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ABSTRACT.

This paper summarizes the recent work on JET in the three areas of heating, current drive and energetic

particles. The achievements have extended the possibilities of JET, have a direct connection to ITER

operation and provide new and interesting physics. Toroidal rotation profiles of plasmas heated far off

axis with little or no refueling or momentum input are hollow with only small differences on whether

the power deposition is located on the low field side or on the high field side. With LH current drive

the magnetic shear was varied from slightly positive to negative. The improved coupling (through the

use of plasma shaping and CD4) allowed up to 3.4MW of PLH in ITB plasmas with more than 15MW

of combined NBI and ICRF heating. The q profile with negative magnetic shear and the ITB could be

maintained for the duration of the high heating pulse (8s). Fast ions have been produced in JET with

ICRF to simulate alpha particles: by using third harmonic 4He heating, beam injected 4He at 120kV

were accelerated to energies above 2MeV, taking advantage of the unique capability of JET to use

NBI with 4He and to confine MeV class ions. ICRF heating was used to replicate the dynamics of

alpha heating and the control of an equivalent Q = 10 “burn” was simulated.

1. INTRODUCTION

The achievements on JET of the recent years (2000-2002) [1] in the areas of heating, current drive

and fast particles are directly relevant to the operation of ITER, have extended the capabilities of

JET and have uncovered new and interesting physics.

The power in ITER (alpha particle heating and additional heating) will heat mainly the electrons

and will not contribute significantly to plasma refueling or external momentum input. In contrast,

in most present day experiments ion heating dominates and is strongly coupled with refuelling and

momentum input. Some of the thus obtained results could well be inherent to this combination of

properties. Experiments on JET addressed issues such as plasma rotation with heating methods/

scenarios whose properties are more similar to those of the heating on ITER.

The current profile plays an important role in transport and in the stability of discharges. Advanced

scenarios on ITER will require achieving and controlling the required current profiles with minimal

power. Control scenarios have been developed on JET using LHCD. Other methods to drive current

are being investigated.

Energetic particles will be an integral part in the operation of ITER and may dominate its behavior.

Fast particles have been produced in JET using different ICRF scenarios and effects related to the

presence of those fast particles have been investigated.

2. HEATING AND PLASMA CONTROL IN CONVENTIONAL SCENARIOS

Rotation in present machines is often dominated by the external momentum input due to the beam

heating. In ITER, the external momentum input will be strongly reduced. As rotation will remain

important in several areas such as energy transport and MHD stability, we need to understand the

rotation even without major external momentum input. Ion cyclotron heating in the H minority

heating regime was used to investigate on JET the toroidal rotation under those conditions. Spatially
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resolved rotation profiles have been obtained for the first time. A variety of experimental parameters

were covered: on- and off-axis position of the resonance layer, high field side and low field side,

co-, counter-, and symmetric antenna spectra, L and H mode [3, 4,5]. Despite the almost complete

absence of external momentum input, a central co- rotation speed of up to 30km/s is obtained with

only 3MW of central power in L-mode. Far off-axis heating (Fig.1a), leads to centrally hollow

profiles (Fig.1b), with similar values for the off-axis co-rotation maximum.

With a magnetic field of 2.8T, the location of the resonance layer is moved by changing the

resonance frequency (51 MHz for High Field Side -HFS- resulting in Rres = 2.53m, and 37MHz for

Low Field Side -LFS- resulting in Rres = 3.49m). The central electron temperature is 3keV, the

central plasma density 3 × 1019 m-3. In contrast to predictions of theories that rely on fast particle

effects to produce the rotation, there is no significant difference in the rotation profile between a

high field side and a low field side position of the resonance layer (Fig.1b).

This points, for those conditions of far off-axis heating to other mechanisms than fast particles as

the reason for these rotation profiles. A check of this hypothesis will be made on JET using pure

electron off-axis heating through ICRF mode conversion heating.

