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ABSTRACT.

In the initial phase of ITER H plasmas will be used in order to avoid activating the machine. The

reference ICRF heating scenarios rely on minority species such as Helium (3He) or deuterium (D).

These schemes’ distinctive feature comes from the presence of the fast magnetosonic wave ion-ion

hybrid resonance/cut-off pair, between the antennas and the minority cyclotron layer. In order to

document these unusual heating schemes, ICRF experiments were carried out recently on JET.

First, the use of 3He ions in H plasmas was investigated with a sequence of discharges in which

5MW of ICRF power was coupled to the plasma and the 3He concentration was varied from below

1% up to 10%. The inverted minority heating regime was observed at low concentrations (up to

~2%). Energetic tails in the 3He distribution were observed with effective temperatures up to 300

keV and central electron temperatures up to 6keV. At around 2%, a sudden transition was reproducibly

observed to the mode conversion regime, in which the ICRF fast wave couples to short wavelength

modes, leading to efficient direct electron heating and central electron temperature up to 8keV. All

these experiments systematically used power modulation techniques to assess the radial profiles of

the wave absorption by the electrons. Secondly, experiments to study the ICRF heating of D minority

ions in H were performed. This heating scheme proved much more difficult since modest quantities

of C6+ impurity, which has the same Z/A ratio than the D minority ions, led us directly into the

mode conversion regime. This effect preventing any absorption by D ions at minority cyclotron

layer, could make the (D)H scenario not suitable for the non-active phase of ITER.

1. INTRODUCTION

It is envisaged that in the initial phase of ITER [1] operations, H plasmas will be used not to

activate the machine during its commissioning stages. The two relevant Ion Cyclotron Resonance

Frequency (ICRF) scenarios foreseen in H plasmas are based on the heating of 3He ions minority,

referred as (3He)H or D ions minority, referred as (D)H. The peculiarity of these so-called inverted

scenarios comes from the fact that the ion minority species have a smaller charge to mass ratio than

the ion majority species, i.e. Zmin/Amin < Zmaj/Amaj. In which case, the Fast Wave (FW) dispersion

relation places the ion-ion hybrid layer Rii (corresponding to the FW resonance at n|| = S), and its

associated cut-off RLcut-off (corresponding to n|| = L ) between the Low Field Side (LFS) ICRF

antenna and the minority ion cyclotron layer. The quantities L and S are defined by Stix [2][3],  n||

= k|| c/ω is the refractive index parallel to the magnetic field, where k|| is the parallel wave number.

Mode Conversion (MC) of the FW to hot plasma waves occurs near Rii when finite temperature

plasma effects are considered. The nature of these short wavelength waves depends on the plasma

[4]. They can be kinetic AlfvÈn waves,Ion Bernstein Waves (IBW) and electromagnetic Ion Cyclotron

Waves (ICW) depending on the relative importance of temperature and poloidal field effects [5][6][7].

Their main characteristic is to damp strongly on electrons by Electron Landau Damping (ELD) due

to a strong up-shift of 
//
k  associated with the presence of a finite poloidal magnetic field [8].

Minority Heating (MH) occurs when the FW energy is absorbed at a minority ion cyclotron

resonance layer RIC. The resonance condition can be written as ω - nωci 
- k|| ν|| = 0, where ω is the

2
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ICRF wave frequency, ωci
 is the minority ion cyclotron frequency, nis the harmonic number and ν||

is the minority ion parallel velocity. The FW absorption by the minority ions results in the formation

of a high-energy population. The background population heating takes place on a rather long time

scale of the fast minority ions collisional slowing-down time. When the energy of the fast minority

ions is above (below) the critical energy Ecrit [2], the heating goes predominantly to electrons (ions).

