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Abstract. Modelling with the HAGIS code is performed to compute stability of α-particle-driven TAEs and 

redistribution of α-particles in the 15 MA baseline ITER scenario. For this modelling, 129 TAEs with n’s from 

1 to 35 were computed with the MISHKA code, and their damping was assessed with the CASTOR-K code. 

The self-consistent evolution of TAEs and α-particles results in TAE saturation amplitudes dBr/B0=3×10
-4

, with 

stochastic transport of α-particles localized in a narrow core region, and with α-particle redistribution 

beyond r/a=0.5 being minimal. Whilst these results are positive, their sensitivity to the sawtooth model used 

raises the issue of the hierarchy of various α-particle-driven Alfvén Eigenmodes (AEs) throughout the 

sawtooth cycle as well as the issue of re-distribution of α-particles by the sawtooth itself. Experiments on 

fusion products performed in JET sawtoothing plasmas give an indication of how AEs could vary throughout 

the sawtooth cycle in ITER. In these JET experiments, TAEs, EAEs, NAEs, and Alfvén Cascades were 

observed throughout the sawtooth cycle. Most often, core-localized TAEs inside the q=1 radius precede a 

sawtooth crash and cause a gradually increasing fast ion re-distribution/ losses seen in 2D -camera and 

scintillator. The sawtooth crash itself causes a strong short burst of lost fast ions followed by EAEs outside the 

q=1 radius, with EAE-induced losses. An inverse correlation between sawtooth crash times and sawtooth 

periods, crash (saw)
-

, 1≤ ≤2, is found using ECE diagnostics with ≤10 µs time resolution, facilitating the 

development of a model for sawtooth re-distribution of α-particles. In the field of energetic particle 

instabilities driven by velocity gradients, two recent developments are reported: i) a study of EAEs with n =0 

observed in JET discharges, and ii) a study of compressional AEs (CAEs) in plasmas with mixed hydrogen 

isotopes. In the second case, deuterium-hydrogen plasmas with NBI-driven CAEs were obtained on MAST. A 

strong suppression effect of the D-H mixture was observed on CAEs in the ion-ion hybrid frequency range, 

BD< < BH; a similar effect may be expected in D-T plasmas.  

1. Introduction 

Good confinement of fusion-born α-particles is essential for the success of ITER [1]. Possible 

resonant interaction of super-Alfvénic α-particles with weakly-damped Alfvén Eigenmodes 

(AEs) could affect strongly the confinement of α-particles if AEs are i) linearly unstable and 

ii) their saturation amplitudes are higher than the stochasticity threshold for α-particle orbits. 
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Also, if sawtooth oscillations take place in ITER, sawtooth-induced redistribution of α-

particles may strongly affect the burning plasma performance. This paper presents recent 

modeling of α-driven TAEs in the ITER baseline scenario, studies of fast particle effects in 

sawtoothing JET plasmas, and of CAE excitation in MAST with two hydrogenic ion species.  

2. Modelling of Alfvén Eigenmodes in the ITER Baseline Scenario 

Modelling with the HAGIS code is performed to compute linear stability of α-particle-

driven Toroidal Alfvén Eigenmodes (TAEs) and nonlinear TAE-induced redistribution of α
-particles in the 15 MA baseline ITER scenario aiming at Q=10 [1-3]. For this modelling, a 

set of 129 TAEs with toroidal mode numbers in the range n=1,…,35 was computed with the 

MISHKA code, and damping effects of the TAEs were assessed with the CASTOR-K code 

[2, 3]. The TAE growth rate has a maximum at around n ≈ 30, and all TAEs computed could 

be divided into three distinctive groups: i) global TAEs consisting of many coupled poloidal 

harmonics and extended radially, ii) low-shear TAEs with frequencies at the bottom of the 

