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ABSTRACT.

We have investigated the effect of different Ion Cyclotron Resonance Frequency (ICRF) heating

schemes, of error field modes, of the plasma shape and edge magnetic shear, and of the ion ∇B-drift

direction on the stability of Alfvén Eigenmodes (AEs). The use of multi-frequency or 2nd harmonic

minority ICRF heating at high plasma density gives rise to a lower fast ion pressure gradient in the

plasma core and to a reduced mode activity in the Alfvén frequency range. Externally excited low-

amplitude error fields lead to a much larger AE instability threshold, which we attribute to a moderate

radial redistribution of the fast ions. The edge plasma shape has a clear stabilising effect on high-n,

radially localised AEs. The damping rate of n=1 Toroidal AEs is a factor three higher when the ion ∇
B-drift is directed towards the divertor. These results represent a useful step towards the extrapolation

of current scenarios to the inclusion of fusion-born alpha particles in ITER, with possible application

for feedback control schemes for the various ITER operating regimes.

1. INTRODUCTION.

Controlling the interaction between fusion-born alpha particles (α’s) and modes in the Alfvén frequency

range is a crucial issue for ITER operation [1,2], as these modes can be driven unstable by the slowing-

down α’s up to amplitudes at which they could cause rapid radial transport of the α’s themselves [3].

Furthermore, interaction between the α’s and modes that affect the topology of the magnetic surfaces,

such as sawteeth, could lead to a fast core-edge radial redistribution of the α’s. The loss of a confinement

can then affect the burn process and possibly cause damage to the first wall. It is therefore very

important to assess the regimes under which such losses can occur.

This topic is studied in JET [4] using direct measurements of the fast ion distribution function fFAST(E,r,t)

and of the modes’ instability threshold, amplitude and damping. The typical operating scenarios involve

ions driven to MeV energies by Ion Cyclotron Resonance Frequency (ICRF) heating, with the most

common one being 1st harmonic ICRF heating of the minority hydrogen population in deuterium

plasmas [5]. In this H(D) minority heating scheme, the fast ion tail can reach a perpendicular temperature

T⊥FAST ≈ 500keV in the plasma core, much larger than the electron and ion temperatures, Te ≈ Ti ≈
10keV. The fast ion energy distribution function is anisotropic, and the ratio between the parallel and

perpendicular fast ion temperature is typically T||FAST/T⊥FAST ≈0.1. The shape of the ICRF power

deposition profile can be used to vary the normalised fast ion pressure βFAST = 2µ0pFAST/B2 (here µ0 is

the vacuum magnetic permeability, pFAST the fast ion pressure and B the plasma magnetic field). The

local peaking of βFAST can be controlled with the phasing of the ICRF antennas and by spreading the

power deposition profile using multi-frequency heating. Thus, despite the anisotropy of their energy

distribution function, these ICRF-driven MeV-energy fast ions provide a good simulation tool for the

fusion-born a’s in ITER.

In this paper we address with a number of different JET examples the important question of the

interplay between the fast ion populations and the fast ion driven modes. Specifically, in the long-

term ITER perspective, we consider possible ways to control and/or prevent, by tailoring the α’s
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radial profile, the radial transport of the α’s from the plasma core to the edge that may be caused by α-

driven modes. The aim of this study is two-fold. First, it is paramount to move from the separate

knowledge of the modes and the fast ion distribution function to self-consistent extrapolations for the

integrated scenarios foreseen for the various ITER operating regimes. Second, the results of this work

can be used to study possible feedback control schemes for the modes and the fast ions.

Fast particle redistribution can be caused either by a global mode occupying the entire plasma

cross-section, or by a sequence of radially localised modes extending from the plasma core to the

edge. Both classes of modes are well represented in JET (and ITER) by Alfvén Eigenmodes (AEs)

[6]. AEs with low toroidal mode number (n) are global modes, whereas high-n AEs are typically

radially localised modes. AEs can be driven unstable in ITER by a strong peaking of the a pressure

gradient, and are regularly observed in JET when the drive for the modes, γDRIVE ∝∇βFAST, exceeds

the sum of all the various damping terms, γDAMP. Hence combining direct measurements of the modes

and of the fast ion distribution function provides the necessary information to study in details the

wave-particle interaction mechanisms [7].

For both low-n and high-n AEs, it is clear that creating a strong energy sink mechanism for the

modes at the plasma edge could in principle be sufficient to prevent significant a losses. For the case

of radially localised modes, it may also be possible to break-up such sequence inside the plasma by

modifying the drive for some of these modes via a local reduction of ∇βFAST. It is also clear that the

radial profile of the fusion-born α’s distribution function will need to be optimised in order to achieve

a high fusion yield and sustain the burn process. Hence, a more subtle question in terms of possible

control schemes is the interaction between the modes and the fuel ions. In this respect, a controlled

radial redistribution of the fuel ions and/or the α’s themselves could also be beneficial to reduce the

peaking of the α pressure gradient and prevent high-amplitude instabilities that may affect the global

plasma transport properties and the α confinement.

The following Sections present different examples of how to affect the AE instability threshold

and fast particle pressure gradient in plasmas with a monotonic safety factor profile q(r). Specifically,

in Sections 2 to 4 we present the results of different experiments where the AE stability is significantly

modified by affecting fFAST (E,r,t), hence γDRIVE. Another tool to affect the AE stability is acting on

γDAMP, and two examples are presented in Sections 5 and 6. In Section 2 we consider the role of multi-

frequency ICRF heating to spread the power deposition profile and locally reduce ∇βFAST. In Section

3 we study the AE stability for 2nd harmonic H(D) ICRF heating as function of the plasma density.

