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ABSTRACT

Recent experiments in D-T plasmas on the JET and TFTR tokamaks have evaluated a wide

range of ITER relevant ion cyclotron heating scenarios. Absorption of fast waves at the second

harmonic tritium resonance has provided bulk ion heating in TFTR supershots and electron

heating in JET H-mode discharges. Deuterium minority heating has generated 1.7 MW of fusion

power with 6 MW of RF power giving  a record steady state Q-value of 0.22. Strong bulk ion

heating has been achieved with He3 minority heating with central ion temperatures up to 13 keV

being produced in H-modes with a density of 3.6x1019m-3. Hydrogen, deuterium and He3 minor-

ity heating methods have produced plasmas with normalised confinement times greater than or

equal to that required by ITER for ignition. These H-modes are characterized by small ampli-

tude, high frequency ELMs, each of which transports less than 1.5% of the plasma energy con-

tent  to the limiters. The heavy minority scheme of tritium in a deuterium plasma has been

demonstrated both as a heating scheme and a generator of suprathermal neutrons. On TFTR

mode conversion to an ion Bernstein wave has achieved central bulk ion heating in supershots

with target ion temperatures greater than 20 keV.

1. INTRODUCTION.

Extensive experimental campaigns have been completed recently on both the JET and TFTR

tokamaks. A substantial part of these programmes was devoted to assessing the physics and

performance of ion cyclotron resonance heating (ICRH) scenarios in plasmas with up to 95%

tritium fraction. The main emphasis was placed on schemes that are directly relevant to the

ITER experimental reactor[1]. These comprised minority ion heating with hydrogen, deuterium

and He3 isotopes as well as tritium second harmonic ICRH. In addition, new results were ob-

tained on innovative methods such as tritium minority heating on JET and mode conversion ion

heating on TFTR[2]. This paper reviews the most important results with special emphasis on the

implications for ITER. The TFTR experiments reported here were made mainly with combined

ICRH and neutral beam injection (NBI) in circular supershot plasmas with high central ion

temperatures[3 - 9]. The JET results were obtained with ICRH alone in single-null, H-mode

divertor plasmas with ITER-like shape and safety factor as shown in Fig. 1. These experiments

have produced a record steady state fusion Q-value of 0.22 with radiofrequency heating (RF)

alone[10] and have established ICRH as the unique system for heating the core plasma ions on

the route to ignition in a tokamak reactor.

The ICRH system on JET consists of four antennas approximately equally spaced around

the tokamak. Each antenna has four current straps and any phasing required by the experiments

can be applied between these currents. The experiments described in this paper used 0π0π
phasing. The RF plant can couple up to 20 MW to the plasma and has a frequency range of

23 - 56MHz to allow a wide range of heating scenarios to be used[11]. The TFTR ICRH system
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consisted of four two-strap antennas until 1997 and could operate at 43MHz and 64MHz at

power levels of 11MW and 6MW, respectively. In 1997, two antennas were replaced by four-

strap modules for mode conversion experiments at 30 MHz[2].

JET: H-modes with

ITER shape and 3.4<q95<3.9
TFTR: supershot plasmas

except for RF-only
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Figure 1.  Poloidal cross sections of JET and TFTR showing the different plasma configurations used in  the present

experiment.

Both JET and TFTR have performed experiments to assess the second harmonic heating

scheme and the results of these studies are presented in the next section. In section 3 the minor-

ity heating experiments, mainly investigated at JET, are discussed. The mode conversion experi-

ments in which the ion Bernstein wave (IBW) is observed to give ion heating, as well as electron

heating, on TFTR  comprise section 4.

