temperatures are estimated to be
in the range 5–50 eV. In TEXTOR, the unshielded
antenna [84] is about twice as efficient as the shielded
one.

RF produced discharges in D and 4He have also
been used in TEXTOR-94 and Tore-Supra, under
various conditions of pressure, magnetic field and RF
power, to clean the tokamak first wall. In all cases
the performance was reported to be at least as good
as that of glow discharge cleaning. In D discharges
in Tore-Supra and TEXTOR-94, ions in the keV
range were measured, indicating direct power cou-
pling to ions. In TEXTOR-94, RF discharges were
also performed in mixtures of 4He and silane for sil-
icon coating of the walls. Plasma production in the
presence of stray poloidal magnetic fields is more del-
icate than in a purely toroidal magnetic field. Never-
theless, reproducible low loop voltage (3–5 V corre-
sponding to 0.3–0.5 V·m−1) start-up was realized in
TEXTOR-94 using only the screenless antenna at
100 kW (60% coupling efficiency), at gas pressure
∼4–9 × 10−5 mbar and in the presence of 10–15 G
residual stray field [157].

3.7. The functions of the ICRF system
in ITER

The ITER ICRF system is designed to couple
50 MW to the plasma through four ports. In each
port, an array of eight antennas (four toroidal by
two poloidal) is installed, with a nominal power of
2 MW per antenna (i.e. total power of 64 MW at the
generators). Each antenna is equipped with a semi-
transparent Faraday shield, aligned along the total
magnetic field, and tuned at both ends by adjustable
reactances (pre-tuning stubs) to make it resonant.
The maximum operating voltage is <42 kV under
the assumed conditions of rather large distance to
the last closed flux surface, i.e. rather low plasma
coupling (3.5 Ω·m−1). An important design issue is
the array sensitivity to plasma edge density fluctu-
ations (such as those due to ELMs), which cause
fast variations in the antenna coupling and may
reduce the RF power flow. The pre-tuned antenna
design, based on an external adaptive matching sys-
tem using adjustable mechanical components and

frequency modulation, is designed to achieve a max-
imum tolerance to such variations.

From a technical point of view, the most criti-
cal element of the system is the antenna, because it
has to operate routinely at high voltage. An ITER
antenna prototype has been built and successfully
tested in vacuum (up to 72 kV for 0.1 s pulses and
62 kV for 2 s pulses) [158]. Feedthroughs and pre-
tuning stubs have been designed to be mounted on
the antenna prototype for a fully integrated test
[159]. Existing RF generators have been operated on
matched loads for up to 2 h at a level of 1.5 MW
[160]. A generator design at full ITER specifica-
tion (2 MW CW with a voltage standing wave ratio
(VSWR) of 2 and transients at 2.5) is underway.

The main operating mode of the ICRF system in
ITER is second harmonic heating of tritium, possi-
bly with 3He minority. The main asset of the ICRH
is that it can couple a large fraction of the power (up
to 70%) to the bulk ions, a feature shared by none
of the other ITER heating systems. Some simula-
tions indicate that the access to H-mode with pure
electron heating may be restricted to very low den-
sity, while increased fractions of ion heating broaden
the H-mode accessibility domain. The ICRH system
is capable of efficient operation over a wide range
of toroidal magnetic fields, and heating scenarios are
available for a physics phase in pure D, 4He or H. The
ICRH power can be feedback controlled and is an
ideal tool for burn control in driven scenarios due to
its strong coupling to ions, or for controlled and safe
current ramp down. In advanced scenarios, ICRF can
provide a very peaked central current with current
drive efficiency 0.15–0.25× 1020 A·W−1·m−2.

The ICRF system has a number of ancillary func-
tions, such as wall conditioning (tritium desorption),
or coating, plasma breakdown and current start-up.
It also allows control of the burn, by modifying the
sawtooth behaviour through off-axis minority cur-
rent drive, and can generate toroidal rotation.

4. Lower hybrid heating and
current drive

4.1. Introduction and basic physics

Over the last 25 years, slow waves in the lower
hybrid (LH) range of frequency have been used for
various purposes. The occurrence of a wave reso-
nance, the lower hybrid resonance (LHR) – where the
wave group velocity in the direction perpendicular to
the static magnetic field vanishes for a particular fre-
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quency, plasma density and magnetic field strength
– was soon anticipated to lead to very strong wave–
particle interaction through linear mode conversion
to a hot plasma wave (and/or non-linear phenom-
ena), and made lower hybrid waves (LHWs) good
candidates for plasma ion heating (LHIH). Later, the
large parallel electric field carried by LHWs was also
shown to lead to strong quasilinear Landau interac-
tion with electrons, through wave–particle resonance
in the direction parallel to the static magnetic field
(w = k‖v‖), and consequently to electron heating
(LHEH) and non-inductive current drive (LHCD).
Early experiments, performed on Petula, Wega, Ver-
sator, WT-2, ASDEX, JFT-2, Alcator, PLT, FT-1,
T-7 and JT-60, yielded important achievements con-
cerning the capability of these waves as far as heat-
ing and current drive, as well as plasma start-up and
current ramp up, are concerned [161]. In present day
experiments, the main reason for using LHWs is their
significant potential for current drive and profile con-
trol, and consequently the frequency and antennas
are generally optimized for electron interaction and
current drive. Large LH systems now exist on many
tokamaks (Table 3).

The LHR frequency ωLH is of the order of the ion
plasma frequency ωpi

ωLH = ωpi/[1 + (ωpe/ωce)2]1/2 (ωpi � ωci). (9)

This frequency, in the GHz range, is much larger
than the ion cyclotron frequency and much smaller
than the electron cyclotron frequency. It is of the
order of – but always smaller than – the geomet-
ric mean between these two. Somewhat higher fre-
quencies (2–10 GHz) are more suitable for present
day applications, where pure electron interaction is
desired, whereas lower frequencies (below 1–2 GHz)
were used in early ion heating experiments where the
LHR was thought to be essential. In fact, as discussed
later, it turns out that even when the LHR does not
exist, the perpendicular phase velocity of the LHWs
will slow down above some critical density, so that
the LHWs will interact strongly with plasma ions.

For a sufficiently large electron temperature and
parallel index of refraction N‖ = k‖c/ω along the
static magnetic field, the parallel phase velocity of
the wave, ω/k‖, is a few times the thermal speed of
the electrons, ve. As a result, a quasilinear plateau
tends to build up in the electron velocity distribution
function over the range of velocities [162]

v‖min = c/N‖max < ve < v‖max = c/N‖min (10)

corresponding to the local N‖ spectrum of the
absorbed power, with P (N‖) 6= 0 for N‖min < N‖ <
N‖max .

For high efficiency current drive purposes, the cen-
tral N‖ value of the wave spectrum launched by the
antenna (and quoted in Table 3) is chosen in such a
way that the wave interacts with a broad range of
weakly collisional suprathermal electrons.

A strong interaction of the LHWs with the ion
population is possible when the perpendicular phase
velocity, ω/k⊥, decreases to a few times the ion veloc-
ity [163]. It can be seen from the cold electrostatic
dispersion relation of the LHWs:

ω2 = ω2
LH [1 + (mi/me)(k‖/k⊥)2] (11)

that the ratio of the perpendicular to the paral-
lel phase velocities depends only on local plasma
parameters, through the local LHR frequency, and
is independent of N‖. As a consequence, at a given
frequency the LHW power will be preferentially
absorbed, either by the electrons or by the ions,
depending mainly on the local plasma parameters
encountered during the course of propagation, rather
than the launched wave spectrum. The existence of
a critical density, which scales roughly proportion-
ally to ω2, at which a wave damping switches from
electrons to ions, follows almost directly from the
electrostatic dispersion relation [164].

Another basic feature of LHW physics is the acces-
sibility condition, which has to be met so that the
LHWs can propagate far enough inside the plasma
to reach the wave absorption layers. When consider-
ing the full electromagnetic cold plasma dispersion
(N‖ ≈ 1–2), one finds conditions for which the slow
LHWs merge with a fast wave branch so that lin-
ear mode conversion occurs. In order to avoid such a
mode conversion between the wave launching point
and the wave absorption layer, the following accessi-
bility criterion must be satisfied [165]:

N‖ > N‖acc = ωpe/ωce

+ [1 + (ωpe/ωce)2 − (ωpi/ω)2]1/2 (12)

where ωci and ωce are the ion and the electron
cyclotron frequencies, respectively.