Section 4 discusses the effect of low-amplitude error field modes in causing a local redistribution of

the ICRF-driven MeV energy ions around the q=2 surface. In Section 5 we analyse the effect of the

edge plasma shape and magnetic shear in determining the instability threshold and non-linear behaviour

of Toroidal AEs (TAEs) with intermediate n’s. In Section 6 we consider the dependence of the damping

rate for n=1 TAEs on the ion ∇B-drift direction. Finally, in Section 7 we present our conclusions and

discuss possible application of these JET results to ITER plasmas.
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2. THE ROLE OF MULTI-FREQUENCY 1ST HARMONIC H(D) ICRF HEATING ON

THE AE STABILITY.

The aim of this Section is to assess differences between single-frequency (monochromatic) and multi-

frequency (polychromatic) ICRF operation in JET for similar background plasma parameters, using

magnetic fluctuation measurements and direct measurements of the minority hydrogen energy

distribution function fHFAST (E,t) and the perpendicular tail temperature T⊥HFAST in the plasma core.

The fast ion distribution function and perpendicular temperature are measured in JET using a high

energy Neutral Particle Analyser (NPA) [8-10]. The NPA is of the E||B type, and views the plasma

vertically with its line-of-sight intersecting the plasma midplane at RNPA=3.07m, very close to the

magnetic axis, RMAG~3m. The line-of-sight geometry determines that only ions with υ⊥/υ||≥200 can

be detected by the NPA. There are eight energy channels in the range 0.2≤E(MeV)≤3.5, with common

charge and mass selection, thus only one ion species can be measured at any one time. These fast ions

escape the plasma after having been neutralised in the plasma core via electron recombination and

charge-exchange reactions with background impurity ions and thermal and high-energy neutral atoms,

such as those provided by Neutral Beam Injection (NBI) [11].

Earlier measurements of fHFAST(E) have shown that, for the same level of PICRF, 1st harmonic H(D)

polychromatic heating produces a lower T⊥HFAST than monochromatic heating [12,13]. Moreover, for

polychromatic heating a more peaked electron temperature profile Te(r), and an increase in the central

ion temperature Ti0, or the same Ti0 for a much higher central electron density ne0, were also observed

[14]. These initial results give rise to favourable extrapolations for ITER operation but need to be

further verified in plasma configurations and operating regimes far better matched than those used in

the original studies. Furthermore, polychromatic operation will become more relevant in JET when

the ITER-like antenna becomes operational during 2005, thus increasing the available ICRF power

and providing for more direct ITER extrapolations.

In the case of monochromatic heating, the ICRF power deposition profile is peaked on the magnetic

axis, RABS ≈ 3m ≈ RMAG, and can be well approximated with a gaussian shape with half-width at half-

maximum of the order of the Doppler shift of the resonance [10,12,13], σABS ≈ k||vth||H/ΩH. Here k|| is

the parallel wavenumber, vth||H ≈ (2T||HFAST/mH)1/2 is the parallel thermal velocity of the MeV-energy

hydrogen ions, with T||HFAST ≈ T⊥HFAST/10, and ΩH is the 1st harmonic hydrogen cyclotron angular

frequency, giving σABS ≈ 25cm. Using a similar argument for polychromatic heating, the total power

deposition profile is given by the convolution of those obtained for each individual frequency, all with

different RABS. The width of the power deposition profile can then be approximated by the geometric

mean of the sum of the Doppler width and the position of each RABS:

(1)

giving the value of σABS ≈ 50cm for the cases considered here.

As typical examples of polychromatic and monochromatic heating we consider Pulse No’s: 57296

σABS =        σABS,j + (RABS,j - RMAG)2        ,Σ
j

2
1/2
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and 57298, respectively. Figures 1a and 1b show that the measured T⊥HFAST is slightly higher in Pulse

No: 57298 than in Pulse No:57296, with a very similar time evolution. This difference, although

small, is still significant since it is outside the error bars on the measurements of T⊥HFAST and fHFAST(E)

for these cases. Notice also the slightly higher Te0 in Pulse No: 57298 for t = (7.5÷9)sec, consistent

with the T⊥HFAST measurements. Figure 2 shows the comparison between fHFAST(E) in Pulse No’s:

57296 and 57298 at various time points of interest. The markers and the lines indicate respectively the

measured and fitted log10(fHFAST(E)). The absolute value of fHFAST(E) is approximately 25% higher

in Pulse No: 57296 than in Pulse No: 57298, indicating a larger density ratio nHFAST/ne in the

plasma core for Pulse No: 57296, as shown in Fig.3. We note as well that the relative difference

∆fHFAST(E)/fHFAST(E) is clearly larger at lower energies during the steady-state phase. This further

indicates that polychromatic heating is less effective than monochromatic heating in creating a high-

energy tail in the minority ion distribution function in the plasma core.

