
JET–P(98)65

The JET Team
(presented by J Jacquinot)

Deuterium-Tritium Operation
in Magnetic Confinement

Experiments:
Results and Underlying Physics



“This document is intended for publication in the open literature. It is made
available on the understanding that it may not be further circulated and
extracts may not be published prior to publication of the original, without the
consent of the Publications Officer, JET Joint Undertaking, Abingdon, Oxon,
OX14 3EA, UK”.

“Enquiries about Copyright and reproduction should be addressed to the
Publications Officer, JET Joint Undertaking, Abingdon, Oxon, OX14 3EA”.



JET–P(98)65

Deuterium-Tritium Operation in
Magnetic Confinement Experiments:

Results and Underlying Physics

The JET Team (presented by J Jacquinot)

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA,

Preprint of a Paper to be submitted for publication in
Plasma Physics and Controlled Fusion

January 1999



1

ABSTRACT

A review of experimental results obtained in JET D-T plasmas is presented. In discussing the

underlying physics, results previously obtained on TFTR are also taken into account. In JET, the

maximum fusion power output (Pfus) of 16.1 MW has been obtained in an ELM-free hot-ion H-

mode featuring an edge confinement barrier in a single-null divertor plasma with a Q(≡Pfus/Pin)

≈ 0.62 where Pin is the total input power to torus. A steady-state H-mode discharge, with plasma

shape and safety factor q similar to that of ITER, produced 4 MW for 5s (22 MJ). The steady-

state results extrapolate well to ignition with ITER parameters using the normalized plasma

pressure (βN) achieved on JET. Also, the Advanced Tokamak regime using optimized magnetic

shear configuration featuring an internal transport barrier produced 8.2 MW of fusion power.

With regards to reactor physics issues, a clear identification of electron heating by fusion born

alpha particles has been made both in JET and TFTR. The JET experiments show that the H-

mode threshold power has approximately an inverse isotopic mass dependence and that it does

not depend on the method of auxiliary heating. The global energy confinement time in the TFTR

D-T supershot regime scales as ∼A0.85 but in the JET H-modes, it is found to be practically

independent of isotopic mass (∼A0.03±0.2) where A is the atomic mass of the hydrogenic species.

In JET, the plasma core and the edge appear to have different underlying confinement physics,

the former follows the gyro-Bohm transport (∼A-0.2) model whereas the edge pedestal energy

scales as ∼A0.5±0.2. The maximum edge pressure in H-modes is analyzed in relation to the ion

poloidal Larmor radius at the edge. The fast ions driven by NBI or ICRH could play an impor-

tant role in setting the width of the edge pedestal. The thermal ELMy H-mode confinement both

in D or T gas fuelled plasmas decreases significantly when the plasma density exceeds 0.75 of

the Greenwald (nGW) limit and the maximum density achieved is 0.85nGW. The ICRH scenarios

for a reactor have been evaluated. For example, He3-minority in 50:50 D:T and tritium domi-

nated plasmas showed strong bulk ion heating leading to ion temperatures up to 13 keV with

ICRH alone. Deuterium minority ion cyclotron heating in tritium plasmas at a power level of 6

MW produced a steady-state record values of Q≈0.22 for more than 2.5s. Finally, the on-site

closed-cycle tritium reprocessing plant and remote handling tools at JET have been used rou-

tinely and provided an integrated demonstration of safe and reliable operations of a tokamak

device in reactor-relevant conditions.

1. INTRODUCTION.

In controlled thermonuclear fusion research, two main-line approaches, magnetic and inertial

confinement, have been pursued. One of the most successful concepts in magnetic fusion is the

tokamak confinement scheme which has attained plasma parameters close to those that are needed

in a fusion reactor. Most fusion devices carry out experiments in hydrogen or deuterium, simu-

lating operations with the fusion fuel which is roughly a balanced mixture of deuterium (D) and

tritium (T). Nevertheless, two of the world’s largest tokamaks, the JET European Torus (JET)
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[1] and the Tokamak Fusion Test Reactor (TFTR) [2] were planned to operate with tritium and,

indeed, have carried out full-fledged D-T experiments. These D-T experiments impose stringent

requirements on site-facilities which must tolerate a significant level of machine activation and

accommodate the safe handling of radioactive gas.

The very first tritium experiments, the Preliminary Tritium Experiments (PTE), were car-

ried out at JET in 1991 [3]. In these experiments, only two discharges with 11% tritium in

deuterium plasmas (a mixture far away from the optimum 50:50 D-T) were made which pro-

duced a fusion power 1.7 MW and a Q(≡Pfus/Pin)≈0.12. From 1993-1996, an extensive campaign

of high power D-T experiments was conducted in TFTR with a wider range of D-T mixtures.

Using the optimum 50:50 D:T mixture, a fusion power output of 10.7 MW and a fusion Q≈0.27

[4] was obtained in the so-called Supershot regime in a circular limiter plasma. An excellent

review of these results can be found in [5]. In 1997, a new series of D-T experiments at JET

(DTE1), a maximum fusion power output of 16.1 MW [6] and a Q≈0.62 have been obtained in

the ELM-free hot-ion H-mode in a single-null divertor plasma. An overview of JET D-T results

are given in [6,7].

This progress in magnetic confinement based tokamak devices has generated Engineering

Design Activities (EDA) of the International Thermonuclear Experimental Reactor (ITER) [8].

The JET device has the capability to match the proposed ITER geometry, safety factor q and

most of the key physics dimensionless parameters such as β and ν*. The largest deviation is in

the normalized Larmor radius ρ* which is a factor of 3 to 5 higher in JET than in ITER. The

parameter ρ* is a key parameter in the prediction of reactor performance and it has been varied

systematically in JET experiments in order to provide the basis for extrapolation to ITER. Here,

ρ* (≡ ρi/a), ν* (≡ νea/vth) and β (≡ 2µ0<p>/Bϕ2) where ρi is the ion Larmor radius, a is the

minor radius in the mid-plane, νe is the electron-ion collision frequency, vth is the ion thermal

velocity, <p> is the average plasma pressure and Bϕ  is the toroidal field.

There are three main objectives of the D-T experiments: (i) a demonstration of significant

fusion power production in physics conditions relevant to reactor applications, (ii) a study of

ITER physics issues such as α-particle heating, confinement and plasma stability, scaling of

isotopic mass dependence of energy confinement and H-mode threshold and (iii) a demonstra-

tion of reactor-relevant technologies such as closed-loop tritium gas reprocessing and remote

handling of major tokamak in-vessel assemblies.

A number of plasma modes of operation (including the L-mode) have been investigated in

JET and TFTR in D-T plasmas for the production of significant fusion power. Some of these

regimes are: ELM-free hot-ion H-mode [6], supershot regime [4], high-li mode [9] and optimised

magnetic shear regime of operation [10,11]. Also, studies of steady-state operation using ELMy

H-modes, the ITER reference scenario, have been made at JET.

Experiments performed in the area of reactor physics issues have been focused on (a)

alpha-particle heating studies [12,13], (b) excitation and study of  Toroidal Alfven Eigenmodes
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[14,15] which are plasma instabilities that could occur in  burning plasmas when α-particle

velocities match the Alfven speed (c) the isotope scaling of H-mode threshold power [16], en-

ergy confinement [17,18], edge localized modes (ELMs) and pressure pedestal [19] together

with an insight into core and edge transport physics, (d) confinement at high density including

the density limits in H-modes [20] and (e) ion cyclotron resonance heating (ICRH) experiments

including the demonstration of reactor scenarios of tritium second harmonic heating, D-minor-

ity heating in tritium plasmas [21,22] and benchmarking of ICRH codes for reactor applications

[23].

Fusion technology issues consist in tritium fuel cycle, remote handling and safety of op-

eration. For JET experiments, 20 g of tritium were used. This allowed a significant number of D-

T shots during a period lasting typically 3-4 days. The exhaust gases were then collected and

reprocessed (usually in 3-4 days) by the on-site closed-circuit Active Gas Handling System

(AGHS) [24] for subsequent experiments. The total neutron production in the DTE1 experi-

ments was limited to 2.5x1020 neutrons in order to permit manned in-vessel intervention with

low radio active exposure after about 18 months. It was not necessary, however, to wait for such

a period to make all the in-vessel modifications required by the JET programme because the

remote handling tools [25] were successfully implemented to remove the JET MkIIAP [26]

divertor tile carriers and replace them with new elements to establish the new MkIIGB divertor

[26] configuration. In TFTR, the total number of neutrons produced during the 1993-1996 pe-

riod of operation was 4.8x1020 neutrons whereas in the PTE experiments in 1991 in JET, 1.5x1018

neutrons were produced. The above JET and TFTR D-T experimental campaigns were con-

ducted safely and any tritium discharges to the environment were at least an order of magnitude

below the maximum levels imposed by the local regulatory authorities.

In this paper, we present a review of JET experimental results and the underlying physics

of JET and TFTR tokamak D-T plasmas. In section 2, we briefly outline the experimental set-up

used in the D-T experiments. Section 3 deals with the various modes of operation and fusion

performance in D-T plasmas and an extrapolation to ITER which is based on steady-state ex-

periments at JET. In section 4, we discuss the results relating to reactor physics issues. The

fusion technology aspects are presented in section 5 and finally, the discussion and conclusions

of the paper are contained in section 6.