The dependence of the shape of the rotation profile on the distance of the resonance layer from

the center can be clearly seen when the resonance layer is moved by changing the magnetic field at

constant frequency: the hollow profile becomes peaked. When however the resonance is central

and leads to a stabilization and a subsequent crash of the sawteeth, the appearance of MHD modes

can lead to a braking of the rotation and a very flat rotation profile [5, 6]. The difference between L

(PICRH = 2MW) and H-mode (PICRH = 9MW) is shown in Fig.1c for a slightly off-axis position of

the resonance layer (R = 2.70m).

ICRF mode conversion heating (3He in D and 4He) has been further developed on JET [7] and

can now be used as a localized on- or off-axis source of electron heating for, among others, rotation

experiments without external momentum input and fast particle effects and for electron transport

studies. By proper programming of the 3He gas flow, a steady state off-axis peaked power deposition

on the electrons was maintained throughout the ICRF heating phase (up to 5s, limited only by

technical constraints). Figure 2 shows time traces for this experiment, the profile measured by

modulation techniques, and for comparison the theoretical calculations obtained for a single N||

from the full wave code ALCYON, combined with ray tracing (to follow the deposition of the short

wavelength mode converted ion bernstein wave).

The width of the profile is affected by the launched spectrum: the -90o phasing, leading to a

wave propagating in the counter- current direction (the current is clockwise and co-linear with B),

results in a more peaked profile.

In ITER, because of the strong central heating and, in addition, the large central pressure of fast

particles, it may be necessary to control the sawteeth to avoid too large central temperature and

power excursions. The gradient of the current profile at the q = 1 surface and the fast particle pressure

inside the q = 1 surface affects the stability of sawteeth. Both can be modified with the ICRF minority
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scenario using an asymmetric antenna spectrum. Monster (stabilized) sawteeth and very small

(destabilized) sawteeth can thus be produced. Asymmetric spectra at the fundamental and second

harmonic [8, 9, 10] of H have been used. Figure 3 shows time traces of an experiment where

fundamental heating of H (10% concentration) in a D plasma was used. The H cyclotron resonance

layer was located on the high field side (HFS) and the toroidal magnetic field was ramped up (BT

=2.3→2.8 T). Sawteeth stabilization was observed with +90o phasing, corresponding to waves

directed along the plasma current. With -90o phasing, the sawteeth had a shorter period. However,

even with this phasing, monster sawteeth appeared at a higher field. Both a change of the shear

profile due to the minority CD [11, 12] localized around the q = 1 surface as well as fast particle

pressure effects [13] must be invoked to explain the observed results. The latter are enhanced in the

case of +90o phasing by an ICRF induced pinch in the presence of directed waves [14, 15], see

section 3, leading to more fast particles inside the q = 1 surface. Small sawtooth periods (obtained

with -90o phasing) avoid the appearance of NTMs which otherwise grow after a sufficiently large

seed island is created at the crash of a sawtooth with a long period [16].

The experiments above show that it may be desirable to couple ICRF power with a variety of

phasing between current straps to encompass both heating and current drive/control appli-cations.

One may even want to use different phasings on different antennas at the same time (“mixed-

phasings”) for simultaneous optimization of core and edge plasmas [17, 18]. One of the limiting

factors in using phasings other than those resulting in a symmetric spectrum with no power at k|| = 0

(e.g. so called dipole phasing) is the occurrence of RF sheath interactions at the antenna. This can

have negative consequences such as a reduced heating efficiency, hot spots and arcs, and impurity

production. However, the use of phasings with substantial power in the k|| = 0 component of the

spectrum (e.g. monopole phasing) can also have some beneficial properties through RF-driven

edge convection: it can affect the particle confinement time and the repetition rate of the ELMs

(Edge Localized Mode), and reduce the divertor heat load by broadening the SOL. Recent mixed-

phasing experiments on JET thus explored the combination of antennas in dipole phasing to heat

the central plasma with antennas in monopole phasing to control the edge by locally increasing the

transport. In L-mode, unexpected strong deleterious interactions between adjacent monopole and

dipole antennas were observed, which did not occur when all the antennas were in either monopole

or dipole [18]. The interactions were attributed to arcing caused by sheath-driven currents, where

the currents are driven by asymmetric sheath potentials on the two antennas and propagate via

sheath-induced radial convection of the current [18]. Calculations suggest that the mixed-phasing

approach may be more successful for H-mode plasmas because the local density near the antenna

(and thus the sheath currents) are smaller in H-mode. This idea will be tested in future campaigns.