This condition, which mainly depends on the mag-
netic field and the plasma density, limits the pene-
tration of the wave into the plasma. Strictly speak-
ing, it would apply in a separable geometry where
N‖ is a constant of the propagation. In tokamaks,
toroidal effects and magnetic field helicity lead to
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Table 3. The present LHW systems on various tokamaks

Frequency Number of Generator Coupled

(GHz) N‖ waveguides power (MW) power (MW)

COMPASS 1.3 2.1–6.7 8 0.6 0.15

FT-U 8.0 1.4–3.75 72 (6 ant.) 5.5 1.3

HT-6M 2.45 3.0 8 0.12 0.12

JET 3.7 1.4–2.3 384 12 7.3

JT-60U 1.74–2.23 1.3–2.4 24 5.0 2.5

1.74–2.23 1.5–2.3 48 10 6.0

PBX-M 4.6 4.2 32 2.0 1.5

TdeV 3.7 2.0–3.3 32 1.3 1.0

Tore-Supra 3.7 1.4–2.3 256 (2 ant.) 8.0 6.0

TRIAM-1M 2.45 1.0–3.6 4 0.05 0.045

8.2 1.0–2.8 8 0.2 0.15

strong upshifts of the parallel wave index during
the course of propagation, and the link between
the launched N‖ spectrum and the wave accessibil-
ity to the plasma core requires detailed ray tracing
calculations. For ITER parameters, these calcula-
tions show that only the outer part of the plasma
(r/a ≥ 0.5) is accessible to the LHWs at the plasma
densities that are envisaged during the burn. The
high electron temperatures, however, lead to strong
peripheral Landau damping. Since the main func-
tion of the LHW in ITER is off-axis current drive
during steady state operation, current profile con-
trol in advanced regimes, and assistance of current
ramp up during the start of the discharge [166],
the ITER LH system is optimized for current drive
functions.

4.2. LH current drive efficiency

Though successful in early experiments in the
past [167], ion heating with LHWs has not been the
object of recent experiments. The use of LHWs in
present tokamaks is now focused on current drive
applications, and for this purpose a higher operat-
ing frequency is chosen. LHWs are the most effi-
cient means for non-inductive current drive in both
present day experiments and in projections to ITER.
Fully non-inductive discharges of up to 3.6 MA in
JT-60U and 3 MA in JET have been achieved with
LHCD [168, 169]. A plasma current of 0.8 MA was
also sustained for 2 min in Tore-Supra (and 30 kA
for 1 min in the smaller superconducting tokamak
TRIAM-1M, where, previously, a steady state dis-
charge of 1 h was demonstrated at very low den-
sity [170]).

Global LHCD efficiencies, η = n̄eRICD/Pinj , of

0.35 and 0.27 × 1020 A·W−1·m−2 were achieved in
JT-60 and JET, respectively (see Fig. 5), and a
strong dependence of η on the electron tempera-
ture was found. This may be explained by consid-
ering competing non-resonant absorption, which can
reduce the current drive efficiency at low tempera-
tures; at higher temperatures the theory predicts a
milder, but continuing, rise [171]. Saturation effects,
however, have been observed for full current drive
at low density and high temperature on JET. These
have been attributed to a local overdrive of the cur-
rent and the resulting generation of negative electric
fields [172].
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A value of η = 0.45 × 1020 A·W−1·m−2 was
estimated in an experiment combining ICRH and
LHCD in JET [173]. Synergetic effects with electron
cyclotron waves can also be invoked, but all of these
effects are still to be fully assessed. Another type
of synergy (LHW amplification using alpha parti-
cle energy as a pump) was proposed [174], but wave
amplification turns out to require very specific condi-
tions, which are probably difficult to meet in ITER.
Efficient LHCD at high density has been demon-
strated in Alcator-C and recently in FT-U (ηCD ≈
0.2×1020 A·W−1·m−2 at a density of 1020 m−3; with
full current drive at 0.5× 1020 m−3).

An important aspect is the capability of LHWs to
retain a high current drive efficiency in low and mod-
erate β regions, owing to the strong Landau damping
that occurs. This enabled the early constitution of an
abundant database on LHCD, since it could be used
for various purposes (current ramp up with induc-
tive flux saving, transformer recharging, and saw-
teeth stabilization [175]), and yielded rather spec-
tacular results in moderate size and low temperature
tokamaks. This property, together with a weak sensi-
tivity to electron trapping, supports the use of LHWs
to realize steady state high performance operation in
a reactor using ‘advanced’ optimized shear scenar-
ios. According to time dependent simulations, this
requires efficient current drive in the external half of
the plasma column, both during the low density cur-
rent ramp up and the steady state burn [166]. On the
other hand, strong Landau damping will prevent the
penetration of LHWs to the core of high-β burning
plasmas (neTe ≤ 10–15×1020 m−3· keV must be sat-
isfied at the location of innermost power deposition
in ITER).

4.3. Current profile control and improved
plasma performance with LHCD

The effectiveness of LHCD for current profile con-
trol has been well documented in numerous exper-
iments such as PLT, Petula, ASDEX, FTU, JT-
60U: suppression of sawteeth; stabilization of the
n = 1, m = 1–2 MHD modes; large variations
of li [176–179]. For m = 2 modes, both a stabi-
lizing and a destabilizing influence of LHCD were
observed in some early experiments (PETULA, PLT,
FT, ASDEX). Improved MHD stability at high beta
with LHCD profile control has been shown on COM-
PASS [180].

Feedback control of the plasma internal induc-
tance has been achieved in Tore-Supra through vari-

ations of the launched power spectrum, P (N‖) [181].
Of potential interest for future applications, the use
of composite spectra (ASDEX [179]) was shown to
be effective in controlling the deposition zone (a low
power component at large N‖ pulls out a suprather-
mal electron component, which then triggers the off-
axis absorption of the main power fraction at lower
N‖). Similarly, two different launchers, producing,
respectively, a narrow and a broad spectrum, were
used in JT-60U to create reversed shear configura-
tions with different radial locations, rq min , of the
minimum of the safety factor q(r) (rq min/a from 0.4
to 0.75 [182]). In present day tokamaks, even with
low-N‖ narrow spectra, particular combinations of
plasma profiles and operating parameters (ne, Ip,
Bφ) can be chosen to prevent wave penetration into
the plasma core and sustain reversed shear configu-
rations with rq min/a ≈ 0.3–0.4 [172]. In elongated
divertor plasmas, LHWs generally cannot propagate
to the core region, which favours schemes requiring
off-axis deposition. At JET, a large variety of q pro-
files has been produced with LHCD using different
power levels and pulse durations, with q(0) up to 8
and qmin ≥ 4 at the end of the current ramp up [183].

Current profile modifications by LHCD were
essential to reach some high performance regimes in
recent experiments: optimized shear and improved
hot ion modes in JET [172], LHEP modes [184] with
high li, but either flat or hollow central current den-
sity in Tore-Supra, and reversed shear configurations
with an internal confinement barrier (JET, Tore-
Supra, JT-60U, FT-U). Some of these configurations
could be sustained in stable and stationary condi-
tions. They can therefore provide a basis for opti-
mized steady state reactor scenarios, and the use of
LHCD for producing and controlling transport bar-
riers in reactor grade plasmas deserves further inves-
tigation.

In JET, early LHCD is found to be the most effi-
cient profile shaping method as compared to NBI
and ICRH [183]. It provides an MHD stable route
to high-β plasmas by establishing non-monotonic q
profiles at low β, when the growth rate of potentially
deleterious MHD modes is small. The record perfor-
mance shots in deuterium plasmas (Ti(0) = 35 keV,
Te(0) = 15 keV, core pressure of ∼0.4 MPa) and DT
plasmas, are obtained with high power NBI and/or
ICRH, following a short LHCD pulse during current
ramp up that forms a flat to slightly non-monotonic
q profile in the core.

In Tore-Supra, FT-U and JT-60U, MHD stable
reversed shear configurations have been sustained in
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stationary state (for durations longer than the cur-
rent diffusion time) in partly driven and fully non-
inductive discharges with conditions chosen so that
the LH power deposition was well off-axis.

A global improvement of the confinement (with an
enhancement factor, H89, of up to 2) was obtained
in LH driven discharges in Tore-Supra and TdeV.
As an example, Fig. 6 represents the time traces of a
2 min long LHEP discharge realized in Tore-Supra, in
which 90% of the current was driven non-inductively,
with Te(0) = 7.5 keV, ne(0) = 2× 1019 m−3, PLH =
2.5 MW.

High bootstrap current fractions are achieved with
combined LHCD and fast wave electron heating
in Tore-Supra. The bootstrap fraction rises to up
to 50% and a confinement enhancement factor of
about 2, relative to L-mode scaling, is then achieved.

Finally, notched injection of LHWs was successfully
combined with repetitive pellet injection in ASDEX
[185] and also on Tore-Supra.

4.4. LH power coupling

Coupling of LHWs to the plasma is achieved by
antennas – or launchers – composed of multiple
toroidal arrays of waveguides stacked in the poloidal
direction, commonly named ‘grills’ [186, 187]. The
phasing of the waves at each waveguide aperture
determines the phase velocity (or N‖) spectrum of
the LHW launched into the plasma. The coupling
of LHWs from the launcher to the plasma is well
understood, and code predictions are in good agree-
ment with detailed RF field measurements at the
launcher mouth in numerous experiments where local
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density measurements are available. Recent illustra-
tions are provided by COMPASS, TdeV [188], Tore-
Supra, JET and JT-60U. As was mentioned above,
the slow waves excited at the antenna with N‖ > 1
can propagate into the plasma only if the density at
the launcher mouth exceeds the cut-off density nc.
With normalization to the chosen LH frequency of
5 GHz on ITER, this can be expressed as follows:

nc (m−3) = 3.1× 1017(fGHz/5)2. (13)

Below this density, the wave is evanescent with a
typical evanescent length that is of the order of a
centimetre. As a consequence, a rapid decrease in
the coupled power, and a corresponding increase in
the reflected power, is found both in the experiments
and in detailed code calculations as the plasma den-
sity at the launcher drops through the cut-off density.
The electron density for which optimum coupling is
achieved is roughly given by nopt ≈ ncN

2
‖ [189], while

the density range over which reflection coefficients
are acceptable (R ≤ 5%) depends on the type of
grill. This density range, relatively narrow in a con-
ventional grill, is enlarged by the use of the multi-
junction concept [190,191] where it spans about one
order of magnitude (2–20 times the cut-off density).
In the case of a passive active multijunction [192], a
weaker sensitivity near the cut-off density than with
all active waveguide multijunctions is predicted by
numerical codes.