TAE-gap and consisting of two dominant harmonics with the same poloidal phase (even 

parity TAEs), and iii) low-shear TAEs with frequencies at the top of TAE-gap and consisting 

of two dominant harmonics with opposite poloidal phase (odd parity TAEs). Figure 1 shows 

the computed linear growth rates of all the modes. The even parity TAEs have the highest 

growth rates, but cannot cause any significant radial transport of α-particles as their radial 

mode widths are very narrow. On the other hand, global TAEs are radially extended, but have 

much lower growth rates. As a result of the self-consistent simultaneous interaction of all 

these different TAEs with α-particles in the ITER baseline scenario, TAE saturation 

amplitudes of dBr/B0 = 3×10
-4

 are found. For these amplitudes, stochastic transport of α-

particles occurs in a narrow region containing core-localized TAEs, but α-particle loss and 

redistribution beyond r/a ≈0.5 are minimal. It was estimated in [3] that significant 

stochasticity of α-particle orbits would only occur if the TAE amplitudes saturated at a level 

≥1.5×10
-2

, which is well above the level found in the simulation (dBr/B0 = 3×10
-4

). This 

factor ≥50 gives significant confidence in predicting that TAEs will not be important α-

particle losses in the ITER baseline scenario.  

 

FIG.1 Normalized growth rates of TAEs driven by α-particles (empty markers) and NBI-

produced D ions (solid markers). Global TAEs are marked with circles, even parity TAEs –

with stars, and odd parity TAEs – with triangles. Green circles are stable TAEs.    

In addition to α-particles, a population of deuterium (D) ions with energy up to ≈1 MeV 

produced by negative NBI in ITER was assessed with respect to TAE instability. Figure 1 

shows that the normalized growth rates of TAEs caused by NBI-produced ions are about an 
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order of magnitude smaller than those due to α-particles. These low growth rates are 

attributed to the use of off-axis geometry and power deposition profiles of NBI, in contrast to 

the centrally peaked α-particle profile [1].          

Whilst these results are positive, their sensitivity [2] to low magnetic shear predicted by the 

sawtooth model raises the issue of whether the results are valid throughout the whole 

sawtooth cycle with a time-evolving q-profile.  

3. Evolution of Alfvén Eigenmodes and fast ion losses during sawtooth cycle in JET 

Experiments on fusion products performed on JET [4,5] have demonstrated that the evolution 

of fast ions and AEs in sawtoothing plasmas can be quite complex, especially if the effect of 

fast ion stabilization becomes important for sawtooth. Figure 2(a) shows time traces of the 

main JET parameters in a typical discharge #86762 (B0=2.24 T, IP=2.2 MA), where a monster 

sawtooth with a long period was caused by stabilization due to ICRH-accelerated ions. The 

sawtooth crash, which occurred at t=11.08 s, featured a very large, ≈50%, drop in the on-axis 

electron temperature, and very significant AE activity was observed before and after the 

crash. Namely, ≈ 0.3 s before the crash, TAEs localized inside the q=1 radius with toroidal 

mode numbers decreasing from n=9 to n=5 (so-called “tornado” modes) were detected, 

Fig.2(b). Fast D ions produced by combined ICRH and NBI heating were driving these 

TAEs, and the sequence of toroidal mode numbers was determined by the slow decrease of 

q(0) passing through the TAE-relevant rational values. As shown in [6,7], an investigation of 

sawtooth stabilization by fast ions and re-distribution of such ions by high-frequency tornado 

modes, the tornado modes provoke crashes of sawteeth when they expel fast ions stabilizing 

the sawteeth from inside the q=1 surface to the region outside this surface. Such effects are 

rather well established for JET experiments, but remain to be investigated for ITER where 

stabilizing α-particle effects on sawteeth could play an important role.   

In the JET discharge considered, the TAE activity stopped when the sawtooth crash expelled 

fast ions from the plasma centre to the plasma edge, detected using a scintillator probe (SP) 

[8] just outside the JET plasma. In contrast to losses gradually increasing during tornado 

mode activity, sawtooth crashes produce massive re-distribution of fast ions on a time scale 

of tens of µs. Because of the short time scale, both the diagnosis and the interpretation of fast 

ion re-distribution due to sawtooth crashes were difficult on JET. A recently improved ECE 

diagnostic with high time resolution, ≤10 µs, has made it possible to investigate sawtooth 

crashes in greater detail, see next Section.        