The measurement of the mode activity in the Alfvén frequency range confirms this conclusion, as

shown in Figs.4a and 4b. The mode amplitude (|δB|), the toroidal and poloidal (m) mode numbers are

measured with pick-up coils located at the plasma edge using the technique described in [15]. The

mode numbers are obtained with a linear fit of the measured phase difference between adjacent probes

as a function of the probes’ angle in the toroidal (poloidal) direction, ∆phase = constant + n(m) ×
∆angle. To obtain the poloidal mode numbers, the physical position of the pick-up coils, mounted on

the vessel, has to be corrected for the curvature of the poloidal magnetic field lines at the mode radial

location, the so-called thetastar correction of the probe angle [15]. The uncertainty on the calculated

mode numbers comes mainly from the errors on the calibration of the frequency dependence of the

phase response for the various probes. The error on the inferred m’s is larger than that on the n’s, since

it also depends on the accuracy of the equilibrium reconstruction at the mode radial location. We

estimate that for the plasma configurations reported here the error on the m’s is approximately 50%

larger than that on the n’s, typically |∆n/n| ≈ 0.1 and |∆m/m| ≈ 0.15. The position of radially localised

modes can be inferred using three methods [16]: first, from the measured mode numbers by comparison

with the calculated eigenfunction radial structure; second, using the cross-correlation between edge

magnetics and internal (electron cyclotron emission and reflectometry) measurements; and third,

from the measured toroidal rotation profile using the Doppler shift in the frequency of modes with

different n’s.

During the ICRF heating phase, in Pulse No: 57296 we observe a TAE with (dominant at the plasma

edge) poloidal and toroidal mode numbers m/n=8/4 and a m/n=9(8?)/3 Ellipticity-induced AE (EAE)

around 200kHz and 400kHz, respectively. On the other hand, for Pulse No: 57298 no EAEs are

detected and two m/n=9/4 and m/n=11/5 TAEs with significantly higher amplitude (|δB|) are detected

around 200kHz. From their toroidal and poloidal mode numbers, we infer that the TAEs are located

around the q-surface qTAE ≈ (2m+1)/2n ≈ 2 and the EAEs around the qEAE ≈ (m+1)/n ≈ 3 surface,

indicating that they are localised further off-axis. The q-profile is determined using a magnetic

reconstruction of the equilibrium constrained by motional Stark effect and polarimetry measurements.
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These values are confirmed by the position of the sawtooth inversion radius, as deduced from the

electron cyclotron emission measurements of the electron temperature. Thus the presence/absence of

the q=3 EAEs and the lower amplitude of the q=2 TAEs clearly confirms that the fHFAST(E,r) radial

profile is broader and less peaked on-axis for polychromatic than for monochromatic heating.

3. THE ROLE OF 2ND HARMONIC H(D) ICRF HEATING AT HIGH PLASMA DENSITY

ON THE AE STABILITY.

Operation at high density is required to reach the burning plasma regimes in ITER [1,2]. The DT

fusion cross section has a broad peak around ED ≈ ET ≈ 70keV/amu, and the temperature of the bulk

plasma ions has to reach similar values in order to maximise the fusion yield. Therefore, in view of

possible extrapolations of the minority ICRF heating schemes used in JET to the heating of the fuel

ions in ITER, it becomes important to study the stability of fast ion driven AEs as a function of the

plasma density for otherwise similar plasma conditions. To this aim, a series of experiments were

performed using the 2nd harmonic H(D) ICRF heating scheme. The ICRF power PICRF = 5.2MW and

resonance position RABS ≈ 3.07m, the electron temperature profile (with Te0 ≈ 3.5keV) and the shape

of the electron density profile were very well matched between the discharges analysed here, allowing

for a direct comparison of T⊥HFAST as a function of the electron density in the plasma core ne0. As

representative cases for the low and high ne0 scenario in the steady-state conditions achieved during

the PICRF flat-top phase, we consider here Pulse No:57225 (with ne0 ≈ 3×1019m-3) and Pulse No:

57226 (with ne0 ≈ 4×1019m-3), respectively. The volume-averaged density ratio <nH/ne> is larger in

Pulse No: 57225 than in Pulse No: 57226, <nH/ne> ≈ 2% compared to <nH/ne> ≈ 1.3%, due to a

different recycling from the wall. Thus the absolute volume-averaged density of the minority hydrogen

population is very similar for these two discharges, <nH> ≈ 5×1017m-3, which gives rise to a similar

ICRF power-per-particle. Therefore all differences in the AE stability can be associated to the effect

of ne0 on T⊥HFAST and γDAMP.

Figures 5a and 5b show an almost double T⊥HFAST at low plasma density, T⊥HFAST ≈ 200keV in

Pulse No: 57225 compared to T⊥HFAST ≈ 120keV in Pulse No: 57226. The error in the T⊥HFAST

measurements is of the order of |∆T/T| ≈ 15% in Pulse No: 57225 and |∆T/T| ≈ 25% in Pulse No:

57226. The larger |∆T/T| in Pulse No: 57226 is due to a much lower count rate for EH>1MeV. It is also

important to note that for similar background plasma parameters and PICRF, we typically observe a

much higher T⊥HFAST>300keV for 1st harmonic H(D) heating. This result is consistent with the fact

that the efficiency of 2nd harmonic heating depends essentially on the presence of a seed population of

non-thermal ions with Larmor radius of the order of the perpendicular wavelength of the ICRF

wavefield, k⊥ρi→1 [12,13].

Figure 6 shows the comparison between fHFAST(E) in Pulse No’s: 57225 and 57226 at various time

points of interest. The markers and the lines indicate the measured and fitted log10(fHFAST(E)),

respectively. We note that fHFAST(E) is higher in Pulse No: 57225 than in Pulse No: 57226 at all

energies, and that the count rate for energies EH>1MeV is very low, hence causing a larger uncertainty
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in the results. The absolute value of fHFAST(E) is 5÷10% higher in Pulse No: 57225 than in Pulse No:

57226 for energies up to EH=0.765MeV, and more than 50% higher for EH>0.9MeV. This indicates a

larger density ratio nHFAST/ne in the plasma core and a much larger tail energy content for Pulse No:

57225, as shown in Fig.7. The vertical lines indicate the time of two sawteeth in Pulse No: 57225,

which cause a large depletion in fHFAST(E) for E>1.3MeV.