LHW antennas have been operated reliably at
power densities (i.e. incident power/waveguide aper-
ture area) that reach 25 MW·m−2 at 3.7 GHz for low
plasma reflection, and which scale roughly propor-
tionally to the frequency (100 MW·m−2 is achieved
in routine operation at FT-U, working at 8 GHz
[193]).

Under good coupling conditions (matched edge
density), the full installed power could be used (Tore-
Supra, TdeV). Conversely, at large edge reflection,
the maximum injected power is limited by the maxi-
mum value of the RF electric field inside the launcher
structure. Statistical analyses of a large number of
experiments – made independently at JET, Tore-
Supra and TdeV – consistently yield a limit of 500–
700 kV·m−1 at 3.7 GHz.

Good coupling conditions were achieved not only
when the launcher was placed close to the plasma,
so that the required density is ‘naturally’ provided
by the scrape off layer, but also at larger plasma–
launcher distances (up to 15 cm in Tore-Supra [194]
and JT-60 [182, 195]). In such cases, the analy-
sis in Tore-Supra suggests that local absorption of

LH power creates adequate plasma density for good
coupling in front of the launcher. The LH power
absorbed in the plasma edge region is small and
does not affect the global plasma performance (e.g.
the CD efficiency). Active control of the edge den-
sity by various means has also proved to be effec-
tive (proximity gas injection in JET [196] and TdeV,
ECH resonant in the edge layers in COMPASS, posi-
tive divertor biasing in TdeV). The operating condi-
tions for remote coupling need further investigation
on present devices in order to provide a reliable basis
for extrapolations to ITER.

In some conditions, ‘hot spots’ have been observed
on obstacles intersecting magnetic field lines con-
nected to the launcher. Although a very small frac-
tion of the total LH power is concerned, this lost
power is concentrated in a narrow flux tube where
the power density can reach several MW·m−2, so
that action must be taken to avoid damage to
plasma facing components. Experimental and the-
oretical investigations in progress [197, 198] suggest
that these hot spots result from small electrostatic
spectral components at very large N‖, which acceler-
ate cold edge electrons up to the keV energy range.
New launcher developments aim at suppressing these
parasitic effects by better geometrical shaping and
by reducing the electric field at the antenna with a
passive/active waveguide array.

4.5. LHW and H-mode plasmas

When the H-mode is triggered, the improvement
in edge confinement leads to a steeper density gra-
dient at the edge. This results in a smaller density
decay length within the plasma scrape off layer and,
in general, the LHW coupling degrades. In JET, effi-
cient coupling into H-modes (R ≤ 5%) was realized
under close gas puffing, both in short ELM free H-
modes and in ELMy H-modes, with the launcher
in the shadow of the poloidal limiters (7–8 cm from
the separatrix). The amount of gas puffing necessary
(2.5 × 1021 electrons· s−1) is 4 times less than the
flow at which confinement begins to deteriorate in
JET [196]. During ELMs, particles are expelled from
the plasma and a fast modification of the density in
the scrape off layer occurs. However, reasonable cou-
pling can be maintained in ‘grassy’ ELMy H-mode
(R ≤ 5%). Detailed analysis of the coupling data
suggests that during the ELMs, transient high den-
sity bursts may limit the power transmission capabil-
ity [199]. In JT-60U standard operation, i.e. with a
launcher–plasma distance of 6–8 cm, a large degrada-
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tion of coupling has been observed at the L–H transi-
tion. However, good coupling was recovered, even in
ELM free H-modes, by shifting the plasma towards
the launcher.

An ELM free H-mode with LHWs alone was
reported on JT-60 in the limiter configuration for
3.3 s [200]. The power threshold for the H-mode was
found to be low, around 1.5 MW. More recently, a
reproducible ELMy H-mode was obtained on JET
with 2.0–2.5 MW of LH power in D and DT plas-
mas, without major coupling modifications during
the L–H transition [201].

4.6. Interaction of LHWs with fast ions

In ITER, the LHW frequency must be large
enough to avoid absorption by 3.5 MeV alpha parti-
cles and a fortiori by any other ion population with
lower velocities. A frequency of 5 GHz has thus been
selected, based on theory and experiments [175,202],
and also on technological constraints (power sources,
launcher design). In some low frequency/high den-
sity experiments, evidence of LHW interaction with
fast ions could be inferred through the generation of
suprathermal ion tails and/or of 2.45 MeV neutrons
produced by DD reactions. More recently, with a fre-
quency of only 2 GHz in JT-60U, the interaction of
LHWs with 350 keV ions originating from negative
ion based neutral beams was expected and clearly
demonstrated. The hard X-ray emission that charac-
terizes the fast electron population produced by the
LHWs was strongly reduced in the central part of
the plasma when neutral beam injection was applied
and the plasma density was above a threshold that
is consistent with theoretical calculations.

4.7. Theoretical progress and model
validation

The situation generally encountered in present
day tokamaks (multiple pass damping) has long been
a handicap to a detailed understanding of the propa-
gation and absorption of LHWs, due to a large sensi-
tivity to small variations of the parameters. Standard
ray tracing/Fokker–Planck (RTFP) techniques have
been implemented in large computer codes [203],
but the stochastic nature of LHW propagation in
a toroidal plasma [204, 205] generally demands very
extensive calculations to obtain reliable modelling
with such codes in moderate temperature plasmas.
This was fully appreciated only recently and has led
to significant progress [206–208]. The development

of a theory [209] integrating stochastic wave diffu-
sion and a Fokker–Planck treatment (WDFP) pro-
vided a paradigm for describing how the spectral
gap between the velocities of the launched waves
and of the preexisting thermal electron population
could easily be bridged in tokamaks through a self-
regulating mechanism, and offered a numerically
attractive alternative to ray tracing in the regime of
weak single pass damping. In practice, both RTFP
and WDFP techniques show that in such conditions,
the wave energy actually fills up, by multiple bounc-
ing within the plasma cavity, the entire (r–k) domain
between the wave propagation boundaries and the
absorption limits.

The consequences of this theory on the tempera-
ture dependence of the current drive efficiency have
been analysed [210]. A weak temperature dependence
can be explained by the fact that the lower bound
of the quasilinear plateau in the electron distribu-
tion function is a few times larger than the thermal
velocity and is determined by the onset of strong
Landau damping. However, this effect is insufficient
to explain the apparent linear dependence of current
drive efficiency on temperature observed in many
low temperature (〈Te〉 below 1.5 keV) experiments.
A second effect can be attributed to non-resonant
absorption, or other edge losses, during the numer-
ous reflections experienced by the wave in the low
temperature, high-Z, outer plasma layers, in weak
single pass damping conditions. The combination of
these two effects in both the ray tracing analysis and
the wave diffusion model provides results that are
in good agreement with the observations [210]. The
situation is simpler in ITER like burn conditions,
where single pass resonant absorption prevails, and,
therefore, only the slow but continuous rise due to
quasilinear Landau effects and relativistic corrections
remain.

These developments, as well as the progress of
diagnostic techniques (X-ray cameras, magnetic and
current profile measurements) and of their interpre-
tative modelling, led to the present situation, in
which RTFP and/or WDFP codes, with two dimen-
sional relativistic Fokker–Planck computations, can
be routinely applied to model LHW discharges suc-
cessfully in a number of devices (JET, Tore-Supra,
FT-U, TdeV, PBX-M) and a variety of plasma situ-
ations (including reversed shear conditions). A com-
parison of measured and calculated LH deposition
profiles for central and off-axis absorption is shown in
Fig. 7. The agreement between experimental results
and modelling now covers not only global parame-
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ters such as Vl, q0, li, the current drive efficiency
η, and X-ray emission profiles and spectra, but also
their time evolution and the evolution of the plasma
profiles [211,212]. This agreement gives confidence in
predictive modelling for ITER, but a better under-
standing of plasma transport is still necessary to fully
assess the effect of magnetic shear optimization in
tokamaks.

Figure 7. Lower hybrid deposition profiles for on-axis

and off-axis deposition conditions in JET, as determined

from fast electron bremsstrahlung (FEB) measurements

and ray tracing calculations.