2. EXPERIMENTAL SET-UP.

The main plasma parameters of JET and TFTR are given in Table 1 which also includes param-

eters used for the Engineering Design Activities (EDA) of ITER, for comparison. The JET de-

vice features a single-null divertor configuration with elongated plasmas whereas TFTR used a

circular plasma limited by a limiter on the inner wall (see Fig.1). In both devices, outboard

poloidal limiters are used to protect the ICRH antennas located on the low-field side. Some of

the JET in-vessel components are shown in Fig. 1. These include ICRH antennas, a cryo-pump
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Table 1: JET, TFTR and ITER Parameters
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FIG. 1. Poloidal cross sections of JET and TFTR tokamaks. Also, shown are the four divertor coils, MkIIaP divertor
target plates, the cryopump, an ICRH antenna,  a poloidal limiter and saddle coils inside the JET vacuum vessel.
Plasma flux surfaces together with the separatrix of a 4.5 MA discharge are also illustrated.

in the divertor region, shaped divertor tiles made out of carbon composite fibre (CFC), in-vessel

divertor coils generating the X-point divertor configuration and saddle coils for error field and

Alfven eigenmode excitation studies. The neutral beam injection (NBI) and ion-cyclotron reso-

nance heating (ICRH) are the main heating systems used in JET and TFTR. The TFTR NBI



5

heating system [27] consists of four beam lines each with three positive ion sources. The ion

sources can operate in deuterium or tritium with a maximum voltage of 120 kV delivering a

maximum of 40 MW into a D-T plasma. The JET NBI system [28] is composed of two beam

boxes with eight positive ion sources each. One of them has been used to deliver up to 100%

tritium beams injecting about 11 MW of beam power at 155 kV for up to 5 s. The other box is

used for deuterium beam injection delivering up to 12 MW at 80 kV. The JET ICRH [29] system

couples up to 16 MW of power via four antennas distributed around the torus. The ICRH anten-

nas are equipped with Faraday shields made out of beryllium. Each antenna has four straps

which can be phased independently. The system has been operated at various frequencies (23-56

MHz) over the full bandwidth of the system. The TFTR ICRF system [30] uses four antennas

with two straps each and can operate at 30, 43 and 64 MHz delivering a maximum power of 11

MW.

In view of the limited neutron budget during the JET DTE1 campaign, automatic feedback

real-time control systems have been implemented so that if the desired performance or a desired

plasma parameter is not achieved at the expected time during a discharge, the plasma shot is

terminated with a soft landing. Also, various combinations of plasma  parameters can be main-

tained at a programmed level by a system controlling, in real time, a number of auxiliaries such

as neutral beam injection,  ICRH and lower hybrid current drive (LHCD) power [31] thus im-

proving reliability of discharges. The ICRH and/or NBI power delivered to the plasma was

routinely controlled with precision using digital real-time  techniques.

The tritium gas in JET was either injected directly to the torus via a gas valve or supplied

to the NB box which then injected a small fraction of it to the torus via the neutral energetic

tritium beams. The remaining gas was trapped by the NB cryo-pumps which was retrieved by

regeneration and then reprocessed by the AGHS plant for reuse. In all about 100 g of tritium was

used out which 27 g was injected in the main vessel and 73 g in the NBI box. About 40% of the

tritium injected in the torus remained trapped transiently (over days and weeks) in the vessel and

only about 1mg was consumed in the fusion reactions. More than 80% of tritium concentration

in Ohmic plasmas could be obtained with about ten 100% tritium gas fueled discharges. With

significant supplementary heating (>10MW), additional tritium loading discharges were required

to maintain a high tritium concentration. Glow discharge is used for wall conditioning after a

vent and beryllium evaporation is carried out when needed for gettering purposes (less than

once a day). The tokamak operation is carried out with vessel walls at 320°C. As mentioned

above, a significant fraction of the tritium injected in the torus remained trapped in the first wall

components (∼11 g). After the DTE1 campaign, it was possible to remove 5 g of tritium using

various plasma cleaning techniques. However, an appreciable amount (6 g) still remained trapped.

A mechanism for significant tritium retention is co-deposition forming flaking films in cold

regions of the divertor structure. The flakes are not subjected to plasma bombardment. A consid-

erable amount of flakes were observed in the cold part of the divertor structure. After the remote
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divertor tile exchange and vacuum cleaning the flakes, about 1g of tritium has been left in the

vessel.

The standard JET diagnostics for electron density (ne), electron temperature (Te), ion tem-

perature (Ti), effective charge (Zeff) have been discussed elsewhere [32]. For tritium compatibil-

ity and safety, modifications had to be made to the installed diagnostics. These include double

containment vacuum feed-throughs with 500 mBar neon gas in the interspaces, exhaust from

diagnostics vacuum systems sent to AGHS plant when necessary, extra neutron shielding, radia-

tion hardened video cameras  and heated optical fibres to recover from radiation damage. The

most notable new diagnostics in DTE1 were the 14 MeV neutron energy resolved tomography

and the measurements of  the tritium concentration in the core and edge of the plasma as well as

in gaseous exhaust after a discharge using residual gas analysis (RGA) and ion chamber meas-

urements. The tritium concentration in the core was estimated from neutron emission rates and

active Balmer-α charge exchange measurements. In the plasma region 20-40cm inside the

separatrix, the tritium concentration was derived from neutral particle analysis (NPA) by elec-

trostatic deflection and time of flight techniques. Near the separatrix, Balmer emission

spectroscopy was used. Below divertor tiles, Balmer emission from Penning discharge gauges

was implemented [33].

3. MODES OF OPERATION AND FUSION PERFORMANCE

In this section, we first outline the general features of different enhanced energy confinement

modes of operation and then discuss the fusion performance obtained in some of these regimes

in TFTR and JET D-T plasmas including steady-state discharges. Based on the latter, the per-

formance is extrapolated to ITER-like plasma parameters.

3.1 General Features:

Energy confinement in tokamaks is generally observed to be much worse than that predicted by

the neoclassical theory of collisional diffusion. Energy transport across lines of forces can vary

greatly with modes of operation (see Table 2). Sudden bifurcations between the regimes is often

observed. The principal confinement modes are illustrated schematically in Fig. 2 by indicating

plasma temperature profiles for each regime.

L-Mode.

The L-mode (‘L’ for low confinement) is the most common mode of tokamak operation. The

anomalous transport is governed by plasma instabilities with a radial scale length of the turbu-

lence commensurate with the plasma minor radius.  When the safety factor q>1, the sawtooth

instability occurs in the central region of the plasma which periodically flattens the temperature

profile as indicated in Fig. 2.
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Table 2:  Characteristics of Tokamak Regimes
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H-Mode.

An enhanced confinement regime known as H-

mode was discovered in the ASDEX tokamak

[34] operating with a divertor plasma. In this

mode, a transport barrier is established at the

edge which improves the energy confinement.

The stored energy is increased  not only from

the contribution of the edge pressure pedestal

but also from an improvement of the core

plasma. The H-mode is accompanied by ELMs

which eject particles and energy from the edge

and reduce the edge pedestal periodically (see

Fig. 2). Though ELMs lead to some reduction

in the confinement, they prevent the uncon-

trolled build up of density, impurity and he-

lium ash. This regime forms the present basis

for the steady-state tokamak reactor operation.

It has been used in JET D-T experiments to

produce 4 MW of fusion power for more than

5 s.
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FIG. 2. Tokamak temperature profiles are shown
schematically for a number of  modes of operation.
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ELM-free Hot-Ion H-mode.

This mode of operation [35], though transient, is one of the highest performance operating re-

gimes in JET divertor discharges. It is obtained by strong neutral beam heating of a low density

target plasma. Central NB power deposition and central fuelling produces a moderately peaked

density profile and high ion temperatures such that Ti0/Te0 ∼ 2-2.5. Long ELM-free periods (∼2

s) are produced by conditioning the first-wall to achieve low recycling in a discharge with high

triangularity (∼0.25) and a high flux expansion in the divertor. The high performance is gener-

ally terminated by an MHD event [36] involving either (i) a sawtooth or other internal MHD

phenomena occurring in the central region, (ii) ‘outer modes’ occurring in the body of the plasma

or (iii) ‘giant’ ELMs at the plasma edge.

Optimised Shear Regime.

Enhanced performance is also obtained when the plasma current density profile meets certain

criteria. This mode is also referred to as the Advanced Tokamak regime featuring a potentially

‘well aligned’ bootstrap current-density profile consistent with full steady-state operation in a

reactor [10,11] . In this regime, the core transport is  reduced by operation in weak or slightly

negative magnetic shear in the core region (weakly hollow current-density profiles) and ensur-

ing that q>1 every where in the plasma. Such discharges were first obtained in JET experiments

with deep pellet injection and the mode was termed as PEP mode [37]. More recently, the mag-

netic-shear profile has been optimized by controlling the current diffusion during the current

ramp-up phase of the discharge together with active current profile intervention by the LHCD

power. MHD instabilities like ballooning, resistive tearing and internal MHD modes are stabi-

lized provided that low rational values of q are avoided. Shear of plasma rotation has also been

shown by theory to stabilize microinstabilities involved in anomalous transport. In such a situa-

tion, an internal transport barrier (ITB) can be established resulting in a steep temperature gradi-

ent in the core region [10]. In some instances, this ITB regime can be combined with the edge

barrier of the H-mode enhancing the performance even further. The ITB has been established in

D-T discharges in TFTR [11 ], JT60-U [38] and JET [10], the latter producing 8 MW of fusion

power.

Supershot Regime.