2. HEATING AT THE SECOND HARMONIC TRITIUM RESONANCE.

The best performance of ICRH at the 2ωCT cyclotron resonance in TFTR supershots[3,4,5,7] is

shown in Fig. 2. The toroidal field was 4.2 T which, together with an RF frequency of 43MHz,

placed the 2ωCT resonance in the plasma centre. ICRH power of 5.5 MW was added to 23.5 MW

of NBI and gave a central ion temperature, Tio, of 36 keV compared to 26 keV in a similar

discharge heated only by beams and with the same NBI power (see also Fig. 3). The average
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Figure 2.  Central ion heating with 2ωCT ICRH in a TFTR supershot.

Comparison  with a discharge heated by neutral beams alone  shows a

10 keV increase in Tio due to the RF.
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Figure 3.  Ion and electron temperature profiles at 3.4s for the supershots shown in figure 2 with both NBI and

NBI + ICRH..

density was 4x1019m-3. Some electron heating by the RF was also observed and the central

electron temperature reached 10.5 keV compared with 8 keV in the comparison pulse. The NBI

comprised 60% tritium beam power and the tritium density at the centre of the plasma was about

30% due to a strong deuterium influx from the walls. The discharge contained 2% He3 in order
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to improve the coupling to the fast wave by eliminating eigenmodes. Although the He3 and

second harmonic tritium resonances coincide, the heating was mainly due to absorption by the

tritons since a similar discharge without He3 gave Tio = 34 keV with 4.4 MW of ICRH. In

addition, no strong ion heating was found in deuterium supershots with He3 minority heating[4].

The ion and electron heating rates were determined using modulation of the RF power and

measurements of the ion and electron temperatures responses[3,5]. Typical results with no He3

minority are given in Fig. 4 and show that the power is deposited centrally and that the fraction

flowing to the ions is more than twice that to the electrons. These results agree broadly with the

predictions of the TRANSP and PISCES codes as shown in figure 4.
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Figure 4.  ICRH heating profiles determined by modulation techniques and

comparison of total heating rates with theoretical calculations.
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Figure 5.  TRANPS calculations showing the twofold increase in  the central ion and

electron heating power densities due to the ICRH in the discharge shown in figure 4.
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The ion and electron power densities calculated[5] by the TRANSP code are shown in

Fig. 5. The addition of 4.4 MW of ICRH to 23 MW of NBI more than doubles the power densi-

ties on axis for both ions and electrons with the former being increased by 1 MWm-3. Experi-

ments were also made with increasing NBI power which reduced the direct electron heating as

expected[3, 4, 7].

Further confirmation that the power was absorbed by 2ωCT ICRH is the observation of fast

tritons of at least 600 keV reaching loss detectors in synchronism with modulation of the RF

power[3-5]. The effective temperature of the tail of the triton distribution was measured in RF-

only heated limiter discharges as shown in Fig. 6. As the power level is raised the tail tempera-

ture shows a modest increase but the fast ion density increases substantially due to influx of

particles from the limiter. Also shown in Fig 6 are results from the JET fast neutral particle

analyser[12] which show a similar triton tail energy.
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Figure 6.  Fast tritons observed in TFTR and JET ICRF-only discharges. In the JET case the distribution function

is a summation of three discharges.

The best performance achieved with 2ωCT in JET is shown in Fig. 7 for an RF power of 8

MW and a D:T ratio of 40:60. The discharge was run with a central density, neo = 3.2x1019m-3

and with a plasma current, Ip = 3.3 MA. An H-mode is formed at t = 14.7s as revealed by the

appearance of ELMs on the Dα + Tα trace. The plasma stored energy was 5MJ of which 1MJ is

due to a fast ion component which is produced by the RF acceleration of tritons to high energy.