4.8. Heating and current drive in ITER

Projections of LHCD in ITER have indeed been
made using time dependent computer simulations
with the same transport model, both for saw-
teeth stabilization in an ignited 21 MA scenario
and for advanced steady state operation at reduced
plasma current [166]. In the pulsed high current
case, current profile optimization can be achieved by
LHCD. Ramping up the LH power to 50 MW dur-
ing a 0.15 MA· s−1 current rise phase provides non-
monotonic q(r) profiles with a wide central region
of flat, or slightly reversed, magnetic shear at the
beginning of the current flat-top phase. Then, in

the burning phase, due to the long resistive diffu-
sion time, the weak or negative shear region shrinks
slowly and the current profile reverts to a monotonic
shape, although q values can be kept above unity over
the whole plasma cross-section for up to 600–1000 s,
depending on various assumptions. Sawteeth could,
therefore, be avoided in the simulations throughout
the whole discharge duration. The q profiles during
flat-top at t = 500 s are compared in Fig. 8 for ohmic
ramp up only and LH assisted ramp up, for cases in
which 50 MW ICRH heating starts at the beginning
of the current flat-top. The ohmic power during ramp
up is also significantly reduced with LHCD thanks to
the large enhancement of the current drive efficiency
from the electric field in the outer half of the plasma.
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Figure 8. q profiles at t = 500 s for simulated ohmic

and LH assisted plasma current ramp up in ITER.

In a steady state advanced scenario with a plasma
current of 13 MA, off-axis LHCD in the region r/a =
0.5–0.8 is used to create a wide magnetic shear rever-
sal zone and to provide full current drive together
with the bootstrap current. The transport model
used in the JETTO calculations links the heat con-
ductivities to the magnetic shear, reducing transport
in the region of flat shear. A fusion power output of
order 1 GW is thereby produced in steady state.

The sensitivity of these results to various assump-
tions on the transport models regarding, for example,
the effect of shear reversal is studied by analysing
similar scenarios with codes such as ASTRA and
CRONOS. When the dependence of transport coef-
ficients on shear is suppressed, slightly lower tem-
peratures are obtained and the sawtooth free period
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safety factor profiles at several time slices.

is found to be reduced to about 800 s. For steady
state scenarios, access to optimized MHD stable pro-
files and prescribed fusion yields will require simul-
taneous control, on the resistive time-scale, of the
off-axis (LH) current generation, of the central heat-
ing and current drive power, and of the plasma fuel
density [213]. Assuming that real time estimates of
the internal loop voltage can be obtained from mag-
netic equilibrium reconstructions, appropriate feed-
back loops on the heating and current drive systems
would possibly allow the plasma to be controlled
and maintained in the desired steady state high-Q
equilibrium. An example of such a scenario from a
CRONOS simulation is shown in Fig. 9.

4.9. Technological issues

The design of an LHCD system for ITER is based
on a novel compact launcher with an alternate pas-
sive/active waveguide array facing the plasma, con-
nected to large oversized hyperwaveguides which are
fed at the rear from poloidal mode converters [214].
Standard circular waveguides transmit the power to
the launcher from 1 MW unit CW klystrons operat-
ing at 5 GHz. The design of all components of the
power plant and transmission line is based on exist-
ing technology. The new launcher elements of hyper-
waveguides and mode converters have been quali-
fied in testbed operation. An assessment of the cou-
pling properties of passive/active grill arrays and
integrated plasma tests of the new LHCD launcher
concept on high performance elongated divertor plas-

mas in the ITER plasma operation regimes are still
required.

A major issue is the coupling of the power from
the grill antenna to the plasma, while maintaining
low reflection, throughout the plasma build-up and
burn phases. The electron density in front of the
antenna must be kept above the cut-off density of
ne = 3.1 × 1017 m−3 (for 5 GHz), independently of
plasma configuration and changing plasma edge con-
ditions. Long distance coupling has certainly been
achieved on several machines with gas injection in
the vicinity of the antenna and RF enhanced ioniza-
tion. However, reliable coupling in the ITER operat-
ing regimes, with the antenna kept at a safe distance
behind protection limiters, remains to be demon-
strated.

5. Neutral beam heating and
current drive

5.1. Introduction

Neutral beam (NB) injection has been successful
in producing high temperature, high fusion perfor-
mance plasmas in all of the large tokamaks operat-
ing worldwide. It has also demonstrated the capac-
ity to drive current in the plasma and to produce
plasma rotation. Furthermore, detailed experimen-
tal measurements of the basic processes by which
the beams are trapped and subsequently couple their
energy and momentum to the plasma are well under-
stood and are in good agreement with theoretical
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predictions. The high coupling efficiency is insen-
sitive to the initial shape and/or configuration of
the plasma and its (hydrogenic) isotopic composi-
tion. NB offers the flexibility of being able to heat
the hydrogen plasmas envisaged during the initial
phases of ITER operation by using beams of hydro-
gen atoms. It is also unaffected by any changes that
may result from heating the plasma, e.g. ELM and
sawtooth behaviour, transitions to different modes of
confinement, and subsequent changes to the plasma
profile, etc. During the D and DT phases in the ther-
monuclear ignition and burn control scenarios, the
injectors would supply up to 50 MW of deuterium
beams at 1 MeV. NB systems are designed to be
capable of operation at full performance indepen-
dently of the tokamak by using a calorimeter within
the injector to intercept and measure the beam power
and its profile. This feature has been, and will con-
tinue to be, a major factor in achieving the consis-
tently high operational reliability obtained when the
system is required to inject into the tokamak plasma.

The major criticism of NB systems relates to the
limited range of target plasma density over which
the power is deposited in the central region of the
plasma. However, the range of operating density does
not appear to have presented any serious restric-
tions to the applicability of NB injection in present
systems. The heating characteristics do depend on
plasma density: strong central ion heating is observed
at low density and this has been advantageous for
accessing high fusion performance in present genera-
tion devices. In high density H-modes (with strongly
coupled ions and electrons), confinement is similar
for NB and centrally RF heated plasmas due to the
dominant effect of the edge confinement barrier [215].

Nevertheless, the application of NB to ITER
requires a fundamental change in the means by which
the beams of energetic neutral atoms are produced.
This is because of the requirement that the beams
should penetrate to the centre of the large ITER
plasma and this requires beam energies in the range
of 250–500 keV· amu−1 (0.5–1.0 MeV D0). Neutral
beams in this energy range cannot be produced by
accelerating positive ions, due to the poor efficiency
of neutralization. Negative ion based systems must,
therefore, be employed.

The high energy beams of negative ions are con-
verted into fast atoms by electron stripping reactions
with thermal gas molecules. The efficiency of this
conversion process is ∼60% (which is higher than
that in the present high energy positive ion based
systems). Efficiencies of ∼80% are feasible should

it become possible to use a highly ionized plasma
instead of thermal gas molecules for the stripping
reaction. It should also be noted that, unlike pos-
itive ion systems, there are no molecular negative
ions and, therefore, there are no half and third energy
components in the neutral beam, which are thus all
at the full energy. Although the change to negative
ion based neutral injection (N-NB) requires that a
different emphasis is placed on some technological
aspects, especially those related to the efficient gen-
eration and acceleration of high power and high volt-
age negative ion beams, the overall technology of the
N-NB injector components is remarkably similar to
that employed in current positive ion systems.

Major progress has already been achieved in the
development and application of N-NB systems, in
particular at JAERI, where a complete N-NB injec-
tor is already operational on the JT-60U tokamak.
This N-NB system was designed to deliver up to
10 MW of neutral power at a beam energy of 500 keV
for 10 s. It has already delivered 3.2 MW to the
plasma, from one of the two sources on the beam
line at a voltage of 350 keV using H−, and a total of
4 MW for 2 s at 400 keV using D− [216].

5.2. Interaction of neutral beams with
plasmas

Neutral beams injected into a tokamak plasma
interact with the plasma through various processes.
Several basic processes influencing heating and cur-
rent drive performance of NB will be discussed in this
section. The spatial dependence of the deposition
of the beam power inside the plasma is determined
mainly by the ionization cross-section of the neutral
beam and the plasma electron density profile. The
fast ions produced in the plasma slow down by inter-
action with the plasma electrons and ions. Fast ions
are also observed to be lost via toroidal magnetic field
ripple and interaction with MHD and other instabili-
ties. These loss mechanisms are well understood the-
oretically. For example, the losses of beam ions due
to ripple trapping and stochastic diffusion of parti-
cles in banana orbits in JT-60U (which has up to 3%
TF ripple at the outer midplane) are typically<10%,
as predicted theoretically and measured experimen-
tally [217]. Ripple losses are largely avoided at low
ripple amplitude or by optimizing the injection geom-
etry. For example, in the ITER EDA (24 coil) con-
figuration, the ripple loss fraction is computed to be
from 0.8% to 12% for a 600 keV D0 beam, as the
tangency radius is varied from 6 m to zero [218].
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Fast particle losses resulting from excitation of
the toroidal Alfvén eigenmode (TAE) resonance have
been investigated in present devices. For example,
the effect on triton burnup fraction in deuterium
plasmas [219] was investigated, and the expected
threshold, v‖ ≈ vA, for significant fast particle loss
was observed (where v‖ and vA are the fast ion par-
allel velocity and the Alfvén velocity, respectively).
In DT experiments [220], the stabilizing effect of
fast beam ions on alpha particle driven TAE modes
was demonstrated, confirming the theoretical under-
standing of the underlying physics. In ITER, it would
be possible to avoid the condition v‖ � vA through
the choice of beam energy and injection angle, and
the ripple losses of beam ions are expected to be
<5% at plasma densities of 1020 m−3 by avoiding
too perpendicular an injection angle. Minimization
of TAE loss is possible, except for the case of a high
energy (>1 MeV) system optimized for central cur-
rent drive [218].