In limiter discharges in TFTR, another enhanced confinement scheme (see Table 2) the so-

called ‘supershot’ [39] regime was demonstrated where the core transport is substantially re-

duced compared with L-mode by extensively conditioning the limiters (including lithium coat-

ing) to decrease the influx of deuterium and carbon from limiters and the vessel wall. Supershot

discharges are characterized by peaked density profiles, high ion temperatures (Ti0/Te0 ∼ 2-4),

high Ti at the edge and strong beam particle fuelling [5]. The reduction in transport [40] is

associated with the suppression of ion-temperature gradient driven modes due to large values of

plasma rotational shear induced by the strong particle fuelling and ion heating sources provided
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by the beams. The high performance is terminated by β-limits and/or increased influx of carbon/

deuterium from the limiters. In this mode of operation 10.7 MW of fusion power has been

produced in TFTR.

High-li Mode.

In another regime in TFTR, the so-called high-li discharges were used in which the current-

density profile is peaked increasing the internal inductance of the plasmas, for example,  by

rapidly decreasing the plasma current. Other techniques have also been used to produce high-li

discharges [41]. The high performance of these discharges is limited by the occurrence of car-

bon blooms at high heating powers. High performance has been obtained in such a regime in

JT60-U and TFTR. The maximum fusion power of 8.7 MW was obtained in high-li D-T dis-

charges in TFTR.

Radiative Improved (RI) Mode.

Radiatively improved confinement was first achieved on ISX and developed to a high density

regime by TEXTOR [42]. Edge radiation cooling is obtained using silicon or neon as the radiat-

ing impurity. Radiating away a significant part of the power would be an advantage in a reactor

from the power exhaust point of view.  This mode of operation is known as RI-mode and has

also been successfully attempted in other machines such as DIII-D, Tore-Supra, ASDEX-Up-

grade and TFTR [43].  The RI-mode is characterized by high edge radiation (up to 85%) due to

heavy seeded impurity ions and the core energy confinement is improved (by a factor of ∼2)

over the L-mode. Qualitatively, the presence of heavier ions in the plasma periphery decreases

the level of turbulence at the edge [44] which in turn also improves the confinement in the core.

In this regime, peaked density profiles are produced and there is no apparent accumulation of

impurities in the centre. The current density profiles are also peaked similar to the above high-li

discharges which have a potential problem of bootstrap alignability for steady-state operation of

a reactor. This mode of operation has not yet been attempted in D-T plasmas.

3.2 Fusion Performance.

3.2.1 ELM-free Hot-Ion H-Mode.

The highest peak fusion performance in JET has been obtained in the ELM-free hot-ion H-

mode. To achieve the maximum fusion power output, specific D-T experiments were conducted

[45] to determine the relative contributions of the NB fuelling and wall recycling to the plasma

mix so that near optimum D-T mixture could be obtained during high fusion yield experiments.

It was found that with D-T operation in MkIIAP [26] divertor, the sum of the gas supplied from

the wall recycling, the target plasma and the direct gas injection contributes twice as much to the

D-T mixture in the plasma as the NB fuelling. Therefore, the walls were loaded using 3-5 Ohmic

or ICRF heated discharges with the gas fuelling adjusted until the D-T plasma mix was close to

50:50. In Fig. 3, we present time traces of the record discharge at a toroidal field (Bφ) of 3.6T
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FIG. 3. Time traces of the highest performance JET D-T
hot-ion H-mode discharge producing a record fusion
power output of 16 MW and a Q=Pfus/Pin = 0.62.

and plasma current (Ip) of 4.2 MA that produced

16.1 MW of fusion power. The discharge was

heated with the maximum available NB power

of 22.3 MW and an ICRH power of 3.1 MW.

The occurrence of a sawtooth during the high

performance phase was avoided by a fine ad-

justment of the gas feed. The central ion (Ti0)

and electron (Te0) temperatures reached 28 and

14 keV respectively. The high performance is

terminated with the occurrence of a giant ELM

which is provoked by steepening edge gradi-

ents as the central ion temperature rises. The

maximum value of the fusion power amplifi-

cation factor (Q≡Pfus/Pin) is 0.62 as indicated

in Fig. 3 where Pin refers to the total input power

into the torus including Ohmic, ICRH and NBI

powers. The above definition of Q provides a

simple measure of fusion performance of

steady-state discharges but in discharges where

there is a significant variation of stored energy (W) or heating power (Pin), several other defini-

tions of Q have been used by the fusion community which may differ from one research group

to another [5]. In order to identify the fusion power balance during the transient phase of the

above discharge, we define Qtot≡Pfus/Ploss where Ploss = Pin-dW/dt and we include the contribu-

tions of beam-beam, beam-thermal and thermal fusion reactions in Pfus. In this discharge, Qtot is

maintained at a value of 0.9±0.17 during 0.3 s as indicated in Fig. 3.

3.2.2 Neutron Calculation by TRANSP Code.

Calculations of neutron production are performed by the TRANSP data analysis code [46] which

uses the measured plasma parameters and their profiles to calculate the neutron source rates

from thermal, beam-thermal and beam-beam fusion reactions. Good agreement is found be-

tween the total measured and calculated neutron source rates for the highest fusion perform-

ances in a Supershot discharge in TFTR (Pfus=10.7 MW) and a hot-ion H-mode discharge in JET

(Pfus=16.1MW) shown in Fig. 4 and 5 respectively. This agreement is a good test of the overall

consistency of measured plasma parameters. A comparison of the subdivision between the three

sources of fusion neutrons in the two shots of TFTR and JET shows that, in JET, the neutrons of

thermal origin constitute the main source whilst in the TFTR shot, the beam-thermal neutrons

exceed significantly those of thermal origin and that the beam-beam contribution is about 15%.

This reflects the higher plasma confinement time obtained in JET.
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the neutron yield as predicted by the code. This simula-
tion is presently undergoing further checks and verifi-
cations of ion temperature and effective charge.

3.2.3 Steady-State ELMy H-Mode.

High performance in steady-state ELMy H-

mode discharges has been obtained in JET un-

der ITER-like conditions with the key physics

dimensionless parameters such as β, ν* and q

being fixed close to their ITER value. Central

electron and ion temperatures were roughly

equal as expected in future ignited plasmas.

However, due to the lack of input power, in

some discharges, β-values could fall short of

the one required in ITER. The time evolution

of one such high performance steady-state

ELMy H-mode discharge at 3.8T/3.8MA in a

50:50 D:T plasma with a total input power of

22 MW (predominantly NBI-power) is illus-

trated in Fig. 6. The discharge has type I ELMs

throughout and the stored energy is practically

stationary for 3.5 s which is about 8 energy
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FIG. 6. Time traces of a near steady-state high perform-
ance JET discharge at 3.8T/3.8MA in 50:50 D:T mix-
ture with an input power (Pin) of 24 MW. Diamagnetic
stored energy (WDIA) reached 10.5 MJ, fusion power
output (PFUS) and total Q (≡PFUS/Pin) are 4.1 MW and
0.18 respectively. ELMs are shown by the Dα-signal.

confinement times. The duration of the discharge is only limited by the duration of NBI at full

power.  Fusion power output which reached a steady-state value of more than 4MW is also

shown. The steady-state Q (Q≡Pfus/Pin) value is 0.18 over 3.5 s of the discharge. Integrated over
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the entire pulse, the fusion energy reached a value of 22 MJ which is a world record. The central

line averaged density is about 7x1019 m-3 and droops a little towards the end of the high perform-

ance phase of the discharge. At such a high density, due to the short electron-ion equilibration

time, the electron and ion temperatures are roughly equal at about 8.5 keV. Another ELMy H-

mode steady-state discharge [47] at a lower value of q95= 2.8 (3.8 T/4.5 MA) was found to have

good energy confinement (H97 ≈ 0.95)  with respect to ITERH-97P-scaling [48]. These results

obtained at lower q95 (≡q at the normalized radius r/a=0.95) in D-T plasmas are of significant

interest for ITER for providing larger ignition margins. These results are further supported by

the ITER similarity experiments in deuterium plasmas [47].

3.2.4 Steady-State Fusion Performance with ICRH.

A high performance steady state discharge (3.7 T/3.7 MA) was also obtained by ICRF heating

alone [22] with D-minority heating in a tritium plasma (9:91 D:T mixture). Despite the D:T

mixture being far away from  50:50, a fusion

power output of 1.6 MW was obtained with an

input ICRH (f=fCD=28 MHz) power of 6 MW

only as shown in Fig. 7. In this discharge, the

plasma density and the minority ion concen-

tration was such that the average deuterium tail

energy was about 120 keV (close to the peak

of D-T fusion cross section). In this discharge,

the neutrons thus produced are predominantly

of non-thermal origin. The steady-state (for

about 2.7 s) Q value is about 0.22 (a record

value in steady-state conditions) whereas the

central ion and electron temperatures are both

at 7 keV. The neutron yield could be well re-

produced by the PION code and confirms the

non-thermal origin of these neutrons [23]. The

PION code uses a sawtooth redistribution

model but otherwise has no free parameters.
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FIG. 7. Time traces of a near steady-state JET discharge
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D-minority in tritium with an input power of 6 MW.
Fusion power output is 1.6 MW making a record Q=0.22
for a duration of more than 2.5 s. Here, H97 represents
the ITERH97-Py H-mode confinement factor which is
above the value required by ITER.