3. CURRENT AND PRESSURE PROFILE CONTROL IN PLASMAS WITH STRONG

INTERNAL TRANSPORT BARRIERS

Lower hybrid co-current drive and heating was used to vary the shape of the q profile, more
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specifically the magnetic shear from slightly positive to negative. With negative shear, strong internal

transport barriers could be obtained at much lower power than previously, widening the parameter

space in which strong ITB could be explored. The coupling of the LH wave in H-mode plasmas

was greatly improved by puffing CD4 near the launcher and matching the plasma shape [19, 20].

As a result, up to 3.4MW of PLH was coupled in ITB plasmas with more than 15MW of NBI and

ICRF heating. This possibility to combine LH with strong additional power has allowed for the

first time in JET, real-time control of ITB discharges for the duration of the heating pulse (up to

7.5s) [21 , 22 , 23].Quasi-stationary operation has thus been achieved in high performance discharges

with a large bootstrap fraction. A simple criterion was used to characterize the ITB existence, its

location and strength [24]. Simultaneous real-time feedback control on the electron temperature

gradient (with ICRH) and the neutron yield (with NBI) (Fig.4) [21, 22] has allowed to reach quasi-

steady state in a more reproducible way. Disruption core collapses and impurity accumulation

could be mitigated while the ITB regime was sustained. One of the main conclusions from those

experiments was that the LHCD, which was not feedback controlled, froze the current profile and

so the ITB position [25].

Subsequently, attempts were made to control also the current density profile [26]. A simple case was

chosen to demonstrate the feasibility of applying a ‘model based control’. During an extended preheat

LHCD phase at central density 2 × 1019 m-3, the objective was to reach a predefined q-profile in

conditions where all the others parameters were maintained constant. The plasma current was fixed

at 1.5MA and BT = 3T. The feedback control on the current profile was applied on 5 point located

at 5 fixed normalized radii. The target was reached perfectly and a comparison with a non-controlled

shot shows the efficiency of the control in preventing monotonic relaxation. In that discharge 40%

of the total current was ohmically driven.

A new IBW power coupling scheme by Mode Conversion of 5MW externally launched Fast

Wave power has been successfully tested in a D-3He plasma of the JET tokamak. The damping of

the MC wave was on the Deuterium ions and this induced near the edge a poloidal sheared flow

with E × B shearing rate of 5 MHz, much higher than the threshold for turbulence suppression. In

the same region, transport analysis shows a reduction of the electron thermal diffusivity, and the

plasma pressure increased in a wide plasma volume [27, 28]. This suggests an improvement of the

confinement similar to that observed on other regimes like the internal transport barrier.

Fast wave current drive on ITB and mode conversion current drive are also being tested in JET

on their suitability as control tools [29]. Some ICRF power (2-3MW) has been coupled in a FWCD

scenario first in L-mode at high toroidal magnetic field (B0 = 3.45T, fICRF = 37MHz, Ip  = 2.5MA)

[30] without strong parasitic ion cyclotron absorption. The central electron temperature is 4 keV.

The current density profiles at the center between +90o (Pulse No: 51643) and -90o (Pulse No:

51644) phasings (FIG. 5) deduced from Motional Stark Effect measurements are clearly different.