In standard scenarios with the Zmin/Amin < Zmaj/Amaj, the FW encounters RIC first, the pair Rii/

RL cut-off being located further on the high field side (HFS). MH is the main heating scenario until

the minority concentration reaches a critical value above which the fast wave electric field component

which rotates in the same direction as the minority ions, is significantly reduced at the minority

layer. Consequently as the single-pass minority damping decreases significantly, the FW can be

mode-converted at the ion-ion layer. In JET, optimal concentration for MC regime in D plasmas

with 3He ions was found in the range of 12-20% [9]. In the inverted scenario, above a certain

minority concentration, when the MH regime single-pass is very low, the MC regime is expected to

dominate and has been well documented on other tokamaks[10][11]. Nevertheless, below this level,

it is not clear if and for which minority concentration the FW will be mode–converted or absorbed

by the minority ions. Indeed, even if the Rii/RL cut-off pair is encountered first by the FW, MH

regime can occur if the minority ions have parallel temperature high enough to Doppler broaden

the resonance out of RL cut-off. The set of experiments described in the next sections, were recently

performed on JET and especially designed to study the inverted MH conditions and the transition

to MC regime with 3He or D minority ions in H plasmas [12].

2. ICRF HEATING OF H PLASMAS WITH 3HE MINORITY IONS

2.1 EXPERIMENTAL SET-UP

The experiments were carried out in H plasmas with a magnetic field in the range of 3.3 to 3.6T and

a plasma current of 2MA. Up to 5MW of ICRF power was applied at a frequency of 37MHz using

the four JET A2 ICRF antennas [13] positioning the fundamental 3He cyclotron resonance layer in

the plasma center at around 2.9m. Dipole phasing (0π 0π) of the antennas was used to launch waves

with a symmetric toroidal mode number spectrum (|nΦ| ≈ 27 at the maximum of the antenna power

spectrum); +90º (and –90º) phasings were used to predominantly launch co-current (and counter-

current) wave momentum (with |nΦ| ≈ 13 at the maximum of the antenna power spectrum). In order

to deduce experimentally the electron power deposition profiles, the electron temperature response

to modulation of the ICRF power was performed using Fast Fourier Transform (FFT) and Break-

In-Slope (BIS) analysis [14][15][16].As discussed in the introduction, the minority ions concentration

n3He/ne, is one the critical parameter influencing the FW damping. Hence, its control and evaluation

were crucial for these experiments. As 3He gas is lost through transport, keeping the concentration

at a specific level requires puffing extra 3He gas into the machine during the discharge [9]. A very

efficient way to do so is to use the JET real time central controller in order to link a measurement of

the 3He density to the opening of the gas injection valve. This technique developed in the last few

years [16] has been successful used in the here experiments presented to control 3He concentrations
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as low as 1.8 %. The 3He concentration was estimated from the effective charge of ions, the relative

concentration of the majority and minority ions measured via the respective light in the divertor

and the relative intensity of the impurity lines. It has to be noted that for experiments requiring

n3He/ne < 1%, RTCC was not used and only a carefully chosen puff of 3He was made just before the

ICRF heating phase. Finally, information on the presence of fast ICRF-accelerated ions was obtained

from gamma-ray (γ-ray) spectrometry analysis [17] and low and high-energy neutral particle analysis

(NPA)[18].

2.2 3HE MINORITY HEATING REGIME

To establish the feasibility of 3He MH regime in inverted scenarios a set of discharges was performed

with 3He concentration below 1%. Figure 1 shows an overview of three discharges with n3He/ne <

1% and different phasings of the ICRF waves: dipole, +90o and –90o. Clear signatures of an efficient
3He MH regime were obtained with mainly electron heating. A maximum electron temperature
max

e
T of 6.2keV reached with +90o phasing and PICRF = 5 MW.

The presence of a fast 3He ion population led to an increase of the neutron rate 
NT
R  which in H

plasmas, comes from the nuclear reaction between the Beryllium impurities and 3He ions, i.e.
9Be(3He,n)11C. A much higher neutron rate was obtained for the pulse 63313 (+90o phasing)

indicating higher energy 3He population, compared to the pulses 63312 (dipole phasing) and pulse

63314 (-90o phasing) which have similar ICRF power, 3He concentration and electron density.