5.2.1. Neutral beam ionization cross-section

Neutral beam particles are basically deposited
in plasmas by electron impact ionization, charge
exchange and ion impact ionization in collisions with
plasma electrons, ions and impurities [221]. There is
abundant evidence showing that the ionization of the
beams is well predicted with the already compiled
cross-sections for these processes [222].

In addition to these atomic processes, neutral
beams with energies of several hundreds of keV or
higher, as required for ITER, suffer multistep ion-
ization, which arises from excitation of the beams
and the subsequent ionization of already excited
neutral atoms [223]. As a result, the effective ion-
ization cross-sections are enhanced by the multi-
step processes and, theoretically, the cross-sectional
enhancement rises with increasing beam energy, Eb,
or plasma electron density, ne. The enhancement
in the beam ionization by the multistep processes
has been observed in TFR [224], TFTR [225], JT-
60 [226] and JET [227]. These experiments done with
low energy (34–140 keV· amu−1) beams did not pro-
vide sufficient confidence to believe theoretical pre-
dictions on the multistep ionization, as they occur
at an energy range below the main increase in
cross-section. Recent shinethrough measurements of
a 350 keV hydrogen beam in JT-60U [228] validated
the theoretical enhancement, in that the enhance-
ment in the beam stopping cross-section (δ) of 0.8–
1.05 obtained in the experiment was in good agree-

ment with the theory by Janev [229]. Here, δ is
defined by σs = σs(0)(1+δ), with σs being the effec-
tive beam stopping cross-section taking multistep
processes into account, and σs(0) is the beam stop-
ping cross-section if only impact and charge exchange
ionization from the ground state are considered. A
comparison of the experimental enhancement with
the prediction by Janev is shown in Fig. 10. Fairly
good agreement is seen between theory and the
experimental data, giving confidence in the use of
the theory to estimate the beam ionization of 1 MeV
deuterium beams (500 keV· amu−1) on ITER.
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The spread in the theoretical curve reflects the range of

values of plasma parameters (ne, Te, Ti, Zeff ), as well as

the underlying energy dependence, which is indicated in

the figure. For the individual experiments indicated, the

appropriate values of Te, Ti and Zeff have been taken.

Computations of shinethrough on ITER-FDR
have been carried out using the ASTRA code over
a wide range of conditions, which encompass the
range of pre-ignited to ignited plasmas, using various
assumed energies of the injected deuterium beam in
order to examine the overall parameter regimes for
NB on ITER. Only under extreme conditions would
the shinethrough fraction exceed 1%, for example
at very high electron temperatures (40 keV) com-
bined with low density (0.35 × 1020 m−3). However,
such conditions would not arise in practice, because
the alpha heating power would be small at this low
density (for example, during the non-ignited start-
up phase, when the electron temperature would be
much lower). In all ignited regimes, shinethrough is
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very low: 1% shinethrough is small in terms of the
NB performance. However, the power density on the
first wall is not negligible and it must be carefully
evaluated from the engineering point of view.

5.2.2. Beam ion thermalization and plasma heating

The theory of the mechanism by which the fast
ions heat the plasma, i.e. that of ‘classical slow-
ing down’, is well developed. Classical slowing down
means that fast test particles in a plasma are deceler-
ated by Coulomb interactions with plasma ions and
electrons. Many years of experience have shown that
NB ions generally heat tokamak plasmas with high
efficiency. Reductions in heating efficiency have, how-
ever, been observed experimentally in non-optimal
circumstances, due to various classes of orbit losses
(e.g. from toroidal field ripple, or collective instabil-
ities such as TAEs). However, such losses have been
found to be in accord with theoretical expectations
and, as noted earlier, can be minimized in the design.

Based on earlier work of Spitzer [230] and
Sivukhin [231], Stix [232] derived the following for-
mula for the slowing down rate of beam ions in a
plasma:

dE

dt
= −2E

τs

[
1 +

(
Ecrit

E

)]3/2

(14)

where τs is the characteristic Spitzer slowing down
time of field electrons and Ecrit is the so-called crit-
ical energy. These are given by
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For a pure hydrogen plasma (ion mass mi),

Ecrit = 14.8
Ab

A
2/3
i

Te. (17)

The average time, τ , required for slowing injected
ions of energy Eb down to thermal energy is

τ = 1
3τs ln

[
1 +

(
Eb

Ecrit

)3/2]
. (18)

For high energies of the beam ions the energy loss
is mainly due to collisions with plasma electrons. The
collisions with ions become more important when the
beam ions are slowed down. At E = Ecrit the energy
loss on ions and electron is equal. Below this energy

ion collisions are dominant. The total energy trans-
fers to plasma ions and electrons are equal for an
injection energy of E = 2.41Ecrit [233]; at higher
injection energies the electrons are predominantly
heated [234].

Experimental tests

There are mainly two diagnostics giving informa-
tion on the slowing down of ions. Both use neutral
particles originating from the ions and leaving the
magnetic confinement field:

(1) Slowing down ions are neutralized by charge
exchange (CX) collisions with ‘cold’ neutrals,
which are present in the plasma either as back-
ground or as a diagnostic beam. The energy
distribution of the slowing down ions can be
inferred from the distribution of the CX neu-
trals. The slowing down time can be deter-
mined directly by measuring the time lag
between, for example, the beginning of injec-
tion and the occurrence of a certain energy
below the injection energy.

(2) Fast D+ or T+ ions can undergo nuclear reac-
tions with plasma ions, thereby producing neu-
trons. Both the stationary neutron rate and the
time constant of the neutron rate after switch-
ing the beam off can be checked for consistency
with the concept of classical slowing down.

The interpretation of such measurements is intri-
cate because

(a) the beams (usually consisting of hydrogen iso-
topes from positive ion sources) contain an
energy spectrum with peaks at full, one half
and one third energies, and neutron production
depends very strongly on energy;

(b) the neutron production depends on the ion
composition of the plasma;

(c) slowing down depends on ne, Te, the hydro-
genic composition and the fraction and charge
state of impurity ions, which vary with the
plasma radius;

(d) the deposition profile for each beam energy
component has to be taken into account;

(e) ‘classical’ losses of fast ions to either CX
or non-confined orbits have to be taken into
account, and the orbits are sometimes not
determined solely by the magnetic field but
also by a ‘radial’ electric field.
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It is therefore not sufficient to take central or aver-
age parameters if theoretical values are to be com-
pared with experiment. Instead, all the effects men-
tioned above have to be combined in a computer code
that solves the Fokker–Planck equation for the whole
profile, as is done, for example, in FREYA [235] and
incorporated in TRANSP [236].

In the earlier, smaller tokamaks, CX losses played
a greater role than in present generation experi-
ments. Therefore, the main diagnostic was CX analy-
sis. The beam ion spectra measured with this method
agreed with spectra computed from classical theory
within a factor of 2 [237–240].

Neutron measurements, as described by Jarvis
[241], have become the main method for checking
beam distributions in present large devices. In all
tokamaks, the measurements support the concept of
classical slowing down, for example in PLT [242],
TFTR [243], DIII-D [237, 244, 245] and ASDEX-
Upgrade [246]. In JET, very good agreement with
classical expectations was achieved, not only with
deuterium beams, but also with tritium beams [247,
248]. An impressive extension of the comparison
of calculation and experiment was made on JT-
60U, where deuterium beams with energies up to
350 keV were used for injection [217]. The neutron
emission rate and the decay time were measured
during and after the negative ion based NBI (N-
NBI) with a beam energy of 0.2–0.35 MeV. These
quantities are compared with the theoretical pre-
dictions based on the classical slowing down of
the injected beam ions, as shown in Fig. 11. In
these experiments, Eb/Ecr was scanned from 13 to
34. Figure 11 indicates that the behaviour of the
injected beam ions can be described by classical slow-
ing down in the present experimental conditions.
These experiments strongly support the assertion
that N-NBI heating in ITER will also obey the clas-
sical theory.

The partition of energy deposition between ions
and electrons has so far not been measured directly.
The electron or ion energy balance in a plasma is
so complicated that a direct determination of the
power input is imprecise. In any case, the experi-
ments involved are usually performed to determine
heat diffusivities (χi and χe) and assume classically
deposited beam power. Nevertheless, many experi-
ments (see, for example, [248]) show that the ion
temperature and electron temperature in the plasma
scale with the calculated beam input power, and
that, in the present generation of tokamaks, beams
predominantly heat ions.
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The calculation was made with a transport code based

on classical slowing down.

The simulations of heating next generation plas-
mas such as ITER have been described in [218,249].
One of the main conclusions is that the minimum
power required to reach ignition in the ITER EDA
device is a slowly varying function of the D0 beam
energy, E(D0), above about 400 keV for beams with
a tangency radius of 4 m. In H-mode ignition sce-
narios, the principal determinant of the minimum
power to reach ignition depends on the power needed
to exceed the L–H transition threshold [250], which
passes through a minimum at around 400 keV D0

beam energy. In plasma conditions representative of
the onset of ignition, the fraction of NB power deliv-
ered to the ions within r/a ≤ 0.45 changes from
about 70% at E(D0) = 400 keV to less than 30%
at 2 MeV.