As shown in Fig.8a, during the ICRF heating phase of Pulse No: 57225 we observe m/n=(7-12)/

(5-8) TAEs in the frequency range 120≤f(kHz)≤140 for PICRF>3MW. From the toroidal mode numbers

and the Doppler shift in the frequency of AEs with different n’s, we infer that the modes are located

around r/a ≈ 0.4, and that the toroidal rotation frequency at the mode location is fφROT(r/a ≈ 0.4) ≈
7kHz. Figure 8b shows that in Pulse No:57226 m/n=(8-12)/(6-8) TAEs are excited at a higher power

PICRF>3.6MW at a lower frequency 120≤f(kHz)≤130 due to the higher plasma density. The n=5 mode

(and the n=8 mode to some extent) is very weak (|δB| ≈ 10-6.4T in Pulse No: 57226 compared to |δB|
≈10-5.8T in Pulse No: 57225) and intermittent, almost undetectable in the spectrum, thus indicating a

lower drive at the mode location. The toroidal rotation frequency is fφROT(r/a ≈ 0.4) ≈ 5kHz at the

mode location, lower than in Pulse No: 57225 due to the higher ne0, consistent with a lower βHFAST

[17,18]. These observations, and specifically the lower fast ion count rate in the higher energy channels

of the NPA (EH>1MeV), the weaker n=5 mode and the reduction in the toroidal rotation frequency at

the mode location, clearly confirm the lower T⊥HFAST and βHFAST at higher plasma density for the 2nd

harmonic H(D) ICRF heating scheme.

4. THE ROLE OF ERROR FIELDS ON THE AE STABILITY.

The AE stability can be affected by the onset of other instabilities that modify the AE drive by causing

a redistribution of the fast ions. For the typical JET operating scenarios, two examples of these

observations are the rapid density perturbation associated with pellet injection [19], and the appearance

of a q=1 magnetic island associated with a sawtooth crash [7]. Here we investigate the effect on the

fast particle population, hence the AE drive, of externally induced error fields locking to the q=2

surface and generating a magnetic island. The interest for this kind of experiment stems from the fact

that an ad-hoc radial redistribution of the fast ions could in principle be beneficial in locally reducing

∇βFAST, hence the drive for AEs or Energetic Particle Modes [20]. Such controlled radial redistribution

may prevent these modes to reach high amplitudes, which could lead, in turn, to a very rapid fast ion

transport from the plasma core to the edge that could cause significant fast ion losses in certain scenarios

[21]. In the absence of radially resolved measurements of fFAST(E,t), the onset and the disappearance

of AEs localised at different radial positions can then be used to provide evidence for the fast ion

redistribution [7].

Figure 9a shows the magnetic fluctuation spectrum for a discharge where a q=2 error field was

applied (Pulse No: 59343), and Fig.9b shows the reference case without error field for very similar

plasma parameters (Pulse No: 59344). In both cases, the q=2 and q=3 surfaces are located around (r/

a)q=2 ≈ 0.55 and (r/a)q=3 ≈ 0.7. The in-vessel saddle coils were used during the time interval
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tEF=19÷21.5sec to apply this error field, with maximum current ISC ≈ 3kA. The plasma density is

fairly low, ne0<2x1019m−3, giving rise to a long decay time for this externally induced q=2 island,

τEF>3sec. In both cases we observe EAEs associated with the q=3 surface, although their behaviour is

different. In the presence of the error fields the EAEs are almost continuous at frequencies around

fEAE ≈ 400kHz, whereas without the error fields they are rapidly chirping down, a commonly observed

feature. On the other hand, with the error fields we do not observe TAEs in the frequency range fTAE

≈ 150÷200kHz, as we do without the error fields. This indicates that the drive for these modes has

been removed by the error fields and the induced magnetic island around the q=2 surface, with a

much weaker effect around the q=3 surface. Figures 10a and 10b show the measurement of the mode

amplitude for the n=4 TAE and n=4 EAE observed in these two discharges as function of PICRF.

Without the error fields, the n=4 TAE becomes unstable at PICRF > 3MW, and during the ICRF flat-top

phase reaches the amplitude at the plasma edge |δB|TAE ≈ 1.3x10-5T. The only difference observed for

the n=4 EAE when the error fields are applied is the much higher excitation threshold, PICRF ≈ 1.1MW

without error fields compared to PICRF > 2MW with error fields, thus indicating that a larger drive is

required in this case. During the ICRF flat-top phase, the mode reaches in both cases the amplitude at

the plasma edge |δB|EAE ≈ 1.4×10-5T, very similar to |δB|TAE.

Figure 11 shows the comparison between fHFAST(E) in Pulse No’s: 59343 and 59344 at various

time points of interest. The markers and the lines indicate respectively the measured and fitted

log10(fHFAST(E)). We note that fHFAST(E) is approximately 40% higher without error fields, indicating

a larger nHFAST in the plasma core. The measured T⊥HFAST in the plasma core is approximately 20%

higher in the presence of the error fields due of a lower <nH>, <nH> ≈ 5x1017m-3 in Pulse No: 59343

and <nH> ≈ 9x1017m-3 in Pulse No: 59344. Considering now the Stix’s model [22] to infer the

dependence of T⊥HFAST on nHFAST, we have T⊥HFAST = Te+(ρABS τSD)/3nHFAST, where τABS is the absorbed

power density and τSD the fast ion slowing-down time. Hence we would expect T⊥HFAST to be ~(9/5)

larger in the plasma core for the same PICRF due to the lower <nH> if the presence of the error fields

had no effect on it, whereas we only measure a ~20% increase. This data then indicates a much lower

βFAST in the plasma core, confirming the indication obtained with the measurements of the TAE and

EAE mode amplitude.