This is to be compared with current drive simulations performed with the ALCYON and TORIC

codes that gives 30kA per MW of ICRF power coupled to plasma in this configuration. With 2MW
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of LH preheating and with an additional 4.2MW of ICRF power in the main heating phase, a

central electron temperature of 6keV has been achieved in this FWEH scenario. Furthermore, when

7.5MW of NBI and 6MW of ICRH were applied in the main heating phase of this scenario, an

electron ITB was obtained with a central electron temperature of 8keV. This type of advanced

scenario is thus promising for current profile control on JET as the single pass absorption on the

electrons and the current drive efficiency increase strongly with electron temperature.

4. BURNING PLASMA SIMULATIONS AND ENERGETIC PARTICLE ISSUES

The dynamics of alpha particle heating and control of an equivalent Q = 10 burn was experimentally

investigated by using H minority heating. Part of the heating was employed to simulate the alpha

heating P ,sim, as calculated in real time from the measured plasma parameters and the other part

Paux was used to control this “burn”. Two alternative algorithms were adopted for the real-time

computation of Pα,sim the simulated alpha power. The experiments were performed in the ELMy H-

mode in a divertor configuration with q95 ≈ 3. A qualitatively similar trajectory of the discharge was

programmed as that foreseen for a reactor in terms of P aux and density ramp-up. The magnetic field,

power level and density were therefore all chosen to ensure that the L-H transition occurred towards

the end of the Paux ramp. It was possible to meet these requirements, assuming a maximum of 10MW

ICRH was available, at 2.5MA/2.5T. The first algorithm to calculate the simulated alpha power was

based on the measured RDD rate: when ICRH is superposed onto a baseline level of 2MW NBI, the

observed change of DD reaction rate (∆RDD) varies as Te (0)1.5-2.0, i.e. similar to the approximate

scaling of RDT in the reactor-relevant temperature range. Therefore, in the first experiments we used

Pα,sim (t) = Cα.∆RDD (t). In the second series of experiments, the algorithm for Pα,sim (t) was based on

a parametrised fit to the volume-integral of thermal DT reaction rate R DT (for 50:50 D:T mix) in

terms of Te (0), and volume average <Te>, <ne> , assuming Te = Te and flat ne (r) profile i.e.

Pα,sim (t) = Cα . RDT,sim (t) = Cα . ne (0)2. F(ST .Te (0), Te (0)/<Te>)

where ST =Treactor / TJET ≈ 3 and F is the parametrised fit function. In both algorithms, Cα was chosen

to obtain Qeff = 5P α,sim /Paux ≈ 10 at maximum ICRH power.

From simple power balance considerations, a number of distinct operating regimes may be

identified, depending on the value of Qeff. For 0 < Qeff <Qrunaway the system is unconditionally

stable. For Qeff > Qrunaway, a change of plasma thermal energy W results in a change of Pα,sim

greater than the increase of the loss power (Ploss) arising through transport mechanisms. In this

second regime, the simulated alpha power is expected to be subject to an unstable excursion but

Paux can be reduced to compensate, thus feedback control of the alpha power via Paux should be

possible. In a fully ignited plasma the alpha power exceeds Ploss, so some burn control mechanism

other than Paux would then be required. One of the main aims of the present experiments was to

demonstrate the qualitative features of the onset of “thermal runaway” in the unstable finite Qeff
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regime (Qeff > Qrunaway), and then to stabilize the runaway using feedback control of P aux . Results

obtained in the first scenario [Pα,sim (t) ∝ ∆RDD (t)] are presented in Fig.6, showing the evidence of

onset of thermal runaway for Qeff ≈8. Note also the strong variation in Pα,sim due to sawteeth, and

the partially compensating effect of Paux. At t=20s a combination of feedforward and feedback

control of the Paux component of the ICRF power was used to stabilize Pα,sim at a reference level

which was stepped up as shown during the steady-state controlled phase in order to observe the

overall system response. The gain G of the feedback loop was set to G ≈ (P α,sim / Paux) = Qeff /5 ≈3,

and an integral term f ≈(1/τE) was used.