5.3. Neutral beam current drive

5.3.1. Introduction

Several mechanisms for producing current paral-
lel to the magnetic field in a tokamak plasma, in
addition to conventional inductive drive, have been
elaborated theoretically and confirmed experimen-
tally. Any agency that is capable of producing a rel-
ative displacement of the mean values of the veloc-
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ity distributions of groups of particles possessing dif-
ferent charges in the plasma constitutes a current
drive mechanism. In the case of NB current drive,
it is the parallel velocity component of the injected
suprathermal ions that is responsible for a toroidal
current, but this is partly shielded by the collisional
response of the thermal electrons, as modified by the
presence of the thermal ions. The current drive effi-
ciency is mainly determined by basic characteristics
of the fast ion thermalization process, as described
by the classical slowing down theory. The process is,
however, also strongly influenced by the presence of
ions and electrons in trapped banana orbits in toka-
mak plasmas of low collisionality. It is evident from
these considerations that the NB driven current den-
sity has a radial profile that is determined by the
beam energy, deposition profile and injection angle.
It is possible to optimize these aspects to some extent
towards achieving a desired NB driven current profile
shape, and to maximize the global current drive effi-
ciency relative to the injected power. The theory of
NB current drive is well developed, and is reviewed
in Section 5.3.2. Experimental measurements have
been obtained on several present generation toka-
maks, confirming the validity of the theory, and also
demonstrating that large values of the plasma cur-
rent can be driven, up to 100% of the total in some
cases.

5.3.2. Theory of NB current drive

The first theoretical explicit treatment of current
drive in toroidal plasmas by directed fast ions was
given by Ohkawa [251]. The fluid theory of Ohkawa
did not, however, correctly describe the dependence
of the driven current on measured plasma parame-
ters in experiments [252], because it does not take
into account several important effects that can only
be treated by kinetic theory. In general, the velocity
dependence of the frictional force, due to Coulomb
collisions, between the fast ions and the electrons
is different from that between the thermal ions
and the electrons, and this leads to a distortion
of the electron velocity distribution compared with
a Maxwellian. Secondly, electron–electron collisions,
which result in a frictional drag between trapped and
circulating electrons in toroidal geometry, are not
taken into account. The latter effect, together with
the reduction in the number of current carrying elec-
trons due to electron trapping, inhibits the oppos-
ing electron current flow. Since there can be near
cancellation of the fast ion and electron currents,

accurate calculation of the net current is only pos-
sible if the electron current is correctly determined.
It may be noted that departure from a Maxwellian
electron velocity distribution also occurs under the
influence of a parallel electric field, as discussed in
the fundamental Spitzer theory of plasma resistiv-
ity [253, 254]. In addition, the treatment of electron
trapping and electron–electron interactions is anal-
ogous to the modification of Spitzer theory neces-
sary to derive the neoclassical resistivity for toroidal
plasmas.

In order to illustrate how the different physics
effects mentioned above influence the net beam
driven current, it is instructive firstly to examine the
following simple relation, which expresses the result
of an analytic Fokker–Planck treatment of the elec-
trons [255], to give the beam driven current for a
toroidal plasma in the large aspect ratio approxi-
mation and in the low collisionality banana regime,
where it is assumed that the inequality vb � ve holds
for the fast ions and electrons, respectively:

I

If
= 1− Zf

Zeff
+ 1.46

√
ε
Zf

Zeff
A(Zeff ). (19)

Here, I/If is the ratio of the net current to the
fast ion current, and ε = r/R is the inverse aspect
ratio. A(Zeff ) is a function whose value ranges from
1.67 for Zeff = 1, to 1.18 for Zeff = 4, and Zf is
the charge of the fast beam ions. In Eq. (19), the
second term represents the electron current in the
absence of trapped electrons, and is, in fact, similar
to the Ohkawa result, since the approximation of a
displaced Maxwellian electron distribution holds for
vb � ve. The third term is the reduction in the mag-
nitude of the electron current due to the presence of
trapped electrons. This term is at a minimum in the
plasma centre and tends to zero on-axis. The inequal-
ity vb � ve is valid for hot plasmas such as those in
NB current drive experiments in medium sized and
large tokamaks, although more complete numerical
solutions of the Fokker–Planck equation for the elec-
trons have been performed (see, for example, [256])
which are valid for any value of vb/ve.

The expression (19) may be applied locally in the
plasma, thereby characterizing the beam driven cur-
rent density at a given magnetic flux surface. In
actual calculations of the beam driven current, it is
necessary to use an NB power deposition code to
determine the radial profile of the beam ion source
function. In computing the local fast ion current den-
sity, jf , two dimensional Fokker–Planck or Monte
Carlo calculation of the beam ion velocity distribu-
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tion is normally performed, incorporating the effects
of trapping of the unthermalized ions. The expression
(19) is then used to compute the local ratio of net
beam driven current to fast ion current, j/jf . The
effect of fast ion trapping is to reduce the local value
of jf : the proportion of the beam ions in trapped
orbits depends on injection angle and deposition pro-
file. In the absence of trapping, an analytic solution
to the Fokker–Planck equation for the beam ions can
be written as follows [257]:

jf =
SτseZfv0

1 + u2
c

∫ 1

0

f1(u)u3 du (20)

where τs is the fast ion slowing down time on the
electrons, S is the local fast ion source rate due to
beam deposition, and u is the fast ion velocity nor-
malized to the injection velocity, v0. The distribution
function, f1, is the first order Legendre polynomial
component of the fast ion velocity distribution and
is given by

f1 = u2β

[
1 + u3

c

u3 + u3
c

]1+2β/3
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(22)

where the subscripts i and f refer to the plasma and
fast ions, respectively.

The efficiency for generating the fast ion cur-
rent is defined as the ratio of fast ion current den-
sity, jf , to NB power deposited per unit volume, Pd

(= mfv
2
0S/2). Evaluation of the above expressions

shows that the highest efficiency is achieved by oper-
ating at the highest electron temperature and lowest
density, in order to maximize τs, and by choosing the
fast ion energy to be close to the critical energy at
which the effects of collisions with electrons and col-
lisions with thermal ions are approximately equal.
In practice, however, the choice of beam energy is
determined by beam penetration requirements, par-
ticularly at the parameters proposed for ITER.

There are additional contributions to the total
driven current arising from bulk rotation of the
plasma ions due to unbalanced beam momentum
input. This results in a parallel drift velocity, ui, by

the thermal ions in the same direction as the fast
ion velocity. The effect of the rotating thermal ions
is evaluated in [255], where it is shown that the ther-
mal ion velocity distribution can be taken to be a
displaced Maxwellian in the absence of electron trap-
ping. The additional current arising from the paral-
lel motion of the thermal ions is then exactly can-
celled by an additional electron current. In the pres-
ence of trapped electrons and under the condition
vb � ve, an additional contribution to the driven
current should be added to the right hand side of
expression (19) equal to

nui

Zfnbvb
A(Zeff ).

As pointed out in [255], this contribution can also
be thought of as a component of the bootstrap cur-
rent driven by the thermal ion flow. A complete
kinetic description of the electrons would addition-
ally have to include, simultaneously, the effects of
the other driving terms of the bootstrap current (i.e.
radial electric field and radial gradients of densities
and temperatures). In the presence of beam induced
rotation, the fast ion current term, If , in Eq. (19) is
reduced due to the downshifting of the beam energy
in the plasma frame [258] (hence lower τs). This is
then the dominant effect on the total driven current,
but the reduction is only significant if the toroidal
rotation velocity, vφ, is a significant fraction of vb,
unlike the situation in ITER. Further influences on
beam driven current efficiency can, in principle, arise
from redistribution of the fast ions, both radially and
in velocity space due to the effects of MHD instabil-
ities such as TAE, sawteeth, fishbones, etc.

5.3.3. NB current drive experiments

The basic principles were first demonstrated
experimentally in the Levitron device [252]. It may
be noted that the Levitron results exhibited tem-
perature and power scaling of the net driven cur-
rent in agreement with the results from the numeri-
cal solution of the Fokker–Planck equation, in which
the inequality vb � ve did not obtain. First toka-
mak results from DITE [259] demonstrated the
expected density scaling of the driven current. Fur-
thermore, currents driven by both co-injected and
counter-injected beams were observed. Subsequently,
in TFTR [258], NB driven current of the order of
0.34 MA was obtained using 11.5 MW NB in low den-
sity plasmas, while in DIII-D [260] it was reported
that the entire plasma current of 0.35 MA was main-
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tained non-inductively using 10 MW of NB. Experi-
ments on NB current drive have also been conducted
in JET [261] and JT-60U [262]. On these devices,
the injection angle is not sufficiently tangential to
obtain high current drive efficiency, although two
of the positive ion injectors on JT-60U were reori-
ented to increase the tangential component. The
recent realization of a tangentially oriented 500 keV,
10 MW negative ion NB system on JT-60U has
greatly increased the potential for investigating and
demonstrating NB current drive on that device.