Finally, Elliptical AEs were excited after the sawtooth crash in the JET discharge considered. 

These EAEs were not present before the crash, and they have both positive and negative 

toroidal mode numbers, including n=0 as Fig.2(c) shows. This implies that the EAEs are 

driven by free energy associated with velocity gradients in the fast ion distribution function, 

rather than its radial gradient, and that this bump-on-tail distribution emerged at the position 

of the EAE after the sawtooth crash only.  

The n=0 EAE was computed with the MISHKA code as a mode with coupled poloidal 

harmonics m=±1 localized close to the plasma edge, r/a ≈0.8. The possibility of a bump-on-

tail distribution resulting from expulsion of fast ions with large orbits during sawtooth 

crashes, as well as the possible use of n=0 EAEs for Alfvén spectroscopy of sawteeth [9] and 

for diagnosing fast ions in a similar way to the ICE approach [10], is under investigation and 

will be reported elsewhere.  
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FIG.2(a) From top to 

bottom: Rate of DD fusion; 

Power of NBI and ICRH; Te 

measured with ECE; and 

ne(0) in discharge #86762. 

FIG.2(b) TAEs inside the 

q=1 radius (tornado modes) 

with n=5-9 precede monster 

sawtooth crash at t=11.08 s. 

FIG.2(c) EAEs with n=-

3,..,+8 excited ≈0.1 s after 

sawtooth crash. No TAEs are 

seen at that time.   

A recently improved SP, which provides the best way of measuring fast ion losses in JET [8] 

can be used to measure the temporal evolution of fast ion losses in 16 specific bins with 

certain ranges of gyro-radius and pitch-angle. An example of such measurements throughout 

a sawtooth cycle is shown in Figure 3 for a JET experiment on three-ion ICRH involving 
3
He 

as a minority species [11]. Figures 3(a),(b) show the temporal evolution of fast ion losses 

during TAE (tornado) mode activity, a sawtooth crash, and EAEs. Losses induced by EAEs 

comparable to losses due to the sawtooth are observed, caused by the proximity of EAEs to 

the plasma edge and SP.   

  

FIG.3(a) Power wave-forms of 

ICRH; Te measured with multi-

channel ECE; and ne(0) in JET 

discharge #91304. 

FIG.3(b) The scintillator plate measuring losses as 

function of gyro-radius and pitch shown with  

green grid (right); temporal evolution of losses to 

the bins covering pitch-angles of ICRH ions (left) in 

discharge #91304.    

4. Investigation of Sawtooth Crash Times in JET Sawtooth Control Experiments   

The theory presented in [12] on the redistribution of fast ions due to sawtooth crashes implies 

that the most affected trapped fast ions are those whose toroidal precession time, Dh, is 

comparable to the sawtooth crash time, crash: 
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 crash ≈ Dh = 2π/Dh  1/Eh,       (1) 

where Dh is the toroidal precession frequency of trapped fast ions, and Eh is fast ion energy. 

A statistically meaningful investigation of sawtooth crash times in the range of tens of µs 

recently became possible on JET through the use of multi-channel ECE diagnostics with time 

resolution ≤10 µs. Validation of the theory [12] and the development of a sawtooth 

redistribution model for fast ions with two essential parameters, Dh/ crash and SD/ saw, are 

the aims of this study. Here, SD is the slowing-down time of the fast ions, which determines 

time scale for establishing a steady-state distribution, and saw is sawtooth period determined 

by the combination of transport, MHD, and fast ion stabilization effects. Measurements of 

fast ion re-distribution in the plasma core could be performed with neutron and -diagnostics, 

while losses could be measured with SP and Faraday cups [8]. For typical values of plasma 

current only fast ions with very high energy (in the MeV range) had orbits large enough to 

reach the plasma edge and the SP detector. The detection of fast ion losses with lower energy 

usually implies that the lost orbits originated from radii close to the plasma edge. The 

interpretation of such losses with the model proposed in [12] may require investigation of 

crash as a function of radius, with ECE channels close to the relevant region.       