5. THE EFFECT OF THE EDGE PLASMA SHAPE AND MAGNETIC SHEAR ON THE

HIGH-N TAE STABILITY

In the previous three sections we have presented different examples of JET experiments where the AE

stability was modified by affecting fFAST(E,r,t), hence γDRIVE. Now we turn our attention to the

complementary line of action, i.e. to possible ways of affecting the AE stability by acting on γDAMP.

The effect of the edge plasma shape and magnetic shear on the damping rate γ/ω of low-n AEs in

discharges with monotonic q-profile has been presented in [23], where it was found that for radially

extended n=1 TAEs γ/ω increases strongly with increasing edge magnetic shear s=(r/q)(dq/dr),

elongation (κ95) and triangularity (δ). Here we consider the role of these parameters on the stability of

∼

∼
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radially localised n=3-10 TAEs excited by resonant NBI ions, with υ||NBI ≈ υA=B/(µ0ρ)1/2 (here ρ is

the plasma mass density). These modes are expected to be more easily destabilised in ITER by the fast

ion populations than low-n TAEs in JET for  similar background plasma parameters, due to the

dependence of the most unstable n’s on the normalised Larmor radius [24].

As representative of the edge shape and magnetic shear in the ITER standard scenarios [2], here

we consider plasmas with a monotonic q-profile, q0 = q(r/a = 0) ≈ 0.8 and q95 = q(r/a = 0.95) ≈ 3.0÷3.2.

Figures 12a and 12b show the comparison between plasmas with low and high edge magnetic shear

(limiter and X-point configuration, respectively). For the X-point scenario, a ramp in the NBI heating

power (PNBI) is used to determine the TAE instability threshold. In JET the NBI ions are injected at a

nominal birth energy Eb = 80keV and Eb = 140keV, and the 1/2 and 1/3 components contribute to

approximately 30% of the total number of NBI ions injected. For similar background plasmas, we

find that one needs approximately 50% more NBI power, PNBI = 8MW compared to PNBI = 5.3MW,

and NBI fast ions with parallel velocity much closer to the resonant velocity, max(υ||NBI) ≈ 0.95υA

compared to max(υ||NBI) ≈ 0.8υA because of a slightly different plasma density profile, to destabilise

TAEs with intermediate n’s in plasmas with high edge magnetic shear than in plasmas with low edge

magnetic shear. The non-linear behaviour of TAEs with intermediate n’s is also modified by the edge

magnetic shear, as shown in Fig.13a for Pulse No: 60897 (high-s), and Fig.13b for Pulse No: 60903

(low-s). Here we consider TAEs, located around (r/a)TAE ≈ 0.6, driven by super-alfvénic NBI ions

with very similar resonant velocity, v||NBI ≈ 1.05vA. In the high-s case we observe almost continuous n

= 4÷7 TAEs at PNBI = 7.2MW, whereas for the low-s case bursting n = 5÷7 TAEs become already

unstable at PNBI = 5.6MW. These results confirm the measurements on the stabilising effect of edge

magnetic shear for low-n TAEs in plasmas with monotonic q-profiles, although this effect appears to

be weaker for radially localised n = 4÷8 TAEs than for radially extended n = 1÷2 TAEs. They also

motivate further experimental work to determine more accurately the scaling of the NBI power threshold

as function of the velocity ratio max(υ||NBI)/υA.

6. THE EFFECT OF THE ION ∇B-DRIFT DIRECTION ON THE DAMPING RATE OF

N=1 TAES

The direction of the ion ∇B-drift is an important parameter in determining the accessibility conditions

for the high-confinement regime known as H-mode [25]. There is clear experimental evidence that

the H-mode regime is obtained at a lower input power level (typically a factor two) when the ion ∇B-

drift is directed towards the divertor than when it is in the opposite direction [26]. However, recent

JET data indicate that the H-mode power threshold is similar for the two ion ∇B-drift directions

across a range of magnetic field B=1.2-3.0T and low electron density at the plasma edge,

ne(edge)<2×1019m-3 [27]. Thus it is important to study the implications of this fundamental choice

for ITER operation on the value of the background plasma damping of low-n TAEs.

Figures 14a and 14b show the main plasma parameters and γ/ω for n = 1 TAEs in two similar

discharges with the ion ∇B-drift directed towards the divertor (named as B+ in the figure, Pulse No:
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52196) and away from the divertor (B-, #59668). The mode frequency, damping rate and amplitude

are obtained for low-n AEs through synchronous detection of the plasma response to a low amplitude

perturbation driven by the saddle coils, typically with ISC≈10A [28]. The low edge magnetic shear

phase of the discharges and similar plasma conditions were chosen, with the plasma kept in L-mode.