3.2.5 Optimised Shear Discharge.

A flat or hollow current-density profile with weak or negative values of the magnetic-shear s

(s≡r/q(dq/dr)) is one of the conditions necessary to establish an internal transport barrier (ITB)

that reduces the transport in the core close to neo-classical values.  Strong core fuelling and/or

heating is also found to be necessary for the formation of the ITB.  The reduction in transport is

often linked to the ExB shear stabilisation of the turbulence. This regime, called “optimized

shear”, requires careful preparation of the current-density profile of the target plasma.  First, a
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fast current ramp and early plasma expansion

to full aperture is made during which the LHCD

power is applied to produce a low inductance

plasma at start-up. This is followed by ICRH

pre-electron-heating to delay the inward diffu-

sion of plasma current (see Fig. 8). When the

size of the q=2 surface is about 1/3 of the

plasma radius, full heating power is applied

(∼16-18 MW of NB and 6MW of ICRH) on a

low target density plasma and the current ramp

is continued. An ITB forms and the plasma pro-

files become very peaked  (see Fig. 9). The

good core confinement delays the power flux

through the separatrix thus avoiding the trig-

ger of an H-mode (see section 4.2) and keeps

the plasma edge in the L-mode. The continued

increase of the plasma current also  increases
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FIG. 8. Time traces of an optimised shear discharge in
JET where the fusion power output reached 8.2 MW.
The performance degrades at the appearance of ELMs.
Central ion and electron temperatures reached 36 and
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 significantly the H-mode power threshold. As βN increases with time, the ITB expands radially

outward to about 2/3 of the plasma radius and the pressure profile becomes less peaked. In this

way, the plasma can remain within the ideal MHD stability β-limit for most of the high power

heating phase [49] and major disruptions can be avoided. When the power flux through the

separatrix exceeds a level such that it is above the H-mode threshold, the high performance
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 phase is often terminated by the occurrence of a giant ELM. In D-T plasmas, the H-mode

threshold power is about 20% lower (see section 4.2) and therefore the H-mode was found to be

triggered earlier than in D-D plasmas. This prevented the use of discharges developed in D-D to

D-T directly. Optimization had to be done in D-T itself which was severely limited by neutron

economy.

As shown in Fig. 8, in the best ITB discharge in D-T plasma, a fusion power of 8.2 MW

was obtained. The maximum diamagnetic stored energy was 13 MJ. The central ion (Ti0) and

electron (Te0) temperatures reached 36 and 14 keV respectively. Such high ion temperatures are

the result of combined effect of ICRH and NBI. The fundamental minority hydrogen heating

also permits the ICRH power to be damped at second harmonic of deuterium and third harmonic

of tritium thus depositing a part of the power (∼3-15%) on the beam ions [50]. The expansion of

the transport barrier can be seen from  ion temperature profiles shown in Fig. 9 (a) at several

time slices where the time refers to the start of the high power phase. Increased peaking and

expansion of the density profile is shown in Fig. 9(b).

A number of discharges were produced with both an internal transport barrier and a mild

edge transport barrier associated with an ELMy H-mode. The pressure relaxation associated

with ELMs were mild and did not affect the ITB greatly. In such cases, a maximum of 6.2 MW

of fusion power was obtained. This is lower than the case shown in Fig. 8 but such discharges

have a potential of being developed for steady-state high D-T fusion yields.

3.2.6 Fusion Power Development and Direct Extrapolation of JET D-T Data to ITER.

The fusion power development is shown in Fig. 10 where we show the 11% T in D experiments

carried out in JET in 1991 and the best fusion power output (10.7 MW) discharge in the Supershot

regime from the D-T campaign in TFTR from 1993-1997. Also shown are some of the best

results obtained in JET in 1997 with  a fusion power output of 16.1 MW obtained transiently in

the hot-ion H-mode as well as the long-pulse steady-state fusion power output of 4 MW ob-

tained in the ELMy H-mode regime. These results are promising and further D-T experiments

are being considered to achieve improved fusion performance by operation at higher Bφ, im-

proved current profile control and increased auxiliary heating powers. The scaling of energy

confinement based on JET D-T and hydrogen data presented in section 4.3 concludes that large

ELMy H-mode plasmas are dominated by gyro-Bohm transport. With this assumption, the en-

ergy confinement in ITER D-T plasmas can be predicted by using the JET data obtained in

∼50:50 D:T plasmas directly. The experimentally obtained thermal energy confinement time in

such plasmas is plotted in Fig. 11 using the gyro-Bohm transport scaling in dimensionless form

with an isotope mass value of 2.5. This data is then compared with the ITER requirement for

ignition at appropriate parameters in ITER simulations. We note that the JET data extends over

more than one order of magnitude in normalized confinement time and that a similar gap exists

between the top of the JET data and ITER. The extrapolated confinement time is in line with the



15

ITER expectation of 6s required for ignition. One of the main sources of uncertainty in this

extrapolation lies in the high current data which does not have the β required for ITER due to a

lack of input power in these shots.
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This uncertainty can be removed in extrapolation to ITER based on specific steady-state

JET D-T discharges [7] in which the toroidal β and the collisionality ν* achieved in JET is

maintained in ITER. Dimensionless scaling constraints permit to extrapolate the stored energy

for fixed β as

Ws ∝ B2 a3 (4)

where B is the toroidal field and a is the plasma minor radius. Noting that the fusion power is

proportional to the square of stored energy near the optimum ion temperature, we deduce scaled

fusion power output in ITER corresponding to the JET discharges, knowing from ITER calcula-

tions that 1100 MJ of stored energy would produce a fusion power output of 1500 MW. Note

that this result is based on ITER assumptions on impurity content, profiles and density which

may not be identical to values achieved on JET.  The input power needed to sustain the above

stored energy is calculated based on gyro-Bohm and Bohm scaling of energy confinement time.

The predicted Q values [7] are given in Table 3 for both the above gyro-Bohm and Bohm scalings.

We note that ignition (Q=∞) can be achieved with relatively low βN=1.7 and low qψ95, though at

a somewhat reduced power output of 1053 MW. Extrapolation based on this particular shot

shows that reasonable value of Q∼7 can be obtained even with the very pessimistic assumption

of Bohm transport throughout the plasma.
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Table 3: Extrapolation to ITER based on JET Steady-state D-T Discharges
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4. ITER PHYSICS ISSUES

In this section, we discuss the results related to ITER physics issues. First, we present the results

of  α-particle heating and an experimental study of toroidal Alfven eigen (TAE) modes. We then

discuss the scaling of H-mode power threshold, global energy confinement and turbulence fol-

lowed by core and edge confinement physics issues. Subsequently, results of divertor operation

and density limits and of tritium transport studies are presented. Finally we illustrate some of the

ICRH results in D-T divertor plasmas.

4.1 Alpha-Particle Physics Issues.

Alpha particles (birth energy: 3.5 MeV) produced in D-T fusion reactions carry 20% of the

fusion power. The success of a steady-state power-producing magnetic-confinement fusion re-

actor depends critically on harnessing this 20% of the power for continued plasma heating and

sustaining the fusion reactions. A study of α-particle production, confinement and the resulting

plasma heating, therefore, constitute an important physics issue for next-step devices such as

ITER. Uncontrolled losses of α-particles can also damage the plasma facing components. These

energetic particles, for example, can be lost by (i) first orbit losses, (ii) ripple trapped losses, (iii)

stochastic toroidal-field ripple diffusion and (iv) collective effects relating to the α-particle in-

teraction with MHD instabilities and RF waves such as toroidal Alfven eigenmodes and ion-

cyclotron instabilities respectively. Plasma currents of more than 2.5 MA in JET and TFTR are

sufficient to minimize the first orbit losses. In JET with 32 TF-coils, the ripple is very low so that

ripple induced losses are insignificant. The α-driven collective effects such as TAEs and ion

cyclotron emission depend critically on the α-particle pressure. In the present DTE1 campaign

in JET, this pressure is expected to be close to the marginal stability. Therefore, α-particle heat-

ing experiments in JET are expected to provide a relevant test of the theory.

4.1.1 Alpha-particle Heating.

In the highest fusion performance D-T discharges in TFTR and JET, the α-particle heating is a

relatively small fraction of the total heating power. However, heating with NBI only at a reduced

power level, the contribution of the alpha particles to the electron input channel can be

significant and clear Te increases are expected when the D:T mixture is close to 50:50. Alpha

particle heating has been revealed in this way by performing discharges differing only by the

D:T concentration [12].
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The above method has also been applied

on JET: NBI heating at a level of 10 MW was

applied where the plasma mixture was scanned

from pure deuterium to pure tritium. The scan

was performed using matched NB, gas fuel-

ling and wall loading to avoid temporal or spa-

tial variations in the D-T mixtures from shot-

to-shot. The peak Te obtained in each discharge

of the scan is plotted in Fig. 12 as a function of

the α-heating power deduced from the fusion

power (neutrons) produced. It can be seen that

the electron temperature rises linearly with fu-

sion power and that the maximum Te in JET

data is observed at the expected D-T mixture

of about 50:50 to 40:60. In pure D-plasmas,

the Te is the lowest. In T-rich mixture, Te is also

low and this rules out a possible isotopic effect

on confinement. This is a clear demonstration
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particle power in JET D-T discharges where the NBI
input power was kept at about 10.5 MW . The numbers
in parenthesis show the tritium concentration for this
series of discharges. Also, shown are two data points of
TFTR for comparison.

of electron heating by α-particles in fusion power producing discharges. For comparison, we

have also plotted two data points (D-T mixture of 100:0 and 50:50) of TFTR where α-particle

heating was also apparent.