For a data-set representing a variety of crash times, JET experimental data on sawtooth 

control [13] was considered. The aim of this experiment was to control sawtooth period and 

sawtooth crash amplitude with ICRH, in order to avoid the triggering of neoclassical tearing 

modes (NTMs). By considering sawteeth of different periods saw, an important correlation 

was found between crash and saw shown in Figure 4. It was found, that longer period sawteeth 

not only have larger crash amplitude, but also their crash time is shorter, with the following 

relation for the discharges considered: 

 crash  1/(saw)

, where =1-2.  

 

FIG.4 Statistical analysis of correlation between sawtooth crash times, crash , and sawtooth 

periods, saw , for several types of JET sawteeth. Red line corresponds to =2, blue – to =1.   

Combining (1) and (2), one concludes that by controlling sawtooth period we can control to 

some extent the energy range of fast ions most significantly re-distributed by sawteeth. 

Taking into account the very high level of expertise in controlling sawtooth periods with 

ICRH and ECRH, this finding could become an interesting new development in the long-

standing problem of fast ion re-distribution by sawteeth.  
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5. Compressional Alfvén Eigenmodes in D-H Plasmas on MAST 

In the area of instabilities driven by velocity gradients of fast ions, in addition to the n=0 

EAE, a study of CAEs was performed on MAST with deuterium-hydrogen mixtures and 

deuterium NBI. Due to the combination of low values of equilibrium magnetic fields, down 

to ≈ 0.3 T, and rather high plasma densities, ne(0)≈ (2-4)×10
19

 m
-3

 achievable on MAST, both 

the Alfvén velocity and the ion cyclotron frequency in this machine are relatively low. This 

allows an extended investigation of i) Alfvénic instabilities (TAE, EAE, chirping modes), 

since even NBI-produced ions are super-Alfvénic, and ii) ion cyclotron instabilities driven by 

NBI-produced ions, since MAST magnetic coils are digitized up to 10 MHz sampling rate.  

An in-depth investigation of CAEs driven by NBI on MAST has been carried out [14]. It is 

necessary, however, to investigate the excitation of such modes in plasmas consisting of two 

ion species with unequal cyclotron frequencies, in order to extrapolate the results towards 

deuterium-tritium (D-T) plasmas. The ion-ion hybrid frequency range is of particular 

importance as CAE damping and evolution in this frequency range are rather hard to predict. 

MAST discharges were performed with deuterium-hydrogen mixture varied from nH/nD=0   

to nH/nD >2.57 by increasing hydrogen puff duration [15]. The concentration of hydrogen was 

measured with Dα/Hα spectroscopy at the plasma edge, while a neutron camera was used to 

measure depletion in the DD neutron rate to assess the H concentration in the plasma core 

[16]. In order to measure the entire frequency range relevant to the cyclotron instabilities (up 

to the hydrogen cyclotron frequency) with magnetic coils allowing measurements up to the 

Nyquist frequency of 5 MHz, magnetic fields of ≈ 0.3 – 0.38 T were used in MAST 

discharges at plasma current ≈600 kA. The on-axis values of plasma density and temperature 

at the time of CAE excitation were ne(0) ≈ 2×10
19 

m
-3

 and Te(0)≈800 eV. Plasma heating was 

provided by a single 2 MW NBI source with primary energy of 70-74 keV. Figure 5 shows 

CAEs excited in plasmas with increasing hydrogen concentration. The on-axis value of the D 

cyclotron frequency is about 2 MHz. It can be seen that NBI excites CAEs in a frequency 

range from ≈0.7 MHz to ≈3.5 MHz in a pure deuterium plasma on MAST, Fig.5(a). The 

amplitude of CAEs decreases and the frequency range shrinks significantly when significant 

amounts of hydrogen, nH/nD ≈0.3, are added to the plasma, Fig.5(b). CAEs are not excited at 

all in this frequency range when the hydrogen concentration becomes dominant, nH/nD ≈2.6, 

Fig.5(c). It is interesting to note, however, that CAEs of very high frequency, ≈4.3 MHz 

corresponding to the hydrogen cyclotron frequency, were observed in Fig.5(c) (investigated 

in more detail in [15]). Thus we conclude that CAE instability in the ion-ion hybrid frequency 

range is significantly suppressed, presumably due to increased mode damping, when 

concentrations of the ion species become comparable.        

