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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. In JET, deuterium minority heating has generated
1.7 MW of fusion power with 6 MW of radio frequency power giving a record steady-glate
value of 0.22. Strong bulk ion heating has been achieved withmieority heating with central

ion temperatures up to 13 keV being produced in H-modes with a densitysof 30*° m—3.
Hydrogen, deuterium and Heninority heating methods have produced plasmas with normalized
confinement times greater than or equal to that required by ITER for ignition. These H-modes
are characterized by small-amplitude, high-frequency ELMs, each of which transports less than
1.5% of the plasma energy content 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 Flesotopes as well as tritium second-harmonic ICRH. In addition,
new results were obtained 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 figure 1. These experiments have produced a record steady-state fusion
Q-value of 0.22 with radiofrequency (RF) heating 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 807 phasing. The RF plant can couple up to 22 MW to the plasma and has
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Figure 1. Poloidal cross sections of JET and TFTR showing the different plasma configurations
used in the present experiment.

a frequency range of 23-56 MHz to allow a wide range of heating scenarios to be used
[11]. The TFTR ICRH system consisted of four two-strap antennas until 1997 and could
operate at 43 MHz and 64 MHz at power levels of 11 MW and 6 MW, respectively. In
1997, two antennas were replaced by four-strap modules for mode conversion experiments
at 30 MHz [2].

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 minority heating experiments, mainly investigated at JET, are discussed. The mode
conversion experiments 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 thesg cyclotron resonance in TFTR supershots
[3,4,5,7] is shown in figure 2. The toroidal field was 4.2 T which, together with an

RF frequency of 43 MHz, placed theu@r resonance in the plasma centre. ICRH power of

5.5 MW was added to 23.5 MW of NBI and gave a central ion temperafiyeof 36 keV
compared to 26 keV in a similar discharge heated only by beams and with the same NBI
power (see also figure 3). The average density wad@® m—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%’ Hteorder to improve the coupling to
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Figure 2. Central ion heating with @t ICRH in a TFTR supershot. Comparison with a
discharge heated by neutral beams alone shows a 10 keV incre&gedire to the RF.
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Figure 3. lon and electron temperature profiles at 3.4 s for the supershots shown in figure 2
with both NBI and NBI+ ICRH.

the fast wave by eliminating eigenmodes. Although thé Hied second-harmonic tritium
resonances coincide, the heating was mainly due to absorption by the tritons since a similar
discharge without Hegave Ty = 34 keV with 4.4 MW of ICRH. In addition, no strong
ion heating was found in deuterium supershots witl Bénority 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 He minority are given in figure 4 and show that the power is deposited centrally
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Figure 4. ICRH heating profiles determined by modulation techniques and comparison of total
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Figure 5. TRANSP 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.

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.

The ion and electron power densities calculated [5] by the TRANSP code are shown in
figure 5. The addition of 4.4 MW of ICRH to 23 MW of NBI more than doubles the power
densities on-axis for both ions and electrons with the former being increased by 1 MW m
Experiments were also made with increasing NBI power which reduced the direct electron
heating as expected [3, 4, 7].
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Further confirmation that the power was absorbed by2ICRH 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 figure 6. As the power level
is raised the tail temperature shows a modest increase but the fast ion density increases
substantially due to influx of particles from the limiter. Also shown in figure 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 witbgz in JET is shown in figure 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 = 3.2 x 10 m=2 and with a plasma currenf, = 3.3 MA. An H-mode is formed
atr = 14.7 s as revealed by the appearance of ELMs on thetO0, trace. The plasma
stored energy was 5 MJ of which 1 MJ 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 normalized to the recent ITER H97-P scaling law for ELMy H-modes
[13], gives an enhancement factor, H270.7. This value is less than those achieved with
minority heating, 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 electron heating as expected with such a strong tail energy. The neutron emission
reached 5 x 10*® s~ which is mainly due to thermal DT reactions. The predominance of
electron heating has a dramatic effect on the neutron rate which is a factor of six less than
that achieved with Heminority heating where the ion temperature reached 13 keV (see
section 3.1) under similar conditions [10, 15]. Additional evidence for strong tail formation
in the 2uct discharges is the detection of toroidal Afv eigenmodes (TAE modes) excited
by resonance with the precessional motion of the fast ion trapped banana orbits [16]. No
such eigenmodes are excited in either the D of Henority heating schemes, both of
which had tail temperatures of less than 300 keV. The neutron rates observedweith 2
heating are well described by calculations using the PION code [17] which includes the
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Figure 7. Plasma parameters for 8 MW o2t ICRH in JET. The neutron yield is 15%
compared with H& minority heating which produces stronger bulk ion heating.