5.3.3.1. Comparison of theoretical predictions
and experimental measurements

In experiments on non-inductive current drive,
a significant change to the current profile follow-
ing application of the externally driven current can
only be expected over a time-scale that is long com-
pared with the resistive diffusion time-scale. This
is due to the fact that the driven currents induce
local return currents in the plasma, via changes in
the local toroidal electric field, which decay on a
resistive time-scale governed by radial diffusion of
the poloidal magnetic field. The global field diffusion
time required for j(r) to equilibrate everywhere (usu-
ally subject to the constraint that the total plasma
current remains constant under feedback control of
the poloidal field system) is typically several sec-
onds in present devices. However, local modification
of j(r) can occur on a much faster time-scale. The
total non-inductive plasma current can, in principle,
be computed from the expression

INI = I −
∫
σncE‖ dA (23)

where I is the measured plasma current, σnc is the
neoclassical conductivity, and the integral is over
a poloidal cross-section. However, the local time
dependent parallel electric field, E‖, may not be
directly available from measurements.

The non-inductive beam driven current is usu-
ally inferred from the measured and predicted sur-
face loop voltage and a realistic assumption about
field diffusion. For example, in the JET experiments
[261], a fully time dependent calculation of the sur-
face loop voltage was carried out for a reference dis-
charge using the TRANSP code [263], in which the
NB and bootstrap driven currents were computed
from the measured plasma profiles and from a numer-
ical solution of the Fokker–Planck equation for the
fast ions. This agreed well with the measured loop

voltage, indicating the validity of the non-inductive
current computation. Equation (23) was also evalu-
ated for many other NB heated discharges, assum-
ing radially constant E‖ derived from the measured
loop voltage. The resultant interpreted non-inductive
currents agreed well with the summed theoretical
values of beam driven and bootstrap contributions,
computed for the measured plasma and beam depo-
sition profiles. These JET results are illustrated in
Fig. 12 [261].
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Figure 12. Interpreted non-inductive current, INI , ver-

sus sum of predicted (beam driven current plus boot-

strap) current, Ibb , for several JET pulses with co-NB

and counter-NB (Ref. [261]). The magnitude of the beam

driven and bootstrap currents is similar, about 250 kA,

in these JET discharges.

The results from TFTR [258] were analysed in a
similar way, but in those experiments the bootstrap
current was the dominant component. Up to 0.84 MA
was driven non-inductively in a 0.9 MA discharge
with 11.5 MW of NB, of which 61% of the power
was co-injected. The estimated contributions from
beam driven and bootstrap currents were 0.34 MA
and 0.50 MA, respectively, in this case.

In JT-60U [264], co-tangential and counter-
tangential beams were injected into low density
ohmic plasmas, and the beam driven current was
deduced from the difference in the loop voltage
between co-NB and counter-NB, taking into account
the difference in the bootstrap current between the
two cases. There was good agreement between the
experimentally deduced and the calculated driven
currents, where the calculation was made by using
the ACCOME code [265]. Within a limited database
of NB current drive in JT-60U, the temperature and
the beam energy dependence are also consistent with
the theoretical predictions. Recent studies in DIII-
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D [266] used the EFIT code to identify the driven
current profile, based on the measurement of the spa-
tial profile of the loop voltage inside the plasma. The
measured profile is consistent with numerical calcu-
lations without MHD modes.

5.3.3.2. Current drive with high energy
negative ion NB

Most of the present NB current drive experiments
have been performed with the beam energy less
than 150 keV, and they underpin the validity of the
present theory based on the classical slowing down.
In JT-60U, heating and current drive by using N-
NB with a beam energy of around 0.35 MeV have
been examined [217]. The measured N-NB driven
current is compared with the ACCOME code pre-
diction in Fig. 13, where 2 MW of N-NB with a
beam energy of 0.35 MeV was injected into a low
current and low density discharge (Ip = 0.6 MA,
ne = 0.7×1019 m−3). The ACCOME code predicted
80 kA of N-NB driven current, while the EFIT analy-
sis showed 100 kA of beam driven current. A strongly
peaked N-NB driven current was also identified by
the EFIT analysis. Within the error bars, the identi-
fied driven current profile agrees with the ACCOME
calculation, suggesting the reliability of the present
theoretical prediction.
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Figure 13. Measured and computed N-NB driven

current profile in JT-60U: 2.0 MW of hydrogen N-NB

(0.35 MeV) is injected into a hydrogen plasma with Ip =

0.6 MA, ne = 0.7× 1019 m−3.

5.3.3.3. Exploitation of NB current drive
towards steady state operation
and high performance plasmas

The ability to modify the current profile and its
evolution in order to produce plasmas with enhanced
confinement and stability has been exploited in sev-
eral devices. The high-βp regime has been obtained
with high proportions of total current driven by neu-
tral beams. In DIII-D [260], the plasma current was

sustained at 0.34 MA for 1.5 s at zero loop volt-
age. The estimated global L/R time of the plasma
was estimated to be of the order of 2 s and it was
concluded that the current was mainly due to the
beam driven contribution, since the theoretical value
was in the range 0.3–0.4 MA and the bootstrap
contribution was estimated to be only 10–20% due
to the flat density profile. In JT-60U, the highest
fusion performance has been obtained in the high-βp

mode, including the production of the highest fusion
triple product of any experiment. These high perfor-
mance scenarios have substantial non-inductive cur-
rent components, of the order of 50%, dominated by
bootstrap current [267]. At lower currents, in the
region of 0.5 MA, high-βp plasmas with full non-
inductive current drive were obtained [262] in which
40% of the current was driven by the tangential
neutral injector. These plasmas displayed favourable
confinement and stability characteristics: βp ≈ 2.5–3,
βN ≈ 2.5–3.1 and H89 ≈ 1.8–2.2.

5.3.4. ITER predictions for NB current drive

In [218] the NB current drive efficiency was com-
puted as a function of deuterium beam energy and
tangency radius for the EDA ITER concept as it
stood in 1993. Summary results are shown in Fig. 14
for a reference plasma with central parameters Te0 =
25 keV, ne0 = 1.5× 1020 m−3 and Zeff = 2, in terms
of the current drive efficiency, ηCD = neR0ICD/PCD ,
where ne is the line averaged density (1020 m−3), the
driven current is in MA and the power, PCD , in MW.
ηCD is shown to be about 0.4 for a well optimized
system. To drive 15 MA at ne = 1020 m−3 in such a
plasma would therefore require some 300 MW of NB
power, confirming that, for steady state scenarios, a
substantial bootstrap current component is required.

5.4. Plasma rotation induced by neutral
beam

Plasma rotation is a universal phenomenon ob-
served in tokamak plasmas heated by NB where the
beams are injected at an angle to the radial direc-
tion from the major axis, i.e. where the tangency
radius, RT , is non-zero. The rotation occurs because
of the transfer of the angular momentum of incident
beam particles, measured in the tokamak rest frame,
to the plasma particles. For the system as a whole,
the initial angular momentum of the fast beam par-
ticles must be conserved by simple classical physics
considerations.
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Figure 14. NBI current drive efficiency ηCD contours

for ITER: the average values are shown for each region.

NB is the only form of tokamak additional heat-
ing that imparts significant toroidal momentum to
the plasma. Strongly rotating plasmas (up to sev-
eral hundred krad· s−1) have been observed on many
devices [268–271], usually by measuring Doppler
shifted spectral lines from impurities rotating with
the bulk plasma. The rotation speeds are universally
much lower than would be predicted from neoclas-
sical estimates of the radial momentum transfer via
plasma viscosity [268], and, therefore, the literature
has generally assumed that momentum transport in
plasmas is anomalously high in a similar manner
to energy transport [272]. Momentum confinement
is discussed in detail in Chapter 2. An additional
source of toroidal rotation arises throughE×B terms
in the ion pressure balance, which are significant in
regions of strong ion pressure gradient, such as in the
H-mode transport barrier. In H-mode experiments
in JET at moderate plasma current with RF heat-
ing [120], this contribution to the rotation is a factor
of 2–3 less than that arising from direct NB momen-
tum input at the same power.

5.4.1. Momentum transfer from beam ions
to bulk plasma

The trajectory of an incoming neutral beam parti-
cle intercepts each flux surface at the midplane with
a pitch angle (ξ) which varies with minor radius (r).
Beam particles can either be ionized on the outboard

of the plasma, in which case they become trapped
ions, or further inboard, in which case they become
passing ions circulating around the plasma toroidally.
The criterion for trapping of ions at a flux surface is
dependent on the inverse aspect ratio ε = r/R. For
passing particles,

ξ =
RT

R
> ξt =

√
2ε

1 + ε
. (24)

The absorbed toroidal angular momentum per beam
particle is independent of the major radius of the
birthplace of the fast ion (Rf ) and is given solely by
the beamline geometry

Lf = mξvbRf = mvbRT (25)

where m is the beam particle mass and vb the beam
particle velocity.