The confinement time for the thermal component, when normalised to the recent ITER H97-P

scaling law for ELMy H-modes[13], gives an enhancement factor, H97 = 0.7. This value is less

than those achieved with minority heating, 0.85 < H97 < 0.95, partly due to the loss of tritons

with energy above 4 MeV (corresponding to a 20% power loss [14]), and partly because of the

broadening of the heating profile due to the large orbits of these fast tritons. The central electron

and ion temperatures reached 8.9 keV and 5.8 keV, respectively showing the predominance of
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electron heating as expected with such a strong

tail energy. The neutron emission reached

2.5x1016s-1 which is mainly due to thermal D-

T reactions. The predominance of electron heat-

ing has a dramatic effect on the neutron rate

which is a factor of six less than that achieved

with He3 minority heating  where the ion tem-

perature reached 13 keV (see section 3.1) un-

der similar conditions[10, 15]. Additional evi-

dence for strong tails in the 2ωCT discharges is

the detection of toroidal Alfven eigenmodes

(TAE modes) excited by resonance with the

precessional motion of the fast ion trapped ba-

nana orbits[16]. No such eigenmodes are ex-

cited in either the D or He3 minority heating

schemes, both of which had tail temperatures

less than 300 keV. The neutron rates observed

with 2ωCT heating are well described by
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Figure 7.  Plasma parameters for 8 MW of 2ωCT ICRH

in JET. The neutron yield is 15% compared with

He3 minority heating which produces stronger bulk ion

heating.

calculations using the PION code[17] which includes the power absorption and fast ion distribu-

tion in a self-consistent way. The neutron yield is typically 30% from tail-plasma interactions

and 70% thermal in origin. The calculations[14] suggest that 20% of the power is lost through

unconfined tritons of energy greater than 5 MeV for 3.3 MA discharges and neo = 3.2x1019m-3. In

addition the calculated power partition is 10:1 in favour of the electrons. However, note that

2ωCT power densities as low as 300kWm-3, compared with ~ 1 MWm-3 in JET, can be achieved

in ITER with 50MW of RF power which results in mainly ion heating.

Such high tail energies need not arise in ITER and the second harmonic tritium ICRH

scheme will be able to heat ions and electrons equally as shown by the PION calculations in Fig.

8. These results are for an input power of 50 MW and a D:T ratio of 30:70.  The curves shown in

Fig 8 are contours of constant ion heating fraction in the plane of central density (neo) and

electron temperature (Teo). The dashed line shows the direct route to ignition, neo = 1x1020m-3,

Teo = 35 keV[18], from the ohmic target with neo = 3.4x1019m-3 and Teo = 5 keV. Along this route

the ion heating fraction is close to 70%. To achieve this value the power density to the tritons is

kept below 300kWm-3 by means of two resonances to broaden the power deposition as shown in

Fig 9. Note from the insert that the direct electron damping rises strongly with the value of the

parallel wave-vector, k//. In the calculations k// = 3.1 which gives an electron damping fraction of

10% for the parameters shown.
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In summary, the experiments on TFTR and JET have demonstrated efficient heating and

have generated H-modes in divertor plasmas.  The TFTR results, with power densities close to 1

MWm-3, have shown  that  a hot ion target plasma is necessary for ion heating. A similar effect

is seen in JET optimised shear discharges [19] with second harmonic deuterium ICRH. Other-

wise, as in the JET RF-only experiments, electron heating dominates. In present machines there

is some loss of the fast tritons, and when this effect is taken into account the heating and neutron

rates are well predicted by theory. In ITER the power density can be kept sufficiently low to

produce 70% bulk ion heating on the route to ignition without fast ion losses.

3. ICRH WITH MINORITY IONS.

3.1 Deuterium and He3 minority heating.

The results for the (D)T and (He3)DT minority experiments in Ip = 3.7 MA, BT = 3.7 T

discharges are presented in reference 10 and also at this meeting[15] and will be only briefly

summarized in this paper. The principal achievements are shown in table 1. The (D)T ICRH

scenario, with D:T = 9:91, produced 1.7MW of fusion power for 6 MW of RF power by accel-

erating the deuterons to the peak of the D-T fusion cross section (Ed ~ 100keV). The discharge

reached steady state with a Q-value = Efus/(ERF +EOH) = 0.22 for three energy confinement times

(τE ~ 0.8s), the pulse length being limited by neutron economy. The central electron temperature

was 7.2 keV so that the critical energy was 100keV, the same as the deuteron energy. As a

consequence, the deuterons slowed down equally on electrons and ions giving rise to almost
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Table 1.   Summary of the principal results of (D)T and (He3)DT minority ICRH in JET.