power absorption and fast ion distribution in a self-consistent way. The neutron production
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 andeo = 3.2 x 10'° m~2. In addition the calculated power
partition is 10:1 in favour of the electrons. However, note thagRpower densities as

low as 300 kW mr3, compared with~1 MW m~2 in JET, can be achieved in ITER with

50 MW 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 figure 8. These results are for an input power of 50 MW and a D:T ratio of 30:70.
The curves shown in figure 8 are contours of constant ion heating fraction in the plane
of central density{eg) and electron temperaturdsp). The dashed line shows the direct
route to ignition,neg = 1 x 10°° m=23, Ty = 35 keV [18], from the ohmic target with
neo = 3.4 x 10 m=23 and T = 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 300 kKW m
by means of two resonances to broaden the power deposition as shown in figure 9. Note
from the insert that the direct electron damping rises strongly with the value of the parallel
wavevector k. In the calculations;; = 3.1 which gives an electron damping fraction of
10% for the parameters shown.

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 MW m~3, have shown that a hot ion target plasma is necessary for ion heating. A similar



ICRF results in D-T plasmas A93

10

ky=3.1m"?

D:T=30:70

Direct pathi to DDR.-~/
ref case N .-

Nggo (1019/m3)

O) JGO7.208/15¢

o
-
o
-
S
—
®
I
N
n

Teo (keV)

Figure 8. PION calculations for 50 MW of @ct ICRH in ITER. The results are shown as
contours of constant ion heating fraction on the, Teo plane.

180~ 30
9
160~ £20
Q.
Q.
o
g’g 12013 0
£ 2 3 4 5
g 100 Ky (1)
- |
3
@& 80
© 26¢; ICRH
g i Par = SOMW
g 60n ky=3.1 m-1
e Teo = 17keV
40H: Ngo=6Xx 1019 m-3
: P (57MHz) = 15MW
. P (54MHz) = 35MW
20} o) 3
| Res 57 Res 54~ ~._  w= =
ou_1 { [ ] l T S
0 0.2 0.4 0. 0.8 1.0

Figure 9. Heating profiles for the ITER ICRH case in figure 8. Two RF frequencies are used
to broaden the heating profile. The inset shows the sensitivity of direct electron damgipg to

effectis seen in JET optimized shear discharges [19] with second-harmonic deuterium ICRH.
Otherwise, 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.
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3. ICRH with minority ions

3.1. Deuterium and Heminority heating

The results for the (D)T and (H¥DT minority experiments i, =37 MA, By =37T
discharges are presented in [10] and also at this meeting [15], and will only be summarized
briefly in this paper. The principal achievements are shown in table 1. The (D)T ICRH
scenario, with D:T= 9:91, produced 1.7 MW of fusion power for 6 MW of RF power by
accelerating the deuterons to the peak of the D-T fusion cross seétjory (100 keV).

The discharge reached steady state wit@-&alue = Eys/(Err + Eon) = 0.22 for three
energy confinement timesg ~ 0.8 s), the pulse length being limited by neutron economy.
The central electron temperature was 7.2 keV so that the critical energy [20] was 100 keV,
the same as the deuteron energy. As a consequence, the deuterons slowed down equally on
electrons and ions giving rise to almost 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 neutron 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 temperature of about 90 keV. Equality of power flow
to electrons and ions was also the case with 6.5% Himority 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 normalized confinement times

in each case exceeded the ITER ignition requirement (H®7/86). 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 frequency 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 cas@g /W = teLm/1e, Wheretgy

and ¢ are the ELM period and plasma energy confinement time, respectively. Typical
values arerg y = 40 ms andrg = 0.8 s, for the (D)T case givinAWeg /W < 0.5%.

The ELMs are less frequent in the Hease where the upper limit exceeds the ITER
value.

Table 1. Summary of the principal results of (D)T and BBT minority ICRH in JET.

Prusion P/ Pe

Scenario (MW) Ost state To, Teo  (PION)  (E)/Ecrit H972  AWgm/W

D(T) 1.7 0.22 6.6, 7.2 0.8 .2+0.25 0.90 < 0.5%
(Supra-therm) (0.5 in ITER) (Exp)

(HeS)D—T 0.5 0.05 13,11 0.9-1.2-1 0.95 <1.5%
(Thermal) (PION)

8 H97 (r/miTERH-97Py) = 0.86 gives ignition on ITER.

Calculations for ITER for the Hescheme give similar results to those for thecz
scheme as shown in figure 10. This figure shows a case Rth= 50 MW and a Hé
fraction of 2.5% which gives over 70% ion heating. Such a low Heel has a negligible
impact on the reactivity. In fact, the reactivity is higher than in thg2case 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 choogg for optimum antenna loading. This is the most promising
ICRH scheme for ITER during the initial heating phase and, if thé #tnsity is allowed
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to decrease, will convert automatically to theg scheme as the plasma ion pressure
increases.