The fast 3He ions energy content 
fast

W  was estimated up to 60% higher in the +90o case than in the

-90o and dipole cases. The higher Te, Wfast, RNT obtained with +90o phasing is consistent with the

expected wave induced pinch effect [19][20]. Indeed, the +90∫ phasing asymmetric spectrum leads

to an inward drift of the fast ions turning point, as opposed to the outward drift obtained with  –90o

phasing. More information on the fast 3He ions population was obtained from the γ-rays produced

by the nuclear reaction between 3He ions with energy above 0.9 MeV and 9Be impurity ions and
3He ions with energy above 1.3 MeV and the 12C impurity [17]. The presence of a higher energy
3He tail with +90º phasing was confirmed by the higher γ-ray emissivity (represented on Fig. 2) for

the shots 63313 than for the shots 63312 (dipole phasing) or 63314 (–90º phasing). In the shot

63319, also represented on Fig.2, the 3He concentration was doubled compared to that of the shot

63313. The changes in the γ-ray signals and neutron rate confirm a higher fast ion population but

with a lower temperature tail, as the emissivity and neutron production is only increased by a factor

of 1.7. In this shot, it was estimated that the tail temperature was Ttail ˜ 0.3 ± 0.1MeV.

Transition From Minority Heating To Mode Conversion Regime

When the 3He concentration was increased above 2% a reproducible transition from the MH to

the MC regime was observed. This transition to a different heating regime was seen on different

signals. First, as n3He/ne was increased, the 
e
T  response to the ICRF power modulation gradually

changed, indicating a change in the power deposition. In Fig.3, the Tetime evolution at 3.09m and

the 3He concentration are displayed for pulse 63322 for which the ICRF modulation was applied

throughout the ICRF power flat-top. One can clearly see a dramatic change in Te when n3He/ne
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becomes larger than 2%. In the MH regime, indirect electron heating by fast ions has a delay with

respect to the ICRF power modulation due to the finite slowing-down time of fast ions on the

electrons. By contrast, in the MC regime the electron heating is a direct process by ELD and TTMP.

Indeed, one can see, that with n3He/ne ~ 3%, the Te time response was prompter, consistent with

stronger direct electron heating. In the n3He/ne ~ 0.7% case, the period of the modulation of 0.05 s

compared with an estimated fast 3He slowing down time of about 0.2s prevented us, as expected, to

see any straightforward Te response. A sudden change in the fast 3He ion population was also

observed. The γ-ray emissions, which required 3He ions with energies above 0.9 MeV, is represented

on Fig. 4 for the shots 63319, 63320 and 63324 differing only by their 3He concentration. In discharge

63319, a high signal was collected throughout the pulse as the 3He concentration stayed below

1.8%. In pulse 63320, as n3He/ne increased above 2% at around 6.3s the γ-ray signal began to

decrease rapidly. In shot 63324, almost no signal was collected.

2.3 MODE CONVERSION REGIME

In order to maximise the central electron temperature with n3He/ne ~ 3.5%, Bt was lowered to 3.3T,

positioning  the ion-ion hybrid layer at ~ 2.8 m instead of ~ 3.2 m in the previous set of experiments.

As illustrated on Fig.5, for the dipole phasing case Te up to 8keV was reached. The corresponding

electron power deposition profiles given by the BIS analysis are shown on Fig.6. One has to point

out that due to the Te diagnostic line of sight [21] which is below the plasma center, electron

deposition profiles cannot be obtained between 2.8 and 3.05m. Nevertheless, one can see clearly a

much higher deposition profile in the dipole case with an integrated ICRF power fraction to the

electron up to 87%. This higher electron absorption with a phasing corresponding to a higher k// is

far from obvious. Nevertheless, a first explanation can  be found by looking at the ratio between the

wave phase velocity //
/ kv ω=Φ  and the electron thermal velocity 

eethe
mTv =  as when vφ is of

the order of 
the
v , strong localized electron damping of the mode converted wave is expected. By

assuming a 3keV target temperature plasma, one finds that the dipole case (with k// ~ |nΦ|/Rant and

Rant ~ 4) gives the
vv /Φ  ~ 1.5 as compared with the less favorable +90º case (k// ~ 3.3 m-1) for which

the
vv /Φ ~ 3. Finally, simulations made with the 1D code TOMCAT [22], support this higher electron

power deposition in the dipole case. As illustrated on Table 1, for n3He/ne = 3.5%, the integrated

power going to electrons is systematically higher for the dipole case than for the +90∫ case with a

maximum absorption for Te = 3-5 keV.