However, certain differences in the density and temperature profiles were present due to slightly

different breakdown scenarios. The damping rate of n=1 TAEs with similar frequency and radial

location (defined as the position of the peak |δB|, obtained from synchronous detection of electron

cyclotron emission and reflectometry measurements) is approximately a factor three higher for the

case of ion ∇B-drift directed away from the divertor. To eliminate the possible effect on γ/ω of the

different density and temperature profiles, we have compared various discharges with the ion ∇B-

drift directed towards the divertor and the same q-profile, edge magnetic shear and shape (κ95 and δ),

but with slightly different edge density and temperature profile as in the [B+,B-] comparison reported

here. This analysis has led us to estimate that the underlying differences in the density and temperature

profiles in the discharges considered here could account for a ~30% variation in γ/ω. Therefore, this

data clearly suggests that the favourable ion ∇B-drift direction would correspond to a much lower

instability threshold for low-n TAEs in ITER.

Another interest for the measurements reported here stems from the fact that the ∇B-drift terms are

among the terms that are not present in fluid models, but which can be included in gyro-kinetic

models of the TAE wavefield [29]. Hence the significant difference in the observed damping rate for

different ion ∇B-drift directions could be used to test the prediction of these different classes of

modelling, and motivates further theoretical developments.

CONCLUSIONS AND IMPLICATIONS FOR ITER.

The results presented here clearly point to the need of integrated modelling of the current operating

scenarios for extrapolation to ITER, so as to consider in a self-consistent way the properties of the

bulk plasma and of the fast ion populations. A specific application is the study and development of

operational methods for sustaining the driven burn process through tailoring of the radial profile of

the α’s distribution function and real-time control of the Alfvén mode stability. First, this can be

achieved via scenario optimisation. In this respect, the measurement of the dependence of γ/ω for n=1

TAEs on the ion ∇B-drift direction clearly indicates that fundamental choices on the ITER operating

scenario may have unexpected effects on the AE stability limits and need to be considered in more

depth in the scenario modelling. Second, an obvious method for controlling the AE stability would be

affecting the damping in real-time, for instance via minor modifications of certain plasma parameters,

such as the edge plasma shape and magnetic shear, as shown in Section 5.

The results presented in Sections 2 and 3 show that the use of different ICRF heating schemes has

a clear impact on the AE stability limits in JET through tailoring of the radial profile of fFAST(E,r,t).

Specifically, polychromatic ICRF heating reduces the peaking of βFAST by spreading the power

deposition profile, thus increasing the TAE instability threshold, and at the same time it gives rise to a
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lower TFAST. This effect has, on one hand, clear favourable implications for operation in the start-up

phase of ITER plasmas since the lower TFAST could now approach the critical temperature TCRIT

≈15Te at which the fast ions preferentially heat the bulk (fuel) ions through collisions [22]. On the

other hand, electron heating is reduced, which could have negative implications on current drive

schemes requiring a high Te to achieve a higher efficiency, such as Lower Hybrid waves. Similarly,

the use of 2nd harmonic minority ICRF heating at higher plasma density reduces TFAST, but gives rise

as well to a lower fast ion driven plasma rotation in the plasma core. This effect, in the absence of

direct momentum input from NBI, may in turn have negative implications for the stability of current

and pressure driven modes, such as internal [30] and external [31] kinks and for turbulence control

and transition to high confinement regimes through sheared flow generation [32].

The results presented in Section 4 clearly indicate that a controlled redistribution of the α’s can be

beneficial for the stability of AEs with intermediate mode numbers via a reduction of the peaking of

their pressure profile. Such redistribution can be triggered by resonant wave-particle diffusion in

phase space, or by modes locally affecting the magnetic topology, thus giving rise to scattering of

particles. This mechanism is experimentally simulated in JET during hydrogen minority ICRF heating

by using the internal saddle coils to produce error fields that couple to the q = 2 surface. This scheme

gives rise to significant modifications of the radial profile of fFAST(E,r,t) and reduces ∇βFAST at the

q=2 surface, hence affecting the drive for TAEs with intermediate n’s.

Following up from the measurement of the dependence of the damping rate of low-n TAEs on the

edge shape and magnetic shear, we have measured the PNBI excitation threshold for n = 3÷8 TAEs in

limiter and X-point configuration. We find that it is approximately twice as large in the case of high

edge magnetic shear. Hence the edge shape is a clear tool to control the stability of AEs, both for

radially extended low-n modes and radially localised high-n modes.

Considering now possible applications to ITER, it is important to point out that the use of different

ICRF heating schemes is a rather indirect control tool for the α’s, since the main effect would be on

the fuel ions (deuterium and tritium) and not on the fusion born α’s themselves. In this respect, the

active excitation of modes capable of causing a controlled radial redistribution of the α’s to prevent

excessive peaking of their pressure gradient seems a more promising tool. In the work presented here

we have shown the use of error field modes. Other possible candidates are AEs excited using in-

vessel antennas or ICRF beatwaves at the appropriate resonant frequency. Similarly, the use of the

edge shape to control in real-time the TAE stability has to be considered together with the operational

needs for ITER, which will specify a certain range for the elongation and triangularity at the plasma

edge. A proof-of-principle experiment is now planned in JET, where the real-time measurement of

the damping rate of n = 1 TAEs will be used for feedback control of the current waveform in the

plasma shaping coils.