Scenario

(D)T

(He3)D–T

Pfusion (MW)

1.7
(Supra-therm)

0.5
(Thermal)

Qst.state

0.22
(0.5 in ITER)

0.05

Tio, Teo

6.6   7.2

13    11

Pi /Pe (PION)

0.8

0.9 – 1.2

H97*

0.90

0.95

1.2 ± 0.25
(Exp)

~1
(PION)

<E>
Ecrit

<0.5%

<1.5%

∆WELM
W

JG98.20/3c

* H97 (τ/τITER H-97Py) = 0.86 gives ignition on ITER

equal ion and electron temperatures. Such bulk ion heating will be a strong asset in achieving

ignition on ITER. Evidence for a deuteron energy close to 100 keV was provided by both neu-

tron spectroscopy and the distribution function measured by the fast neutral particle analyser.

This instrument detects deuterons in the range 200 keV to 1 MeV and recorded a tail tempera-

ture of  about 90 keV. Equality of power flow to electrons and ions was also the case with 6.5%

He3 minority heating. With this scenario the neutron production was entirely due to thermal

reactions giving 0.5 MW of fusion power for a total power input (RF + Ohmic heating) of 10

MW. The normalised confinement times in each case exceeded the ITER ignition requirement (

H97 = 0.86 ). A further requirement for ITER is a limit of 1%[21] on the energy carried to the

limiter by each edge-localized mode (ELM). In the JET experiments the ELMs were high fre-

quency and low amplitude. An upper limit on the energy per ELM can be set by assuming that

all the energy flowing from the core is exhausted by the ELMs. In this case ∆WELM/W = τELM/τE,

where τELM and τE are the ELM period and plasma energy confinement time, respectively.  Typi-

cal values are τELM = 40ms and τE = 0.8s, for the (D)T case giving ∆WELM/W < 0.5%. The ELMs

are less frequent in the He3 case where the upper limit exceeds the ITER value.
Calculations for ITER for the He3 scheme

gives similar results to those for the 2ωCT

scheme as shown in Fig. 10. This figure shows

a case with PRF = 50 MW and a He3 fraction of

2.5% which gives over 70% ion heating. Such

a low He3 level has a negligible impact on the

reactivity. In fact, the reactivity is higher than

in the 2ωCT case since a 50:50 D:T mixture can

be used. A further advantage is that the ratio of

ion damping to direct electron damping, by

transit time magnetic pumping and Landau

damping, is insensitive to k// which gives scope

to choose k// for optimum antenna loading. This

is the most promising ICRH scheme for ITER
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Figure 10.  Contours of constant ion heating fraction

for 50 MW of He3 minority ICRH in ITER. The minority

concentration is 2.5%.
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during the initial heating phase and, if the He3 density is allowed to decrease, will convert auto-

matically to the 2ωCT scheme as the ion pressure increases.

3.2.  Hydrogen Minority Heating.

An example of hydrogen minority heating in an almost pure tritium plasma (D:T = 8:92), which

has the strongest single pass damping of all minority scenarios, is shown in Fig. 11. The plasma

current for this discharge (41759) was 3.2 MA and the toroidal field was 3.4 T. The hydrogen

concentration was 4% and its fundamental  resonance was in the plasma centre; the RF fre-

quency was 52 MHz. A power level of 8 MW produced a central electron temperature of 12 keV

at a density of 2.8x1019m-3. A similar temperature was achieved with the same power using He3

minority in discharge 42754 which is also shown in Fig.11. For the H-minority discharge there

was no measurement of the central ion temperature since the diagnostic neutral beams were

unavailable. However, a value of 7.5 keV can be deduced from the neutron emissivity under the

assumption that the Ti profile is the same as in the He3 case. Thus, the hydrogen minority pre-

dominantly heats the electrons unlike the He3 minority which gives equal power to electrons and

ions to produce Tio = 12.5 keV and Teo = 11keV. The confinement enhancement factor H97 =

0.85 for the (H)DT case is also lower than the (He3)DT case probably due to orbit broadening of

the heating profile in the former case. Similar efficient heating with H minority has been ob-

served in TFTR.