4.1.2 Toroidal Alfven Eigenmodes.

TAEs in tokamaks exist as discrete modes in the gaps of the shear Alfven continuum due to the

effect of toroidal geometry. They can be driven unstable by energetic ions (such as α-particles,

injected beam ions or those accelerated by ICRH) if the fast ion pressure is large enough to

overcome the AE damping by the bulk plasma. The Alfven wave instability is predominantly

associated with fast ion velocities (Vf) around or above the Alfven velocity (VA≡B0/(4πρi)
1/2)

where B0 is the equilibrium magnetic field and ρi is the mass density of the bulk plasma ions.

However,  when toroidal precession of particles in a tokamak is taken into account, the modified

wave-particle resonance conditions for circulating particles [51] lead to a range of resonant

velocities, for example, from VA to VA/3. Resonant conditions for trapped particles are given in

[51]. Previous experiments in D-plasmas have shown that TAE modes can be produced by ener-

getic ions generated by NBI, for example, on TFTR [52] and DIII-D [53] and by ICRF heating

on TFTR [54], JET [55,56] and JT60-U [57]. First potential observation of collective alpha

particle effect on toroidal Alfven eigenmodes was made in D-T experiments on TFTR [58].

Several TAE modes with toroidal mode numbers ranging from n=5-11 have been ob-

served on the magnetic fluctuation spectra in the high performance hot-ion H-mode discharges
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heated by PNB=18MW and PICRH=4.5 MW. These modes have been found [59] to be driven by

ICRF-produced energetic ion tails and are shown in  Fig. 13(a) where we plot the frequency of

the modes as a function of time. In similar hot-ion discharges in D-T plasmas, but with lower

PICRH ≤ 3.1 MW, AE instabilities were not detected even when the central pressure of α-particles

βα(0) ≈0.6-0.7% was achieved at 16.1 MW of fusion power (see section 3.2.1). The absence of

α-particle driven AE-activity is shown in Fig. 13 (b) where no magnetic fluctuations were seen

in the expected frequency range in a discharge heated by NBI only. The fluctuations seen at

lower frequency (<200 kHz) are usual low-level MHD activities that are normally present in

such discharges. The absence of the α-particle driven AE-activity is in agreement with the CAS-

TOR-K [60] stability calculations in this discharge as shown in Fig. 13 (c) where the instability

regions due to α-particle driven AEs are shown as functions of α-particle average pressure

(<βα>) and Vα/VA (∝plasma density). The time evolution of  <βα> and Vα/VA for the discharge

shown in Fig 13 (b) is shown in Fig. 13 (c) and it is seen that the discharge remains in the stable

region throughout [59]. The α-particle drive at the time of the peak performance for the fast

growing mode (n=6) yields a normalised growth rate γα/ω =0.27% whereas the total damping

rate is -1.41% out of which the bulk deuterium and tritium Landau dampings are -0.45% and -

0.2% respectively, the high energy tritium beam damping is -0.53% and the sum of the radiative

and electron collisional dampings is -0.23%. The large radial extent of the mode helps in its

stabilisation. In some optimised shear JET D-T discharges, an AE instability is detected in the

after-glow of the auxiliary heating. Similar observations have also been made in TFTR [14]

where special effort was made to tailor the discharge so that AEs could be observed in the after-

glow of the beam.
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FIG. 13 (a). Spectrogram of the magnetic perturbations during an ELM-free period in a high performance deute-
rium discharge #40308 heated by 18MW of NBI and 4.5 MW of ICRH. Multiple AEs with different toroidal mode
numbers ranging from n=6-11 are observed at the frequencies shown. (b) Same as in (a) but in a D-T discharge #
42677 heated by 22 MW of NBI only. In this case no AEs in the expected frequency range are observed. (c) The
instability zone calculated by the CASTOR-K code for the alpha-driven AEs for the shot shown in (b). The time
trace of the discharge in the <βα> - Vα/VA plane remains in the stable region in agreement with experiment.
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4.2 H-Mode Threshold Power.

The realization of ITER performance relies on operating in the H-mode confinement regime to

achieve ignition. Experimental data indicate that the H-mode operation requires that the power

diffusing across the separatrix exceeds  a threshold value. A scaling of the threshold power has

been derived from the data from a number of tokamaks world-wide [61] but it has a scatter

leading to a significant uncertainty (by a factor of 2-3) in the predicted value of H-mode thresh-

old power for ITER. The above scaling gives explicit dependence on electron density (ne), toroidal

field (Bφ) and the tokamak major radius (R) but the threshold power is also found to depend on

the direction of the ion ∇B drift, vessel wall conditioning, plasma-limiter distance, edge current

density and on the isotopic mass. Here, we emphasize the isotope mass scaling of the threshold

power for a more accurate assessment of the power required in ITER to access H-mode in D-T

plasmas. In order to extend the mass range, experiments were also performed in hydrogen plasmas.

Experiments were performed in quasi steady-state conditions in well conditioned walls with the

ion ∇B drift pointing towards the X-point. The separatrix distance from the outboard limiters

was > 5 cm.

Dedicated experiments have been carried

out in JET with ICRH and NBI heating using

slow ramps in power to determine the thresh-

old power accurately. Plasma discharges with

ITER shape and q at magnetic fields ranging

between 1 and 3.8 T and densities in the range

of 2 to 5 x 10 19 m-3 have been used. For a set of

parameters (Bϕ =2.6T and Ip = 2.6 MA), in Fig.

14, we show time traces of Hα /Dα /Tα and

ICRH/NBI power in four shots with different

gases: (i) H-plasma  heated with H0-NBI, (ii)-

(iv) in three different D/T gas mixtures  of

100:0, 50:50 and 10:90 respectively and heated

with ICRH in H-minority scheme. As indicated

in the figure, H-mode occurs (appearance of

threshold or type III ELMs [62] in the Dα-sig-

nal) at the highest power in H-plasmas and at

the lowest power in T-plasmas.
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FIG. 14. Dα-signal and input power plotted as a func-
tion of time in four shots with different gas mixtures:
hydrogen, deuterium, 50:50 D:T and 10:90 D:T. Same
input power (6.7 MW) with a slow ramp was used to
identify the onset of H-mode at the first appearance of
ELMs as indicated. Threshold power decreases with in-
creasing isotopic mass.

As the transition to H-mode is understood to be essentially an edge phenomenon, the

power flowing outwards from the core and crossing the separatrix is chosen as the relevant

parameter. Therefore, we define PSEP to be the power crossing the separatrix:

PSEP = PIN - dW/dt - PRAD
bulk (1)
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where PIN is the total input power, W is the

stored energy in plasma and PRAD
bulk is the ra-

diated power from the bulk  of the plasma. A

regression analysis has been carried out on the

above defined loss power (PSEP) at H-mode

threshold for the JET data which includes a

range of plasma current and magnetic fields in

hydrogen and in D:T mixtures ranging form

100:0 to 10:90. In this analysis, in addition to

using the same scaling parameters ne, Bϕ and

R as in the scaling in [61], we have also in-

cluded the isotopic mass (A) dependence. But,

no regression was done on R as in the JET data,

the value of R does not change significantly.

The power exponent of R has been adjusted

such that Eq. 1 below satisfies the constraint

[63] to make the expression dimensionally cor-

rect. The result of this regression is shown in

Fig. 15 and the power threshold scaling expres-

sion found is given by:
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FIG. 15. The power crossing the separatrix (PSEP) rep-
resenting the L-H threshold power of JET discharges in
hydrogen, deuterium, 50:50 D:T and 10:90 D:T mix-
tures is plotted against a scaling obtained by a regres-
sion analysis in which the A-1 mass dependence has been
added to the ITER scaling [16]. This regression of JET
data indicates an approximate inverse mass dependence
of the threshold power. No regression has been done on
R. Here, W is the plasma stored energy and PRAD

bulk is
the radiated power from the plasma bulk. The density ne

is in units of (x1020 m-3).

Pth (SEP) = 0.97 ne
1.17 Bϕ

0.71 R2.48 A-1.04 (2)

Here, Pth (SEP) represents the threshold power for a transition from L to a dithering H mode, ne is

the line-averaged electron density (in 1020 m-3). The threshold power data shows roughly an

inverse mass dependence. This predicts a significant reduction in the power needed for access-

ing the H-mode in D-T plasmas in ITER and increases the operational flexibility of ITER. For

example in ITER, for ne=5x1019 m-3, Bϕ=5.68T and R=8.14 m, the power required for L-H

transition in a 50:50 D:T plasma is estimated to be PSEPth=63 MW [15] which is 20% less than

that needed in D-plasma.

It is expected that in a burning plasma in ITER, the power crossing the separatrix will be

30 to 50% above the H-mode threshold. At such a level, in a JET discharge with RF heating (see

Fig. 7), the amplitude of ELMs is small and the ITERH97 confinement factor (∼0.9) is adequate

for ignition. Note, however, the plasma β in this discharge is significantly smaller than in ITER.

Crash of such small ELMs have little or no adverse impact on the divertor target.

4.3 Global Energy Confinement and Turbulence

4.3.1. Global Energy Confinement.

With a view to predicting the energy confinement time in burning plasmas more accurately, JET

has carried out dedicated experiments, the so-called ρ*-scaling experiments, in which carefully
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constructed ITER similarity pulses are used to assess ITER relevant ELMy H-mode energy

confinement [54]. Key physics dimensionless parameters such as β, ν* and q are fixed at their

ITER value save the dimensionless Larmor radius ρ*(≡ρ/a) The JET machine is the one closest

to ITER with the smallest ρ*-values within a factor of 5 from that of ITER. This parameter is

varied in JET to determine the ρ*-scaling of confinement and then extrapolated to ITER. After

validation, the data will be included in the world confinement database which will benefit from

the full range of ρ* [48]. Here, with the availability of JET data in D-T plasmas, we emphasize

the effect of the isotopic mass on the energy confinement scaling.