From the experimental point-of-view, it is clear that to make more detailed and quantitative analysis

of the possible fast ion redistribution caused by wave-particle interaction and mode activity, one

needs radially resolved measurements of fFAST(E,r,t) with ~10 millisecond time resolutions, which are
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lacking at the moment in JET. From the theoretical and modelling point of view, there is now a

considerable wealth of information available on fast ions and mode activity from ITER-relevant

experiments, from which extrapolations to ITER can be made. On the other hand, we lack self-consistent

integrated scenario and transport simulations which explicitly include the detailed behaviour of the

fast ion populations and their interaction with fast ion driven modes. In this respect, detailed comparisons

of the measurements presented here with available theoretical models are foreseen as future work,

with a view to providing suitable extrapolation for ITER.
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Figure 1: (a) NPA measurement of T⊥HFAST for Pulse No:
57296, the case of polychromatic ICRF heating. The four
ICRF generators (RFA, RFB, RFC and RFD) operate at
four different frequencies to spread the power deposition
profile over ∆RABS ≈ 50cm. Here τSD and <nH> are the
fast ion slowing down time and volume average hydrogen
density, respectively.

Figure 1: (b) NPA measurement of T⊥HFAST for Pulse
No:57298, the case of monochromatic ICRF heating. The
four ICRF generators operate at the same frequency to
give a power deposition profile peaked on axis with a
half-width at half-maximum of the order of ∆RABS ≈ 25cm.

Figure 2: Measurement of the minority hydrogen
distribution function for Pulse No’s: 57296 and 57298,
integrated along the line of sight of the high energy NPA.

Figure 3: Relative difference in the measured fHFAST(E)
between Pulse No’s: 57296 and 57298.

0

5

10

3.0

3.2

3.4

1

2

3

200

Exp. Fit f(E)
Error On T

RFA
RFB
RFC
RFD

RFA
RFB
RFC
RFD

PICRF (MW)
<nH/ne> (%)
Te0 (keV)
τSD (sec)

400

600

Pulse No: 57296: Overview of Fast Hydrogen
Measurements

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0

T
⊥

H
FA

S
T

 (k
eV

)
R

A
B

S
 (m

)
P

IC
R

F
 (M

W
)

Time (s)

JG
03

.7
05

-1
a

0

5

10

3.00

3.05

0

1

2

3

300

Exp. Fit f(E)
Error On T

RFA
RFB
RFC
RFD

RFA
RFB
RFC
RFD

PICRF (MW)
<nH/ne> (%)
Te0 (keV)
τSD (sec)

600

Pulse No: 57298: Overview of Fast Hydrogen
Measurements

6.0 6.5 7.0 7.5 8.0 8.5 9.0 9.5 10.0
T

⊥
H

FA
S

T
 (k

eV
)

R
A

B
S

 (m
)

P
IC

R
F

 (M
W

)

Time (s)

JG
03

.7
05

-1
b

12
0.2

Lo
g1

0 
f H

E
A

S
T
 (

E
) 

(M
eV

-
1 s

t-
1 s

-
1 m

-
2 )

Energy (MeV)

JG
03

.7
05

-2
c

13

14

14.0

14.5

14.5

15.0

14.5

15.0

14

15

13

14

15

Pulse No: 57296 (Full Line) /
Pulse No: 57298 (Dotted Line)

t = 9.90s, T(keV) = 67 / 50

t = 9.25s, T(keV) = 299 / 290

t = 8.75s, T(keV) = 438 / 444

t = 7.25s, T(keV) = 399 / 501

(Point = Measured)
(Line = Fitted)

t = 6.25s, T(keV) = 276 / 362

t = 5.75s, T(keV) = 72 / 81
0.4 0.6 0.8 1.0 1.2

-0.3
5

∆f
H

FA
S

T
 / 

f H
FA

S
T

Time (s)

Relative Difference in fHFAST (E),
Pulse No: 57296 - 57298

E(MeV) = 0.2871
E(MeV) = 0.3619
E(MeV) = 0.4554
E(MeV) = 0.561
E(MeV) = 0.6798
E(MeV) = 0.8151
E(MeV) = 0.9526
E(MeV) = 1.1

JG
03

.7
05

-3
c

-0.3

-0.3

0

0.1

0.2

0.3

0.4

6 7 8 9 10

http://figures.jet.efda.org/JG03.705-1a.eps
http://figures.jet.efda.org/JG03.705-1b.eps
http://figures.jet.efda.org/JG03.705-2c.eps
http://figures.jet.efda.org/JG03.705-3c.eps


14

Figure 4: (a) Measurement of the mode activity in the
Alfvén frequency range for Pulse No: 57296, the case of
polychromatic ICRF heating.

Figure 4: (b) Measurement of the mode activity in the
Alfvén frequency range for Pulse No: 57298, the case of
monochromatic ICRF heating.

Figure 5: (a) Measurement of T⊥HFAST for Pulse No: 57225,
the case of a low plasma density, ne0 ≈ 3×1019m-3.

Figure 5: (b) Measurement of T⊥HFAST for Pulse No: 57226,
the case of a high plasma density, ne0 ≈ 4×1019m−3.
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Figure 6: Measurement of the minority hydrogen
distribution function for Pulse No’s: 57225 and 57226,
integrated along the line of sight of the high energy NPA.

Figure 7. Relative difference in the measured fHFAST(E)
between Pulse No’s: 57225 and 57226. The vertical lines
indicate two sawteeth in Pulse No: 57225, causing a
significant reduction in fHFAST(E) at E>1.3MeV.

Figure 8:(a) Measurement of the mode activity in the
Alfvén frequency range for Pulse No: 57225, the case of
lower plasma density, ne0 ≈ 3×1019m-3, and higher fast
ion temperature, T⊥HFAST ≈ 200keV.

Figure 8:(b) Measurement of the mode activity in the
AlfvÈn frequency range for Pulse No: 57226, the case of
higher plasma density, ne0 ≈ 4×1019m-3, and lower fast
ion temperature, T⊥HFAST ≈ 120keV.