2.4 ICRF HEATING OF H PLASMAS WITH D MINORITY IONS

This set of experiments were carried at a magnetic field of 3.9T, a plasma current of 2 MA and a

central electron density of 3 1019 m-3. In order to position the fundamental D cyclotron resonance

in the plasma center (~ 3.1m) a ICRF wave frequency of 29MHz was used.  This frequency being

at the limit of the generator capability, only up to 2.5MW of  ICRF power was applied. The D

concentration obtained and estimated around 1 to 2% arose solely from the “natural” D desorption

from the wall. Surprisingly, no D fast ions were detected, neither by the neutral particle analyzer
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nor the γ-rays emission. No neutrons were produced and the maximum electron temperature obtained

was around  3keV. A BIS analysis performed on several shots revealed, as shown on Fig.7, a rather

peaked electron power deposition with its maximum at 3.5m and a full width at half maximum of

around 30cm. This off-axis electron deposition was explained by the presence in the plasma of 2-

3% of carbon C6+, which has the same cyclotron layer as the minority D ions. As illustrated one

Fig.8, the fast wave propagation is then similar to the one that could be obtained at much higher

equivalent D concentration, directly leading into the mode conversion regime. One has to point out

also the sensitivity of the mode conversion layer position to small change in the C concentration.

Finally, simulations of this heating scenario with the 2D full-wave code CYRANO shown that

from C concentration above 0.5%,  significant MH of D ions can be ruled out.

CONCLUSIONS

Inverted minority scenarios relevant for the non-activated phase in H have been tested at JET. Due

to the Doppler broadening of the 3He cyclotron resonance, 3He minority heating was successfully

achieved for n3He/ne below 2%. When n3He/ne was increased further, the mode conversion regime

dominated. By positioning the conversion layer in the plasma center, electron temperature up to 8

keV was obtained using dipole phasing. D minority heating was also tested. This was not successfull

as the presence of carbon impurity led directly to far off-axis fast wave mode conversion. This

effect, which is expected to take place from C concentration as low as 0.5%, prevented any absorption

by D ions at minority cyclotron layer. As the mode conversion layer position is very sensitive to

any change in the C concentration, the (D)H scenario could be found unusable for the non-active

phase of ITER.
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+90o  Dipole

    Te (keV)     [3He] (%) Pe (%)    P3He (%)      Pe  (%) P3He (%)

3 2 37.9 7.1 11.6 7.6

5 2 36.9 11.8 10.7 15.6

8 2 34.3 19.9 12.7 24.4

3         3.5 36.4 5.7 76.1 2.3

5         3.5 35.8 8 71.6 10.5

8         3.5 33.8 12.5 42.9 44.9

Table 1:
 TOMCAT integrated electron power deposition (double wave transit)
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Figure 1. Overview of three discharges in the minority
heating regime: 63312 (dipole), 63313(+90o) and  63314
(–90o)

Figure 3. Electron temperature response to ICRF power
modulation for (a) n3He/ne ~ 0.7% and (b) n3He/ne ~ 3%

Figure 2. Time evolution of γ-ray emissivity, ICRF and
NBI power and [3He] for pulse 63312 (dipole), 63313
(+90o), 63314 (–90º) with n3He/ne < 1% and  63319 (+90o)
with n3He/ne up to 1.8%

Figure 4. Time evolution of the γ-ray emissivity for three
pulses with different 3He concentration.

(3He)H 3.6T/2MA 37MHz n3He/ne ˜ 0.5%
Pulse No: 63312: dipole
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Figure 7. Typical electron deposition profiles from break-
in slope analysis  obtained in (D)H plasma.

Figure 6. Electron deposition profiles from BIS analysis
for central MC and two different phasing  63383 (+90o),
63384 (dipole).

Figure5. Overview of two discharges in the mode
conversion regime and two different phasings 63383
(+90o),( 63384 dipole).

Figure 8. Cold plasma dispersion diagram in H plasma
with 2% of D and (a) no C, (b) 2% of C
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