The isotopic mass scaling of the thermal energy confinement has previously been studied

on ASDEX [64], DIII-D [65], JT60-U [66] and JET [67] using hydrogen and deuterium dis-

charges. More recently, TFTR extended the mass scaling in the D-T experiments in a variety of

modes of operation [4]. The mass dependence of the energy confinement time τth ∝ Aα varies in

a wide range (α=0-0.85) depending upon the mode of operation. Theoretically, the gyro-Bohm

turbulence model implies α=-0.2 and for  long wavelength turbulence of the Bohm form, α=0 is

expected.

The JET ELM-free H-mode confinement data in D-T plasmas is found to have a A-0.25

mass dependence [70]. A comparison of this data with ITERH93-P scaling [68] concludes that

its A0.4 dependence is clearly too strong and does not fit the JET D-T data. However, the experi-

mental A-0.25 mass dependence is not far from fitting the A-0.2  dependence of the gyro-Bohm

physics form [69].

We now present the result of a comparison of the ELMy H-mode data which includes H,

D, and D-T discharges heated by NBI and ICRH with the ITERH-EPS97y ELMy H-mode scal-

ing. This scaling derived from an updated database has a weak mass dependence (A0.2) and fits

with the JET data reasonably well as shown in Fig. 16. Refitting the data by using the same form

as ITERH-EPS97y scaling but allowing the

mass and the constant in front to be varied, re-

sults in a  better fit with a slightly weaker mass

dependence of A0.16 [18]. Due to the influence

of isotope mass on H-mode threshold power

and ELM behaviour, it is not always possible

to obtain the same density for the same input

power in all conditions of operation. If we con-

strain the data such that power (within 5%) and

density (within 25%) in H, D, D-T and

T-plasmas are matched, a regression analysis

on this data  presented in [7] shows that, in

fact, the mass dependence is close to zero

(∼A+0.03 ±0.08). A likely reason for the lower
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FIG. 16. Thermal energy confinement time is plotted as
a function of the normalised ITERH-EPS97y scaling for
the JET discharges in D-D, D-T and T-T plasmas heated
by ICRH and NBI as indicated.
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value of  the exponent of A is due to the collinearity between the density and the A dependence.

The operating density for the same input power is progressively lower in deuterium and hydro-

gen plasmas as compared to that in tritium due to higher frequency of ELMs as A increases [19].

To investigate the origin of the weak mass dependence in the global energy confinement

time, we study separately the scaling of the calculated stored energy in the pedestal and that of

the rest of the profile which we term as the ‘core’ plasma. The energy in the core (Wcore) is

obtained by subtracting the energy of the pedestal (Wped) from the total stored energy. The ped-

estal energy (time averaged on steady-state ELMy H-modes) is plotted in Fig. 17 (a) as a func-

tion of ∼Ip
2 ((0.5A Tpedth)

0.5/Ip) ∼ Ip
2=ρi th (see also section 4.4) for  H, D and D-T and T-dis-

charges. Symbols are defined in the figure caption. The scaling in Fig. 17 (a) shows a mass

dependence of  ∼A0.5± 0.2. However, as shown in Fig. 17 (b), the core energy confinement time

has an ∼A-0.17±0.1 dependence, very similar to that expected from the gyro-Bohm transport (∼A-

0.2) model. Note that the observed scaling of the pedestal energy is consistent with a model in

which the edge pressure gradient saturates at the ballooning limit over a region of width that

scales as the ion poloidal Larmor radius (see below). Thus the net effect of the isotopic mass is

negligible in the global energy confinement time [18] as the two effects roughly cancel each

other. Since the ratio of plasma volume to its surface varies as R, one expects that the global

energy confinement scaling becomes increasingly gyro-Bohm in larger tokamaks.
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FIG. 17 (a). Pedestal stored energy (Wped) in JET H-
mode discharges is plotted as a function of  ∼Ip

2 (0.5A
Tpedth)

0.5/Ip) ∼ Ip
2ρith for different isotopic mixtures of H,

D and T. Here, Ip is the plasma current, A is isotopic
mass, Tpedth  is the measured electron pedestal tempera-
ture and ρith is the ion Larmor radius assuming that the
ion temperature is the same as Tpedth. Also, Wped = pped V
where pped is the pressure at the edge pedestal and as-
sumes equal electron and ion contributions, and V is the
plasma volume.
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4.3.2. Turbulence.

Understanding the underlying physics behind the empirical scaling laws of tokamak confine-

ment is important for building confidence in predictions and extrapolation to ITER. As men-

tioned before, there is a growing evidence that different physics is involved in different regions

of the discharge. A leading candidate for ion thermal transport in the core region is the ion

temperature gradient (ITG) driven turbulence. In the ITG model, the ion transport scales like

gyro-Bohm (χ∼ρ*T/B) where ρ* is the normalized (by tokamak minor radius) ion Larmor ra-

dius. Several experiments (DIII-D and TFTR) have shown that the core turbulence in the H-

mode phase is intermittent or burst-like in nature. While we have not been able to identify the

cause of anamolous transport in JET, nevertheless, intermittent turbulence (or increased density

fluctuations) has been seen [71] in many types of JET discharges such as hot-ion ELM-free and

ELMy H-modes and optimized shear discharges. An illustration of bursts of density fluctuations

is shown in Fig. 18 where intensity contours of log spectral intensity are plotted in a frequency-

time plane. The data shown pertains to a 2T/2MA steady-state ELMy H-mode 14:86 D:T dis-

charge heated by 10.5 MW of NBI. These measurements of phase fluctuations (correlated with

density fluctuations) are made by microwave X-mode reflectometer at about R=2.55m deter-

mined by the cut-off density. These bursts in fluctuations appear periodically but their frequency

does not appear to be constant. In the time window shown, the frequency varies from from 120

kHz to 10kHz. The level of background turbulence  is also seen to rise and fall. The product of

the burst duration and its amplitude are found to be roughly constant.

The origin of intermittency in the plasma

turbulence can be intuitively expected from the

following mechanisms [72]. In the ITG model,

the growth rate of the instability rises strongly

above a certain threshold in the ion tempera-

ture gradient and the maximum growth rate γmax

∼ k⊥ρi  ∼1. As the fluctuation level increases,

the dTi/dr decreases and  spectral density is

shifted towards low-k (long wavelength) val-

ues. This, in turn, drives an electric field which
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FIG. 18. A  contour plot of spectral intensity of the
reflectometer phase fluctuations at R∼2.55 m (r/a∼0.5)
in the frequency-time plane for the JET shot #42808.
Note that the intermittent bursts of fluctuations observed
in this shot are not correlated either with ELMs, sawteeth
or rotating MHD modes.

produces a vθ = ExB/B2 drift velocity, the gradient of which produces a stabilizing effect on the

instability and the turbulence would be suppressed. When the dvθ/dr stabilization exceeds the

instability growth rate γmax, the dTi/dr rises and the turbulence starts again. This alternation of

self-stabilization and destabilization produces the effect of intermittance in turbulence. The rep-

etition rate depends upon γmax.
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4.4 Edge Localised Modes and Pedestal Width.

Edge localised modes (ELMs) are MHD-like instabilities which occur during H-modes and

produce bursts of energy and particles that are ejected through the separatrix to the scrape-off

layer and ultimately end up predominantly in the divertor. We have studied the behaviour of

ELMy H-mode discharges heated by NBI and ICRH in terms of edge pressure gradient in H, D,

and D-T plasmas [19]. Assuming that the critical edge electron pressure ∇pe
crit, just before the

crash of an ELM is limited by the ballooning instability, we obtain the scaling expression:  ∇
pe

crit ∝ Ip
2 s [19] where Ip is the plasma current and s is the magnetic shear at the edge. Approxi-

mating ∇pe
crit by pe

crit / ∆, we can write

pe
crit   ∝  Ip

2 s ∆   ∝    Ip s (AE)1/2 (3)

where E is the averaged energy of the ions in the edge and ∆ is the width of the edge transport

barrier which is assumed to be governed by the ion Larmor radius ρi. Edge electron pressures for

a series of shots heated by NBI and ICRH show the NBI experimental data increases somewhat

more strongly than A1/2 whereas the electron pressure for the ICRH data is much smaller and is

practically independent of the isotopic mass [19]. Thus the scaling derived from Eq. 3 does not

represent adequately the observations.

An analysis presented in Ref. 17, discusses the correlation of the transport barrier width ∆
with the edge ion thermal energy or with the energy of the fast-ions residing in the edge. This

scaling represented by Eq. 3 is further evaluated for a number of JET (non additionally fuelled)

discharges in which the safety factor q is held constant but Bφ and Ip are varied in a range of 1.7-

2.9 T and 1.7-2.9 MA respectively. Also, the value of magnetic shear s at the edge is varied

between 2.9 to 4. The peak edge pressure just before the occurrence of  ELMs is then compared

against the pressure estimated theoretically at the ballooning limit using the simplified formula-

tion discussed above. For illustration, we show the two fits for comparison, one with ρLfast and

the other with ρLthermal  in Figs. 19 (a) and 19 (b) respectively. It is seen that the scaling of the

peak edge pressure based on the ion poloidal Larmor radius determined by the fast-ions in the

edge (ρLfast) gives the better fit. However, the pedestal energy (Wped) time averaged over steady

state discharges [18] is better correlated with ρith.  Note that these two (peak and average) edge

quantities are different and need not scale in the same way although, in both cases, the strong

mass scaling ∼A0.5 is the same. Dedicated experiments are planned to identify more directly the

role of fast ions on edge stability.