2
1
0

1.0

0.4

0
2
4
6

5
10

0
4

8

0.8

0.8
0.6

16 18 20
Time (s)

22

P
R

F
 (M

W
)

T
eo

 (k
eV

)
D

α 
(V

)
H

97

(H) DT(He3) DT

Pulse No: 41759 (H), Pulse No:42754 (He3)

JG
98

.2
0/

5c

Neutrons (1017/s)

Ti (r/a = 0.35)(keV)

PNBI (diagnostic)

H97 = 0.85

Figure 11.  Hydrogen minority heating in a JET plasma

with D:T = 8:92 giving a central electron temperature

of 12 keV and an ion temperature of 7.5 keV.

11.5 12.0 12.5 13.0 13.5 14.0
Time (s)

5

10

5

5

10

5

10

20

Pulse No. 42677 (NBI), 42676 (NBI + RF)

P (MW)

13MWPfusion (MW)

Te0 (keV)

PRF

PNBI

PNBI+PRF

JG
98

.2
0/

4c

Figure 12.  Sawtooth control with H-minority ICRH in a

3.8 MA hot ion H-mode which produced 13 MW of fu-

sion power. A comparison NBI-only discharge suffered

a large sawtooth crash at t = 12.7s which dimished the

performance..



10

In JET, H-minority ICRH played a vital role in the high performance hot ion H-mode

discharges that led to a record fusion power of 16 MW[22]. The ICRH, at a power level of 3

MW, was used to control the the sawteeth in order to maximize the fusion output. An example is

shown in Fig. 12 where two 3.8MA discharges, one with and one without RF, are compared. The

plasma with 3MW of central H-minority heating had a minor sawtooth at 12.3s compared with

a more serious collapse at 12.7s in the beam-only case. The sawtooth control by the ICRF al-

lowed a superior fusion output of 13 MW with 2 MW less NBI power.

3.3. Tritium minority in deuterium plasmas.

During the programme to remove tritium from the vessel walls the heavy minority scheme of

tritium minority in a deuterium plasma was investigated. In such schemes, cold plasma theory

predicts that a fast wave cut-off occurs between the antenna and the minority resonance.

However, as the ion temperature becomes sufficiently high to allow the Doppler broad-

ened resonance to overlap the cut-off, the fast wave can be absorbed by cyclotron damping

without tunnelling through the cut-off region. For a tritium minority of 5% in the 3.7MA, 3.8T

discharges used in the JET experiment, the critical ion temperature was calculated to be about 2

keV. This value is close to that achieved experimentally; Ti ~ 2.2 keV at the resonance position.

The resonance was 0.36 m on the high field side of the magnetic axis which was the closest

position to the plasma centre since the lowest ICRF frequency is 23 MHz on JET and the highest

toroidal field is 3.8T. The RF plant had never previously been used at this frequency and the

loading was about 0.7Ω requiring high voltage on the antennas and feed lines to achieve signifi-
cant power. As a result, an unsteady 1.7 MW

was delivered to the plasma from two anten-

nas as shown in Fig 13.  At t = 15s deuterium

diagnostic beams were injected to measure the

ion temperature profile. The central value was

Tio = 3 keV and the value at r/a = 0.37 was 2.0

keV in good agreement with the value given

by the X-ray crystal spectrometer. The plasma

density was 3.5x1019m-3.  With the measured

Ti profile the thermal D-T reaction rate is cal-

culated to be 8x1014s-1 which is 5% of the ob-

served rate (1.5x1016s-1) just before the beam

injection. Thus the fusion power is almost en-

tirely generated by suprathermal reactions be-

tween accelerated tritons and the deuterium

majority ions.
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In the context of ITER, tritium minority heating is an excellent scheme for a preliminary

tritium experiment with up to 10% tritium and the hydrogen minority scheme would provide

efficient heating for deuterium plasmas in a pre D-T phase. However, the frequencies required at