The second scenario [Pα,sim (t) ∝ RDT,sim (t)], produces similar features as the first scenario,

except that the thermal instability is more pronounced, reflecting the more realistic density and

temperature dependence of Pα,sim. The P aux component of the heating was controlled under

feedback, using similar feedback loop parameters as in the first scenario, and the excursion in

Pα,sim was still satisfactorily stabilized. It should be noted that there are fundamental limitations to

these kinds of scale-model experiments of reactor-like scenarios, e.g. it is not possible to preserve

all the relevant dimensionless timescales such as the ratio of thermal energy confinement time to

fast-ion slowing-down time τs / τE. This discrepancy will affect the dynamic behavior; it is in fact

not possible to satisfy all the required similarity conditions simultaneously, and this ultimately

limits the fidelity of the experimental simulations. Nevertheless, several of the expected dynamic

features of self-heated plasmas have been demonstrated in the present work.

Experiments have been carried out for the first time on JET with the 3rd harmonic ion cyclotron

resonance heating of 4He beam ions in order to produce a high-energy population of 4He ions to

simulate 3.5MeV fusion-born alpha particles [31]. Up to 8MW of ICRH power was applied at a

frequency of 51MHz at a magnetic field of 2.2T, placing the 3rd harmonic 4He ion cyclotron

resonance, ω ≈ 3ωc (4He), in the plasma center. In order to ensure significant 3rd harmonic absorption

strength, 4He neutral beam ions with energy in the range of 70-120keV were added (Fig7). The

successful acceleration of 4He beam ions to the MeV energy range by the ICRH was confirmed by

measurements of gamma ray emission from the reaction 9Be(α,nγ)12C [32] and excitation of Alfvén

eigenmodes [33, 34], and was consistent with the observed heating of the background electrons and

sawtooth stabilization. The largest high-energy populations of the alpha particles were obtained

with the highest energy 4He beams, as expected. This scheme will be used in the forthcoming JET

campaign with 4He plasmas for dedicated alpha-particle studies, such as for study of parasitic

absorption of lower hybrid power by alpha particles.

Direct evidence for the wave-induced pinch of fast ions in the presence of asymmetric ICRF

waves (co-current spectrum leading to an inward pinch and a counter-current spectrum to an outward

pinch) was obtained [35]. This was made possible by recent advances in the tomographic

reconstruction of the measured γ-ray emission data [32]. With waves launched predominantly in

the co-current direction, a higher radial gradient of gamma-ray emission, and thus of fast ions, was

obtained than with waves in the counter-current direction. This result together with concurrent
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differences in Alfvén eigenmodes, sawtooth periods, electron temperatures and fast ion energies

show that the ICRF-induced pinch can provide a tool to affect the radial fast ion profile and the

plasma heating profile during ICRF.

5. PROSPECTS

We plan to make further progress in the coupling of LH power to ITER relevant edge conditions.

Advances in the coupling of more ICRF power in type I ELMy H-modes, which will be of substantial

benefit to the experimental program, follows a double approach. On the short time scale, electronic

measures are being implemented to improve the reaction of the generator protection system to the

effects of repeated ELMs. On a slightly longer time scale, an ITER-like ICRF antenna, which

incorporates several ELM resilient features such as conjugate matching and 3dB couplers will be

installed. This new antenna and the installation of 3dB couplers on two of the existing ICRF antennas

are expected to increase the ICRF power available on discharges with strong type I ELMs to 12MW

or more.

SUMMARY

The results reported in this paper are a brief overview of the work on JET in the area of heating,

current drive and fast particles for the period 2000-2002. The result are in preparation of and directly

relevant to ITER operation. Toroidal plasma rotation profiles, under conditions of low toroidal

momentum input are very hollow, when the heating is far off-axis. ICRF mode conversion was

developed as a localized on- and off-axis electron heating source thereby allowing electron transport

studies in JET. ICRF was shown to be able to control the sawteeth with different scenarios. A strong

interaction between ICRF antennas was found when antennas are operated with various phasing

between the antenna straps. Lower hybrid co-current drive and heating was used extensively to vary

and control the q profile for ITB studies. IBW, produced by mode conversion of the fast wave, induced

poloidal sheared flow in the edge. ICRF minority heating was used model the dynamics of alpha

particle heating and a simulated equivalent Q = 10 burn was successfully controlled. Third harmonic

heating of 4He ions, injected by neutral injection at 120kV, accelerated those ions to the MeV range.