A comparison of ELMs with ICRH and NBI has been done previously [73]. It is found that

ELMs produced by ICRH have higher frequency and lower amplitude. At a given power input,

the repetition rate and amplitude of ELMs is relatively less steady as compared to NBI but the

energy confinement is about the same in the two cases. It is also found that  power deposited on

divertor tiles per ELM is smaller by a factor 2-5 as compared to beams. In both NBI and ICRH

cases, the ELM frequency decreases with isotope mass and as mentioned above the ELM fre-

quency is higher in the ICRH case by a factor of about 10-12 [19].
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FIG. 19 (a). Experimental data of total (electron and ion) edge pedestal pressure (symbols) is plotted against the
normalized expression (Ip s

 (A<E>fast)
1/2) based on the fast-ion averaged energy in the edge. The data represents the

peak edge pressure before the ELMs. (b). Experimental data of total (electron and ion) edge pedestal pressure
(symbols) is plotted against the normalized expression (Ip s

 (A<E>thermal)
1/2) based on the thermal ion temperature

in the edge. See the caption of Fig. 11.

4.5 Divertor Operation and Density Limits

The density limit in tokamaks fueled with gas puffing and auxiliary heating is often represented

by the empirical Greenwald limit [74] nGW (1020m-3) = Ip(MA)/πa2(m2). For achieving its rated

maximum fusion power (1.5 GW), ITER has to be operated at 10-20% higher density than nGW

in ignited regimes or at ∼ nGW in the driven mode. Thus it is important to understand the under-

lying physics of density limits in tokamaks and find ways to increase the central density without

degrading the confinement.

A routine observation in JET is that at a given input power, increasing the plasma density

in ELMy H-modes by increased gas fuelling leads to a degradation in global particle confine-

ment. At some point, this loss outweighs the

additional gas fuelled particle source and an

effective density saturation is reached [20]

without undergoing a disruption. As the den-

sity limit is approached, the thermal energy

ELMy H-mode confinement time also degrades

as compared to the ITERH97y value. This is

illustrated in Fig. 20, where we provide data

on a comparison of deuterium and tritium gas

puffed discharges heated with 11-12 MW of

NBI power at 2.6T/2.6MA. We note that the

ELMy H-mode thermal energy confinement

time both in deuterium and tritium plasmas

decreases significantly when the plasma den-

sity exceeds 0.75 of the Greenwald (nGW) limit.
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FIG. 20. Thermal energy confinement time normalized
to ITERH-93Py scaling is plotted against plasma den-
sity normalized to Greenwald density limit (nGW) [74] in
JET discharges made in 100:0 and 10:90 D:T gas mix-
tures.
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Both in deuterium and tritium discharges, the maximum density achieved is 0.85nGW. Note that

the degradation in energy confinement with additional gas fuelling is related to the lowering of

the pressure pedestal. At low and moderate gas rates, the confinement degradation is predomi-

nantly at the edge. At higher rates, the region of confinement degradation starts to expand from

the edge to the core [20].

4.6 Trace Tritium Particle Transport.

A knowledge of particle transport properties of a confined plasma is required for the reactor

fueling requirements as well as for the plasma density control and the control of fusion power.

To determine the tritium transport properties, the neutron profile monitor has been absolutely

calibrated to provide line integral neutron yield. A 1 _ -D transport model [75,76] with diffusive

and convective terms as well as a dynamic recycling model which describes the response of the

wall to changes in the isotopic composition is used. The beam-thermal and thermal-thermal

reactivities are also modeled. A least-square fit of parameters of the model to chordal neutron

data together with a knowledge of the error bars on the signal permits the derivation of the

transport coefficients.
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FIG. 21 (a). Profile of particle diffusivity (D) derived
from JET trace tritium  ITER similarity L-mode plasmas
in deuterium at 2T/2MA and 3T/3MA. Normalised to 2T
data, the expected band of values at the centre for Bohm
and gyro-Bohm scalings for 3T are also shown
schematically. The shaded bands represent the uncer-
tainty in central Ti measurements.
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ized to 1T, the expected band of values at the centre for
gyro-Bohm scaling for 2 and 3T are also shown
schematically. The shaded bands represent the uncer-
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Profiles of tritium diffusion coefficient (D) in L-mode and H-mode discharges have been

inferred using the above procedure (see Fig. 21). Tritium was puffed in these deuterium dis-

charges which were similar to the ρ*-scaling discharges discussed above having ITER shape, q,

β and ν*. The discharges used in L-mode were at Bφ/IP of 2T/2MA and 3T/3MA heated with 2

and 3MW of NBI power respectively whereas in H-mode, 1T/1MA, 2T/2MA and 3T/3MA

discharges heated by 5.8, 9.5 and 14 MW of NBI power respectively were used. Bohm and gyro-
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Bohm scalings of D are proportional to Ti/Bφ and Ti
3/2/Bφ

2 respectively where Ti is the ion

temperature. The measured values of D in L-mode discharges is close to 1 m2/s both for 2 and 3T

discharges. Normalizing to the 2T discharge, the expected band of values of D of the 3T dis-

charge based on Bohm and gyro-Bohm scalings are shown in Fig. 21 (a). The uncertainty in Ti

measurements is reflected in the shaded areas shown. The data in L-mode is slightly closer to the

Bohm value, but the uncertainties in the measurement of Ti and D do not allow us to rule out one

or the other. However, in H-mode discharges, the observed strong variation of D with Bφ for r/

a<0.75 indicates a marked gyro-Bohm character in the core region. In this case, normalizing to

the 1T discharge, the expected band of values of D of the 2 and 3T discharges are as shown in

Fig. 21 (b). For the edge region (0.75 < r/a < 0.95), D does not depend on Bφ, and points to

Bohm scaling but again with a large uncertainty. Thus we note that in H-mode, both the energy

and particle diffusivities have a gyro-Bohm character in the core whereas in the edge-region, no

definite conclusions can be reached due to large uncertainties in the measurements.

4.7 ICRH Experiments in D-T Plasmas

Second harmonic heating of tritium (2ωCT) and deuterium minority heating at fundamental cy-

clotron frequency (ωCD) are the two Fast-wave reference heating scenarios for ITER. TFTR has

already observed efficient heating in ICRH D-T experiments performed at 2ωCT in circular limiter

plasmas using a (0,π)-phased 2-strap antenna [21]. JET has repeated similar experiments ex-

tending the operational domain to D-minority heating (ωCD) and to ITER-like configuration [22]

with 0π0π-phasing of the 4-strap ICRH antennae similar to the reference ITER antenna design.

Results of D-minority heating in tritium with the achievement of steady-state Q≈0.22 with ICRH

alone have already been presented in Section 3.2.4. Strong single-pass damping (more than

90%) experiments in JET with hydrogen minority in tritium [77] plasmas are akin to those that

will prevail in ITER.

Second harmonic heating of tritium (2ωCT) experiments were carried out using freshly

reprocessed tritium to minimize the content of He3 in the plasma due to radio-active decay of

tritium so that He3 minority ion absorption is avoided. Experiments in this scheme have been

carried out at a level of 8 MW of ICRH power. Since the damping rate in this scheme increases

with the resonant ion energy, large triton energy tails can be produced for bulk ion heating.

Despite operating at high plasma density (5x1019m-3) the tail energy was still in the electron drag

regime. This regime will change to ion heating in ITER where the power density is much re-

duced. Calculations with PION code show that 70% ion heating fraction can be achieved along

the route to ignition with 50 MW of ICRH power. The power density is kept close to 300kW/m3

by using two resonance layers to broaden the power deposition.

Puffing a small amount (>2%) of He3 (in addition to the He3 present due to radio-active

decay) improves significantly the  energy confinement [78]. In such a case, minority (He3) ion
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absorption dominates (as in (H)-D plasma), sin-

gle pass absorption increases and a significant

He3 tail is produced. By adding He3 to a level

of 5-10 %, the He3-tail energy is lowered be-

low the critical energy to produce strong ion

heating. Time traces of such a discharge are

shown in Fig. 22 where Ti0≈13 keV is achieved

by ICRH alone. He3-minority heats ions more

efficiently than tritons resonating at 2ωCT as

the averaged energy of the He3-tail is smaller.

Central electron and ion temperatures in this

discharge are roughly equal. Also, the

ITERH97 factor is higher, nearly unity in this

case . These results of heating at 2ωCT and those

of He3 minority heating are well simulated by

PION code and give confidence in its predic-

tion for ITER. The experimental results includ-

ing the strong bulk ion heating obtained at JET
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FIG. 22.  Time traces of a He3-minority ICRF heating
of a  45:55 D:T plasma with about 10% of He3 added.
Other parameters  are Bϕ=3.7T, IP=3.3MA, f=37.2MHz,
and ne0=3.2x1019m-3. Central electron and ion tempera-
tures are 12 and 13 keV respectively. The ITERH97-Py
factor is close to unity.

and TFTR constitute a firm experimental basis for the application of ICRH on ITER. Bulk ion

heating predicted by PION for ITER provides more alpha particle heating for a given additional

heating power input and can be an advantage for easier access to the H-mode and for higher Q in

driven modes.