The radial profile of the neutrom emis-

sion obtained by tomographic reconstruction

of the neutron camera data at t = 14.9s is shown

in Fig.14. The emmission is from an annulus

of about 0.3 m radius with the maximum in-

tensity corresponding to the calculated posi-

tion of peak power absorption which is close

to the location of the ion-ion hybrid layer. The

reaction rate increases rapidly as the ICRF

power increases as shown in Fig 15. Prelimi-

nary calculations with a Stix model[23] for the

fast triton distribution give a reasonably good

representation of this behaviour which can only

be reproduced if the tritons absorb at least 50%

of the RF power. the formation of energetic

triton tails have also been observed in TFTR

with minority concentration of about 20%[24].
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full field (5.8T) for both hydrogen and tritium minorities, 87 MHz and 29 MHz respectively, are

outside the range, 40 - 70 MHz, of the present design.

4.  D-T MODE CONVERSION EXPERIMENTS IN TFTR

These experiments were carried out in high performance supershots with central ion tempera-

tures in the region of 30 keV[2]. The toroidal magnetic field was 5.1T which together with a

frequency of 30 MHz and a D:T ratio of about 50:50 placed the mode conversion layer close to

the plasma centre. A key feature in these experiments was the replacement of Li7 by Li6 for wall

conditioning. In preliminary experiments during 1996, 0.7% Li7 was found to absorb a substan-

tial fraction of the RF power at its fundamental resonance which lies between the fundamental

deuterium and tritium resonances and is close to the mode conversion layer. The addition of 1

MW of ICRH power to a discharge with 18MW of NBI produced an increase of about 4 keV in

the central ion temperature as shown in Fig. 16. The temperature increase is ready observed as a

modulation in synchronism with the RF power modulation. Note that the Tio modulation de-

creases as the steady value of Tio decreases. These results imply that at high ion temperatures in

excess of 20 keV the ion Bernstein wave produced by the mode conversion is absorbed prima-

rily by cyclotron damping. As Ti is reduced below 20 keV, electron damping of the IBW be-

comes the predominant absorption mechanism. This interpretation is confirmed by calculations

with the FELICE code[2, 25] which predicts strong ion heating for sufficiently hot plasmas as

shown in Fig. 17. For application to ITER this scheme requires the fast wave to be launched

within the spectral range, 10 m-1 < k// < 15 m-1 and a frequency of 36 MHz which is almost inside

the design range.
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5. SUMMARY AND CONCLUSIONS.

The ion cyclotron heating experiments in D-T plasmas in JET and TFTR have established sec-

ond harmonic tritium and several minority scenarios as heating methods for ITER. Deuterium

minority heating has produced the highest steady state fusion Q-value of any heating system.

ICRH is the only system which will produce predominantly central bulk ion heating on the

ITER route to ignition, as has been demonstrated with the D and He3 minority schemes on JET

and with the second harmonic tritium and mode conversion schemes on TFTR. The results for

both neutron production and bulk ion heating are well reproduced by theoretical calculations

using the TRANSP and PISCES codes for TFTR and the PION code for JET. H-modes have

been produced in JET with confinement enhancement values above that required for ignition on

ITER. The low amplitude high frequency ELMs transport a fractional energy content of less

than 1.5% which is close to the limit needed by ITER. Both the JET and TFTR experiments have

raised the tritium minority heating scheme from the level of a scientific curiosity to viable heat-

ing method.
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