3.2. Hydrogen minority heating

An example of hydrogen minority heating in an almost pure tritium plasma é8:92),

which has the strongest single-pass damping of all minority scenarios, is shown in figure 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 frequency was 52 MHz. A power level of 8 MW produced a central
electron temperature of 12 keV at a density 08 2 10'° m=3. A similar temperature

was achieved with the same power using® Heinority in discharge 42754 which is also
shown in figure 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 thEt the
profile is the same as in the Blease. Thus, the hydrogen minority predominantly heats the
electrons unlike the Heminority which gives equal power to electrons and ions to produce
Tio = 125 keV andTg = 11 keV. The confinement enhancement factor H90.85 for

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

the heating profile in the former case. Similar efficient heating with H minority has been
observed in TFTR.

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 sawteeth in order to maximize the fusion output. An
example is shown in figure 12 where two 3.8 MA discharges, one with and one without RF,
are compared. The plasma with 3 MW of central H-minority heating had a minor sawtooth at
12.3 s compared with a more serious collapse at 12.7 s in the beam-only case. The sawtooth
control by the ICRF allowed a superior fusion output of 13 MW with 2 MW less NBI power.
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Figure 11. Hydrogen minority heating in a JET plasma with D= 8:92 giving a central
electron temperature of 12 keV and an ion temperature of 7.5 keV.

Pulse No. 42677 (NBI), 42676 (NBI + RF)
L P (MW)

I T TN N - [gp—— Puri+P
\ v Ve v \'/\‘ NBITFRF

20

/

Tep (keV)

T ! 1 | !
1.5 12.0 12.5 13.0 13.5 14.
Time (s)

Figure 12. Sawtooth control with H-minority ICRH in a 3.8 MA hot ion H-mode which
produced 13 MW of fusion power. A comparison NBI-only discharge suffered a large sawtooth
crash att = 12.7 s which diminished the performance.
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3.3. Tritium minority in deuterium plasmas

During the programme to remove tritium from the JET 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-
broadened 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 3.7 MA, 3.8 T 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;
T; ~ 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 3.8 T. The RF plant
had never previously been used at this frequency and the loading was abéuteéxjuiring
high voltage on the antennas and feed lines to achieve significant power. As a result, an
unsteady 1.7 MW was delivered to the plasma from two antennas as shown in figure 13. At
t = 15 s deuterium diagnostic beams were injected to measure the ion temperature profile.
The central value wagjy = 3 keV and the value at/a = 0.37 was 2.0 keV in good
agreement with the value given by the x-ray crystal spectrometer. The plasma density was
3.5 x 10*° m=3. With the measured; profile the thermal D-T reaction rate is calculated
to be 8x 10 s~! which is 5% of the observed rate.Blx 10' s72) just before the beam
injection. Thus the fusion power is almost entirely generated by suprathermal reactions
between accelerated tritons and the deuterium majority ions.
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Figure 13. Suprathermal neutron production with (T)D ICRH.
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The radial profile of the neutron emission obtained by tomographic reconstruction of
the neutron camera data at= 14.9 s is shown in figure 14. The emission is from an
annulus of about 0.3 m radius with the maximum intensity corresponding to the calculated
position 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 figure 15.
Preliminary 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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Figure 14. Tomographic reconstruction of the neutron camera data showing the neutron profile to
be annular in form with a maximum yield close to the radius of the maximum power absorption.

Note the position of the cut-off which lies between the low-field side antenna anédhe
resonance.

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 full field (5.8 T) 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
temperatures in the region of 30 keV [2]. The toroidal magnetic field was 5.1 T 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 Ui by Li® for wall conditioning. In preliminary experiments during 1996,
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Figure 15. Suprathermal neutron emission as a function of ICRF power for the tritium minority
scheme. The dotted curve is a Stix model calculation.
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Figure 16. lon temperature response to 1 MW of modulated mode conversion heating in TFTR.

0.7% Li" was found to absorb a substantial 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

18 MW of NBI produced an increase of about 4 keV in the central ion temperature as shown
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Figure 17. Strong ion heating by moded converted IBW is predicted by FELICE code atthigh

in figure 16. The temperature increase is readily observed as a modulation in synchronism
with the RF power modulation. Note that thiz modulation decreases as the steady value

of Tijp decreases. These results imply that at high ion temperatures in excess of 20 keV the
IBW produced by the mode conversion is absorbed primarily by cyclotron damping@; As

is reduced below 20 keV, electron damping of the IBW becomes 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 figure 17. For
application to ITER this scheme requires the fast wave to be launched within the spectral
range, 10 m* < k; < 15 m! and a frequency of 36 MHz which is almost inside the
design range.

5. Summary and conclusions

The ion cyclotron heating experiments in D-T plasmas in JET and TFTR have established
second-harmonic tritium and several minority scenarios as heating methods for ITER.
Deuterium minority heating has produced the highest steady-state fgsimue 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 Amoliftity
schemes on JET and with the second-harmonic tritum 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 a viable heating method.
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