The transfer of this angular momentum from the
NB ions to the main plasma proceeds by two mech-
anisms (both of which are observed in experiments):

(a) for all of the banana particles’ angular momen-
tum, by instantaneous torque due to radial
movements of fast ions during their first orbit
in the plasma, i.e. radial electric current which
produces j × B toroidal torque [273] (a small
part of the passing particle momentum is also
transferred in this way);

(b) for passing particles, mainly by collisional
torque due to slowing down of fast ions by
Coulomb collisions on the background plasma
[232,274].

5.4.2. Observed time variation of plasma
rotation with NB

Zastrow et al. [275] have observed the time varia-
tion of rotation of JET plasmas subjected to strong
NB heating. The rotation is observed from Doppler
shifted line measurements of C6+ charge exchange
recombination radiation. Figure 15 (parts (a)–(c))
shows the radial variation of the rotation of the
plasma during the first ∼250 ms of NB heating. Also
shown are the calculated instantaneous torque from
trapped beam fast ions (which is nearly the same for
all three time slices), and the collisional slowing down
torque, which gradually builds up. It can be seen that
the periphery of the plasma (where trapped particles
dominate) is first to rotate, and that the rotation
profile only begins to peak strongly once the slowing
down of the beam is achieved. The transformation
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Figure 15. (a) Top: Toroidal angular frequency of C6+ averaged over first 50 ms after the start of strong NB

heating of a JET plasma (Ref. [275]). Bottom: Calculated torque density profiles for the same time interval,

showing instantaneous and slowing down (collisional) torque. (b) Same as (a), but averaged from 50–100 ms after

the start of NB. The slowing down (or collisional) torque is now becoming comparable to the instantaneous torque.

The transformation torque has begun to appear (due to the mass of injected ions now rotating with the bulk

plasma). (c) Same as (a) and (b), but averaged from 200–250 ms after the start of NB. Collisional torque is now

dominant and the profile takes on the characteristic peaked shape.
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Figure 16. (a) Simulated toroidal rotation profiles during the density ramp along the route to ignition in ITER for

an ELMy H-mode with 60 MW of NBI into a plasma with ne = 6.5× 1019 m−3. Various beam energies from 125 keV

to 1 MeV are simulated. (b) as in (a), but simulated during the flat-top density phase in ITER for an ELMy H-mode

with 60 MW of NBI for ne = 1020 m−3.

torque shown is the result of adding the mass of the
beam ions once slowed down (i.e. rotating with the
plasma) to the angular momentum of the plasma.
The time variation in Fig. 15 (a)–(c) is good evidence
of the two separate time-scales for the two momen-
tum transfer mechanisms.

5.4.3. Projected toroidal rotation from NBI
momentum input in ITER

In [276], the plasma rotation in ITER produced
by NB momentum input has been computed for
various beam energies and target plasma densities.
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The computation requires a model for the radial
transport of momentum, and the momentum diffu-
sivity is assumed to be equal to the ion heat dif-
fusivity, as observed experimentally [268, 270]. In
[276], the underlying transport model is assumed
to be of the mixed Bohm/gyro-Bohm type, which
has been extensively benchmarked on JET data.
Results of these predictive calculations are shown in
Fig. 16 (a),(b). The central angular velocity appears
to be rather insensitive to beam energy, while the
velocity at the location of the q = 2 surface is quite
strongly dependent on beam energy due to reduced
penetration and higher specific momentum input per
unit power input.

5.5. Negative ion based neutral beam
development

Neutral beams with high energy, e.g. 1 MeV deu-
terium, are needed for ITER. Studies [218,276] have
shown that the minimum NB power to ignite ITER
is not strongly dependent on beam energy above
the 300–500 keV· amu−1 range (for deuterium).
Nevertheless, these energies are much higher than
those used in present systems. Fast ions are neutral-
ized before being injected into a tokamak and the
neutralization efficiency for fast ions is significantly
different for positive and negative hydrogenic ions
at beam energies beyond ∼100 keV · amu−1, as
shown in Fig. 17. The neutralization efficiency of
positive hydrogenic ions decreases rapidly for beam
energies above 100 keV· amu−1. Therefore, the ITER
NBI system must be based on negative ion beam
technology.
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Figure 17. Neutralization efficiency as a function of

beam energy (keV· amu−1). The solid lines are theoret-

ical predictions and circles show the measured values

for negative deuterium ions in the JT-60U experiment

(Ref. [277]).

The major developments in N-NB have been car-
ried out at JAERI in Japan, in conjunction with
significant contributions from the group at CEA
Cadarache, France. The operation of the N-NB injec-
tor on the JT-60U tokamak started in 1996 and has

indicated both the feasibility and credibility of high
energy, high power systems required for ITER.

5.5.1. N-NB on JT-60U

The design values for the first N-NB system on JT-
60U are 10 MW of injected power for 10 s at 500 keV
using negative ions of hydrogen or deuterium. Two
ion sources plus accelerators, which are 25 m from
the tokamak, are incorporated into a single beam
line. The injection power has gradually increased,
and presently 3.6 MW at 350 keV for 0.6 s with deu-
terium and 3.2 MW at 350 keV for 1 s with hydro-
gen have been achieved [278]. This promising early
demonstration of the total system is fully consis-
tent with the design values and further progress is
expected. In addition to the technical success, the
first operational periods have confirmed that the neu-
tralization efficiency of a high power beam is 60%,
as expected from cross-section data, and as shown in
Fig. 17.

5.5.2. Development programme

The N-NB reference design for ITER requires 40 A
of D− at 1.0 MeV, and the major goals of the devel-
opment program are to demonstrate the accelera-
tion of a negative ion beam having good optics to
1 MeV and, in parallel, to develop a large negative
ion source that will deliver a current density of D− of
20 mA· cm−2 at an operating pressure in the source
of <0.3 Pa. Considerable progress has been achieved
in both areas.

5.5.2.1. Beam acceleration

Using a conventional multiaperture, multigap
approach, the group at JAERI has accelerated a
beam to 975 keV with a total power supply drain
current of 57 mA. The group at Cadarache has devel-
oped an alternative design of accelerator in which a
group of beamlets are accelerated through a single
aperture using a single gap [279]. This has produced
a high quality beam of 40 mA at 860 keV.

5.5.2.2. Negative ion production

The JAERI group has developed a high effi-
ciency ion source that has produced the required
20 mA· cm−2 at the required low filling pressure of
0.3 Pa. It also fulfils the requirement of having a low
value of extracted electron current, which is mea-
sured to be 50% of the extracted negative ion current.
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Recent work has demonstrated that stable long pulse
operation is not a problem: a source has been oper-
ated continuously for 140 h without difficulty. This
work has also demonstrated that the consumption
rate of Cs (which is introduced in order to enhance
the yield of negative ions) is sufficiently low that a
single dosage of 600 mg was sufficient for more than
120 h of operation. Measurements made after 140 h
of continuous operation, and also after 8 months
of intermittent operation, of the JT-60U N-NB sys-
tem revealed that approximately 90% of the Cs was
retained inside the plasma generator. Surface con-
tamination was measured to be ∼1 µg· cm−2 at a
distance of 1 m from the source, which is acceptable.

5.5.2.3. Plasma neutralizer

The development of a plasma neutralizer for ITER
is being carried out at the Kurchatov Institute. If
successful, this would enable the efficiency of con-
version of the negative ions to fast neutrals to be
increased from the present value of 60% to ∼80%.
Plasma production is by a microwave discharge and,
following the successful demonstration of the tech-
nique in a system 0.6 m long, a larger 2.4 m long
system is being designed. Using a microwave source
at 7 GHz, the maximum value of target thickness will
be ∼1.5× 1014 cm−2.

5.5.2.4. Technology

The large ion source/accelerator structures re-
quire very large diameter alumina insulators, which
exceed the presently available manufacturing tech-
nology. A new fabrication technique that is scalable
to 3 m diameter has been developed. The high volt-
age bushing for the 1 MeV transmission line is a
critical component and a model bushing is therefore
being fabricated for HV testing.

5.6. Conclusion

The kinetic theory of beam plasma heating, cur-
rent drive and plasma rotation is well developed. The
validity of theoretical predictions has been success-
fully established by comparison with a large num-
ber of experiments, from the first confirmation of
the basic effects in the Levitron device, through
demonstration of quantitative agreement of the the-
ory with measurements from all the major tokamaks,
to the most recent results with ITER relevant injec-
tor parameters using N-NB on JT-60U. Experiments
have shown that NB plasma heating is generally effi-
cient. In addition, NB current drive is able to support
a large proportion of the total current, up to 100%

in some cases, and it can be used to help sustain
current profiles leading to enhanced plasma perfor-
mance. The majority of the physics database used to
design ITER has been acquired from present gen-
eration tokamaks using NB based on positive ion
systems. The advances made in the production and
acceleration of high energy negative ion systems lead
to the conclusion that NB with beam energies in
the region of 1 MeV can play a major role on ITER
as a credible and predictable method of heating the
plasma to ignition. The provision of central current
drive by high energy beams has been shown to be
consistent with predictions and could also be applied
to the advanced scenarios of ITER. An additional
unique capability, which may be crucial to ITER, is
the proven capability of NB to produce rotation of
the plasma in order to prevent the growth of locked
modes.
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