5. FUSION TECHNOLOGY

The technological goal of the JET DTE1 experiments was to demonstrate key reactor relevant

technologies: tritium handling, processing and mixture control, remote maintenance and instal-

lation. Moreover, it was necessary to demonstrate that these operations can be carried out safely

without significant discharges of tritium to the atmosphere and limit the radioactive exposure to

site personnel to well below the prescribed limits.

5.1 Tritium Processing.

With its Active Gas Handling System (AGHS), JET has tested the first large scale plant [24]for

the supply and processing of tritium in a closed cycle which includes an operating tokamak.

This plant collects gas from the torus, removes impurities from hydrogen, isotopically separates

the hydrogen gas into streams of protium, deuterium and tritium. This plant stores the deuterium

and tritium in U-beds for re-use and injects them back to the torus when desired. The isotope

separation makes use of cryo-distillation and gas chromatography. This plant supplied 100g of
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tritium to the NBI boxes and the torus allowing the repeated use of the 20g of tritium brought

on-site. The AGHS operated reliably throughout the DTE1. The total atmospheric discharge of

tritium during DTE1 was less than 2 TBq which compares very well to JET’s authorization for

safe discharges of tritium as oxide of 20 TBq/month and 90 TBq/year.

5.2 Remote Handling.

The JET 1998 programme includes the experi-

mental assessment of a new gas box divertor

(MkIIGB). Activation inside the torus result-

ing from the tritium phase excludes the possi-

bility of man intervention for about 18 months

after DTE1. A replacement of the divertor tar-

get structure by full remote handling techniques

[25] was therefore planned. The establishment

of the procedures as well as the training of the

operators was rehearsed in the In-Vessel Train-

ing Facility. The remote tile exchange was car-

ried out successfully in about 4 months which

removed all 144 MkIIA divertor modules and

replaced them with 192 MkII Gas-box Divertor

modules. Maintenance of a number of in-ves-

sel protection tiles was carried out and some

of the diagnostics systems were also removed

and installed remotely. A photograph of the in-

vessel components and the Gas-box divertor

configuration is shown in Fig. 23 together with

the remote handling manipulation.

FIG. 23.  A photograph of the inside view of the JET
tokamak showing the MkII Gas-box divertor on the floor.
The divertor tiles were installed by the remote handling
tool shown above. Also shown are the ICRH antennae
and the LHCD launcher on the right-hand side of the
picture.

6. DISCUSSION AND CONCLUSIONS

We have presented, in this paper, a review of JET experimental results and the underlying phys-

ics of JET and TFTR D-T tokamak plasmas. In these experiments, the D:T mixture was varied

from 0:100 to 10:95. Operation in tritium rich mixture allowed new regimes to be exploited. A

number of modes of operation have been developed in the TFTR (circular, limiter) and JET

(non-circular divertor) tokamaks. The maximum fusion power output of 16.1 MW was achieved

in JET in the hot-ion H-mode plasmas heated by NBI (22.3 MW) and ICRH (3.1MW) with a

fusion amplification factor Q≈0.62. A steady-state discharge produced a fusion power of 4 MW

and a Q=0.18 for 3.5 s. A clear demonstration of α-particle heating has been made. The need for

good D-T mixture control for high fusion performance was clearly demonstrated. With a view to
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reactor physics issues, emphasis was placed on the study of the dependence of isotope mass on

important quantities such as H-mode threshold power, energy confinement, ELMs, edge pedes-

tal and density limits in tokamak plasmas. To extend the mass range, results of dedicated experi-

ments carried out in hydrogen after the DTE1 campaign have also been presented. Experiments

were carried out in plasmas with plasma geometry and q similar to ITER and special efforts

were made to match the key physics dimensionless parameters such as β and ν* to their ITER

value. The main scaling parameter ρ* was varied to determine the related confinement scaling

and then extrapolate to ITER. The electron and ion temperatures were very close to each other as

expected in a reactor. Results of experiments conducted to validate the ICRH reference sce-

narios in reactor have also been presented.

These results have the following important implications for fusion reactor development:

(i) From experiments in H, D and T-plasmas, a clear reduction in H-mode threshold   power

is seen as the isotope mass is increased. A regression analysis of JET data is consistent

with an inverse mass dependence of threshold power. This result has a favourable conse-

quence of reducing by about 20% the power requirement in ITER (in 50:50 D:T as com-

pared to the D-D operation) to reach the high confinement regime and widens the ITER

route to ignition. Note also, that the above results of power threshold are independent of

heating method.

(ii) JET results show that the global energy confinement is practically independent of isotopic

mass. The confinement in H-mode plasmas is considered to be composed of two parts: (a)

the core which is governed by the physics form of gyro-Bohm transport (∼A-0.2) and (b)

the ELMy edge in which the pedestal energy scales as ∼A0.5± 0.2. This leads to the result

that the net effect of isotope mass on global energy confinement is negligible for the JET

size device. This difference in mass scaling of the core and the edge emphasizes the im-

portance of JET which is less dominated by plasma edge effects than smaller machines.  In

the final analysis, the unfavorable mass dependence, as compared to the earlier ITER

projections, is compensated by the stronger density dependence found in the JET data.

This is confirmed in Fig. 11 where the ITER confinement time required for ignition is in

line with the JET D-T data albeit following different power coefficients of density and

isotope mass than the earlier scaling. Note that this extrapolation assumes that the reactor

could be operated near the Greenwald density limit without a significant degradation of

confinement in contrast to what JET finds using gas fuelling.

(iii) High current, high power near steady-state discharges with q and plasma geometry similar

to ITER in 50:50 D:T plasmas achieved high performance with fusion power output of 4

MW and  a Q≈0.18 in which type I ELMs are maintained throughout the discharge for

more than 3.5 s. This lends strong support to the reactor mode of steady-state operation

with type I ELMs assuming that the problem of  target erosion during type I ELMs can be

resolved satisfactorily by appropriate divertor design. Discharges heated with ICRF alone
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in D-minority scheme produce a steady-state Q≈0.22 at an input power of 6MW where the

neutrons were of non-thermal origin. Note that with ICRH both small ELMs and good

confinement could be maintained simultaneously.

(iv) An extrapolation of the performance of steady-state JET D-T discharges to ITER has been

made based on stored energy achieved and assuming gyro-Bohm or Bohm scaling of the

energy confinement. Using the former scaling, ignition (Q=∞) in ITER with a fusion power

output of 1.05 GW is predicted based on the JET steady-state discharge featuring a βN

=1.7 only. For the same discharge, a Q=7 can be achieved when the pessimistic Bohm

scaling is used.

(v) The observed scaling of the edge pedestal energy (∼A0.5± 0.2) is consistent with a model in

which the edge pressure gradient saturates at the ballooning limit over a region of width

that scales with the ion poloidal Larmor radius. Present results suggest that edge fast ions

could play an important role in the edge stability. Further experiments are planned to

clarify this important aspect for a reactor.

(vi) The tritium transport experiments in H-mode indicate that for r/a < 0.75, the particle diffu-

sivity exhibit gyro-Bohm scaling whereas for 0.75 < r/a < 0.95, it points to the Bohm

scaling with a large uncertainty.

(vii) ICRH reference scenarios for a reactor (tritium second harmonic and deuterium-minority

heating) in D-T plasmas have been successfully tested. A small concentration of He3 added

in the former scheme produced strong bulk ion heating (Ti0 ≈13 keV) due to improved

power localization and lower He3 tail energies. A good agreement is found between PION

code predictions and experimental results.  The present ICRH results obtained on JET

constitute a firm experimental basis for the application of ICRH in a reactor. In particular,

the significant bulk ion heating will facilitate an easier access to the H-mode regime and

could also provide higher Q in the driven mode of a reactor.

The combination of JET features such as large-scale plasma, flexible heating and current-

drive systems, ITER-like divertor configuration with C and Be for plasma-facing components

and operation in D-T plasmas have made JET a unique device for making essential contributions

to the reactor modes of operation. Overall, the JET results obtained in D-T plasmas are a wel-

come news for a reactor. Moreover, the on-site closed-cycle tritium reprocessing plant and re-

mote handling tools at JET have provided  an integrated demonstration of a safe and reliable

operation in reactor-relevant conditions.

Nevertheless, significant work remains to be done to consolidate the physics of burning

plasmas which will guide the future programme of JET. The two high-fusion performance (hot-

ion H-mode and optimised shear) regimes can be further developed to increase the fusion power

production with a view to improving the demonstration of α-particle heating. However, these

presently transient regimes, need also to be developed for long pulse operation. This could be

achieved with measures for controlling the steep gradients in the edge transport barrier. The
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optimised shear scheme is the best candidate for steady-state reactor operation. The internal

transport barrier and its coexistence with an ELMy edge is likely to require active real-time

profile control. The other most important future work for the burning plasma operation includes:

(a) A confinement database to be constructed near operating boundaries with data at or near

the Greenwald density limit, at lower q (∼2.7) and at the ITER values of βN. This will

require systematic use of deep fuelling methods and a substantial increase of the

additional heating power.

(b) A clear understanding of the physics of accessing the H-mode and, in particular, reducing

the uncertainties in the power exponents of plasma parameters appearing in the H-mode

threshold scaling (see Eq. 2) and including additional physics elements which are respon-

sible for the high level of scatter in the database.

(c) A modification of the scaling laws of energy confinement based on the recognition of the

fact that the dominant physics of the plasma core and edge are different.

(d) An extension of the operation of the 2ωCT-heating scheme to reactor-like densities to-

gether with the issues such as the effect of antenna phasing on the heating efficiency and

ELM-resistant antenna-plasma matching techniques for maintaining good coupling dur-

ing strong ELM activity.
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