   

Fig.5(a) Magnetic 

spectrogram showing CAE 

excitation in pure D plasma 

on MAST, pulse #30457 

Fig.5(b) Magnetic 

spectrogram showing CAE 

excitation in plasma with 

nH/nD ≈0.3, pulse #30463 

Fig.5(c) Magnetic 

spectrogram showing CAE 

excitation in plasma with 

nH/nD ≈2.6, pulse #30471 



7  EX/P6-8 

6. Summary and Conclusions 

The ITER baseline scenario with 15 MA current aiming at Q=10 burning plasma, has been 

investigated for TAE instability and the possible effects of such modes on fusion-born alpha-

particles and NBI ions in the MeV energy range. The spectral MISHKA code was used to 

identify possible TAEs in the ITER baseline equilibrium, and 129 modes were computed with 

n = 1,.., 35 of three different types: global TAEs, core localized TAEs of even parity, and 

core-localized TAEs of odd parity. Linear damping rates of all modes were assessed with the 

CASTOR-K model, and linear growth rates were computed with the HAGIS and CASTOR-K 

codes. It was found that core-localized TAEs have the highest net growth rates, but could 

only cause enhanced transport of α-particles within a rather narrow region, due to the small 

radial width of the modes. Global TAEs do have extended radial width, but their growth rates 

are found to be much lower than those of core-localized TAEs. As a result of self-consistent 

nonlinear HAGIS modeling with all 129 TAEs and the initial profile ofα-particles expected 

in ITER [1], it was found that the saturation amplitude of TAEs is about 50 times lower than 

the orbit stochasticity threshold. No significant re-distribution ofα-particles could therefore 

be expected for this ITER scenario.  

TAEs driven by the MeV range super-Alfvénic NBI ions on ITER were also assessed. It was 

found that TAE growth rates caused by NBI are about order of magnitude lower than those 

due to α-particles. This rather weak NBI drive results from the off-axis NBI power 

deposition profile currently considered for ITER. 

Experiments on fusion products performed on JET have demonstrated rather complex 

dynamics of AEs and fast ions in JET sawtoothing plasmas. Due to the essential coupling of 

fast ions and sawteeth via fast ion stabilization effects, TAE-induced transport of fast ions 

across the q=1 surface is found to facilitate sawtooth crashes. On the other hand, sawtooth 

crashes affect fast ions so significantly, that the TAE instability could stop, and EAE 

instability could occur closer to the plasma edge. Observations of EAEs with negative mode 

numbers and n=0 raises the issue of velocity gradients causing EAE drive, and indicates a 

possible opportunity for diagnosing sawtooth crash effects on fast ions via investigation of 

EAEs. 

Preliminary study of sawtooth crash times on JET using ECE diagnostic with high time 

resolution showed that sawtooth crash times are inversely proportional to sawtooth periods. 

Due to the relation between sawtooth crash times and the energy spectrum of fast ions 

affected by sawteeth, the well-known techniques of sawtooth period control could be 

considered as tools for selectively affecting fast ions with certain energy re-distributed by 

sawteeth. This could be of particular interest for planned D-T experiments on JET as studies 

of these effects for isotropic α-particles are more ITER-relevant than those carried out using 

ICRH distribution functions with narrow ranges of pitch-angles. 

Investigation of CAE instability in plasmas consisting of two ion species has shown 

significant suppression and disappearance of CAEs in the ion-ion hybrid frequency range 

when comparable concentrations of the ion species were used. This implies a similar effect 

for CAEs in D-T plasmas, which are essential for diagnosing fast ions via CAEs in ITER 

burning plasma.    
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