10
12

14

0.2

Lo
g1

0 
f H

E
A

S
T
 (

E
) 

(M
eV

-
1 s

t-
1 s

-
1 m

-
2 )

Energy (MeV)

JG
03

.7
05

-6
c

Pulse No: 57225 (Full Line) /
Pulse No: 57226 (Dotted Line)

t = 29.25s, T(keV) = 77 / 39

t = 28.25s, T(keV) = 187 / 99

t = 25.25s, T(keV) = 208 / 113

t = 23.25s, T(keV) = 205 / 113

(Points = Measured)
(Line = Fitted)

t = 21.25s, T(keV) = 205 / 122

t = 19.25s, T(keV) = 124 / 79
0.4 0.6 0.8 1.0 1.2 1.4 1.6

10
12

14

10
12

14

10
12

14

10
12

14

10
12

14

-0.2

∆f
H

FA
S

T
 / 

f H
FA

S
T

Time (s)

Relative Difference in fHFAST (E),
Pulse No: 57225 - 57226

E(MeV) = 0.39
E(MeV) = 0.49
E(MeV) = 0.62
E(MeV) = 0.77
E(MeV) = 0.93
E(MeV) = 1.1
E(MeV) = 1.3
E(MeV) = 1.5

JG
03

.7
05

-7
c

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

18 20 22 24 26 28 30

0
18.5

Fr
eq

ue
nc

y  
(k

H
z)

Time (s)

ne0(1019 m-3)
Te0 (keV)
PICRF (MW)

JG
03

.7
05

-8
a

2

4

6
110

130

150

170

190

19.0

Pulse No: 57225 Low Plasma Density

m/n = (7-12) / (5-8)

Log(|δB(T)|)

19.5 20.0 20.5 21.0 21.5 22.0

-10

-8

-6

0
18.5

Fr
eq

ue
nc

y  
(k

H
z)

Time (s)

ne0(1019 m-3)
Te0 (keV)
PICRF (MW)

JG
03

.7
05

-8
b

2

4

6
110

130

150

170

190 -5

19.0

Pulse No: 57226 High Plasma Density

m/n = (8-12) / (6-8)

Log(|δB(T)|)

19.5 20.0 20.5 21.0 21.5 22.0

-6

-7

-8

-9

-10

http://figures.jet.efda.org/JG03.705-6c.eps
http://figures.jet.efda.org/JG03.705-7c.eps
http://figures.jet.efda.org/JG03.705-8a.eps
http://figures.jet.efda.org/JG03.705-8b.eps


16

Figure 9:(a) Magnetic fluctuation spectrum for a
discharge with externally induced low-amplitude error
fields, which cause the formation of a q=2 magnetic
island. Note the absence of TAEs around 180kHz, and
the presence of qEAE ≈ 3 almost continuos EAEs around
400kHz.

Figure 9:(b) Magnetic fluctuation spectrum for a
discharge without the error fields, as in Fig.9a. Note the
qTAE ≈ 2 TAEs around 180kHz, and the qEAE ≈ 3 chirping
down EAEs around 400kHz.

Figure 10:(a) Measurement of n = 4 TAE mode amplitude
as function of PICRF. No mode is observed with the error
fields, whereas without the error fields, the mode becomes
unstable at PICRF ≈ 3MW, and during the ICRF flat-top
phase reaches the amplitude at the plasma edge |δB|TAE
≈1.3×10-5T.

Figure 10:(b) Measurement of n = 4 EAE mode amplitude
as function of PICRF. The only difference observed when
the error fields are applied is the higher PICRF excitation
threshold, PICRF ≈  1.1MW without the error fields
compared to PICRF ≈ 2MW with the error fields. During
the ICRF flat-top phase, the mode reaches in both cases
the amplitude at the plasma edge |δB|TAE ≈ 1.4×10-5T, very
similar to |δB|TAE (Fig.10a).
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Figure 11: Measurement of the minority hydrogen
distribution function for Pulse No’s: 59343 and 59344,
integrated along the line of sight of the high energy NPA.

Figure 12:(a) Limiter plasma with monotonic q-profile
and low edge magnetic shear: n = 5÷7 TAEs become
unstable at PNBI = 5.3MW, with max(υ||NBI) ≈ 0.8υA.

Figure 12:(b) X-point plasma with monotonic q-profile
and high edge magnetic shear: n = 5÷8 TAEs become
unstable at PNBI = 8MW, with max(υ||NBI) ≈ 0.95υA.
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Figure 14: (b) Measurement of the frequency, damping
rate, mode amplitude and radial position for n=1 TAEs
as function of the ion ∇B-drift direction in plasmas with
low-edge magnetic shear. Here <fTAE> is the volume
averaged TAE frequency.

Figure 13: (a) X-point plasma with monotonic q-profile
and high edge magnetic shear: n = 4÷7 TAEs located
around the q~1.8 surface become unstable at PNBI = 7.6MW,
with max (υ||NBI) ≈ 1.05υA, and are clearly in a quasi steady-
state regime.

Figure 13: (b) Limiter plasma with monotonic q-profile
and low edge magnetic shear: n = 5÷7 TAEs located around
the q~1.65 surface become unstable at PNBI = 5.6MW, with
max ( υ||NBI) ≈ 1.05υA.

Figure 14: (a) Main plasma parameters for Pulse No:
52196 and 52198. Here κ0 and κ95 are the elongation on
axis and at 95% of the radius (similarly for the safety
factor q0 and q95 and the magnetic shear s95).
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