This allowed the investigation of Alfvén eigenmodes, as could be excited by alpha particles produced

by the fusion reactions. Direct diagnostic observation of the γ-emission confirmed that an asymmetric

ICRF spectrum can affect the transport of fast particles to which it is resonantly coupled.
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Figure 1: (a) Location of the power deposition for the
resonance layer positioned at the high field side and at
the low field side, calculated [2] using the SPRUCE
module in TRANSP.

Figure 1: (b) Rotation profile, for a HFS and a LFS
position of the resonance layer for a co- directed
spectrum. The ICRF power is 2MW.

Figure 1: (c) Rotation profile, for a plasma in L and H mode for a HFS position of the layer (R = 2.7m) and a counter-
directed spectrum.

Antenna

Inboard resonance
51MHz

51664 @ 18.4s

Outboard resonance
37MHz

51666 @18.4s

+p/2 phasing

Plasma
boundary

Plasma
Centre

2

1

0

-1

-2

1 2 3 4 5

H
ei

gh
t (

m
)

Major radius (m)
JG

02
.4

24
-4

c

8

10

6

4

2

0

-2

-4

3.0 3.2 3.4 3.6 3.8

ω
to

r 
(k

ra
d/

se
c)

Radius (m)

JG
02

.4
24

-5
c

Pulse No: 51664, HFS, Co
Pulse No: 51666, LFS, Co

Plasma
Center

t = 18.32s

10

2

4

6

8

0

-2

-4

3.0 3.2 3.4 3.6 3.8

ω
to

r (
kr

ad
/s

ec
)

Rmag (m)

Pulse No: 52577, L

t-on = 18.32s

Pulse No: 52578, H

t-on = 24.02s

JG
02

.4
24

-8
c

http://figures.jet.efda.org/JG02.424-4c.eps
http://figures.jet.efda.org/JG02.424-5c.eps
http://figures.jet.efda.org/JG02.424-9c.eps


12

2

3

4

0

2

4

1.0

0.8

0.6

0.4

0

4

2

6

4 6 8 10 12 14

W
D

IA
 (M

J)
(k

eV
)

n e
 (1

01
9 

m
-

3 )

Te (0)

Ti (r/a ≈ 0.35)

(M
W

, a
.u

.)

Time (s)

JG
01

.7
4/

15
c

Pulse No: 54256
(3He)4He 3.45T/1.8MA 37MHz -π/2 phasing

PICRF

3He

(a)

(b)

(c)

(d)

30
(3He)4He 3.45T/1.8MA   37MHz  -π/2 phasing
Pulse No: 54256

25

20

15

10

5

0
3.2 3.4 3.6 3.82.8 3.0

P
ow

er
 d

en
si

ty
 (

kW
/m

3  
pe

r 
M

W
 la

un
ch

ed
)

Major radius (m)

JG
02

.4
24

-6
c

 t = 
7.15s
9.20s
11.05s

Figure 2: (a) Time traces of a discharge with 3He in 4He
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diamagnetic energy, temperatures, averaged density.

Figure 2: (b) Measured power density to the electrons
based on break-in-slope analysis

Figure 2: (c) Calculated power density to electrons and ions based on the theoretical calculations (see text).
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Figure 4: Control of an ITB using feedback on NBI and
ICRH to control neutron rate and electron temperature
gradient

Figure 5: Current density profiles for Pulse No: 51643 (+90o) and Pulse No: 51644 (-90o)
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Figure 7: (left) Overview of Pulse No’s: 54164 and 54165 with 3ωc 4He heating and 70keV and 120 keV 4He beams,
respectively. (right) Gamma ray spectra for the same two discharges.

Figure 6: Step-change increase in Pα,sim demand achieved via feedback control on Paux
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