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Abstract. Energetic ions in fusion plasmas may destabilise various instabilities.
Among them, Toroidal Alfvén Eigenmodes (TAEs) can be made unstable by the alpha
particles resulting from fusion reactions, and may induce a significant redistribution
of fast ions causing a degradation of the plasma performance, and possibly particle
losses to the first wall. In next-step devices, including ITER, the potential impact of
these alpha-driven TAEs remains to be precisely quantified. It is therefore essential to
prepare scenarios aimed at observing alpha-driven TAEs in a future JET DT campaign.
Recent experiments have been conducted in JET deuterium plasmas with this objective

‡ See the author list of “Overview of the JET results in support to ITER” by X. Litaudon et al., Nucl.
Fusion 57 1917 101901.
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in mind. The requirements for maximizing TAE drive have made it necessary to
operate in a domain of parameters unexplored since the installation of the ITER-like
wall. Discharges at low density, large core temperatures associated with the presence of
ITBs (Internal Transport Barriers) and characterised by good energetic ion confinement
have been performed. ICRH has been used in the hydrogen minority heating regime
to probe the TAE stability. The consequent presence of MeV ions has resulted in the
observation of TAEs in many instances. The impact of several key parameters on TAE
stability could therefore be studied experimentally. Modeling taking into account NBI
and ICRH fast ions shows good agreement with the measured neutron rates, and has
allowed extrapolations to DT plasmas to be performed.

1. Introduction

Toroidal Alfvén Eigenmodes (TAE) are weakly damped eigenmodes (gap modes)

belonging to a wide class of electromagnetic instabilities[1]. They are readily destabilised

by the free energy source in the distribution function of energetic ions and as a

result, TAEs have been commonly observed in magnetic fusion plasmas[2]. In typical

experiments, these fast ions are usually generated by auxiliary heating methods, either

Neutral Beam Injection (NBI) or Ion Cyclotron Resonance Heating (ICRH) systems.

In addition to these energetic populations, future fusion reactors will operate with a

deuterium-tritium (DT) mixture as fuel. The resulting fusion reaction creates helium

ions with a birth energy around 3.5MeV (alpha particles), i.e. well in excess of the

plasma temperature. Like other fast ions, alpha particles can destabilise TAEs.

In burning plasmas, alpha-driven TAEs (α-driven TAEs) could play a crucial role

in a non-linear interaction with alphas: in a worst-case scenario, the alpha population

build-up results in the destabilization of α-driven TAEs, which themselves displace the

alphas to more peripheral regions. This could affect the discharge performance, and

even potentially cause significant losses and subsequent large fluxes on the first wall

and plasma facing components. Because of the relative scarcity of DT experiments,

α-driven TAEs have not been as well studied as ICRH- or NBI-driven TAEs. Given

the uncertainties related to the effects of these MHD instabilities in next-step devices

including ITER[3, 4, 5, 6], it is highly desirable to document the features of α-driven

TAEs as extensively as possible both from a theoretical and an experimental standpoint

in ongoing fusion experiments.

In the past, significant efforts have been devoted to observe and characterise α-

driven TAEs, in the two only devices capable of producing DT plasmas, the Tokamak

Fusion Test Reactor (TFTR) and the Joint European Torus (JET). Despite optimistic

initial predictions[7], observing α-driven TAEs in TFTR has proven quite challenging,

requiring scenario fine-tuning guided by numerical simulation[8]. Eventually, however,

this endeavour has resulted in the unambiguous detection of α-driven TAEs for the

first time in a DT experiment[9, 10]. In JET, on the other hand, it was established

that α-driven TAEs could not be destabilised in hot ion H mode plasmas as a result of
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the large central bulk plasma pressure. On the other hand, numerous TAEs have been

routinely observed in shear optimised discharges featuring Internal Transport Barriers

(ITBs). However, the use of ICRH power to create the ITBs, even at relatively low

levels of power (& 1MW), provides a TAE drive in excess to the alpha-drive, associated

to significant uncertainties in its precise magnitude. As a result, no firm conclusions

regarding α-driven TAEs could be drawn from past DT experiments in JET[11, 12, 13].

We report here on an effort to develop a scenario adapted to the observation of

alpha-driven TAEs in a forthcoming DT campaign in JET, guided by past results in

JET, TFTR and numerical calculations. In section 2, the parameters adapted to the

observation of α-driven TAEs in DT discharges are identified. Observations of ITBs and

consequences in terms of plasma quantities are reported in section 3. In section 4, the

obtained performance in terms of neutron production in these discharges are discussed,

and the precise role of ICRH is detailed. TAE stability of these pulses is examined in

section 5 and extrapolations to DT plasmas is the subject of section 6.

2. Operational regime

The parameters prone to the observation of α-driven TAEs may be identified by

examining the balance between the TAE drive by alphas (γα) and the damping by

different mechanisms (γd), which can be put in the following simplified form[14, 15, 16]

γ ≡ γα − γd = −Cq2βTα

(
1− ω?α

ω

)
F (vα/vA)− γd, (1)

with q the safety factor, βTα the alpha normalised pressure, ω the mode frequency.

ω?α is the α diamagnetic frequency, F is a function of the normalised α birth velocity

(vα), vA is the Alfvén velocity and C is a constant.

The destabilization of TAE is only possible when the diamagnetic frequency exceeds

the eigenfrequency, i.e.

ω?α ≡ −
m

r

Tα
qαB

d log(pα)

dr
> ω. (2)

In the latter expression, m is the mode poloidal number, r is the minor radius,

Tα is the alpha temperature, B is the confinement field and pα is the alpha pressure.

This condition defines a threshold in terms of the alpha pressure gradient. Furthermore,

Eq. 1 clearly shows that both βα and q should be maximised.

As discussed in Ref. [11], the large bulk plasma pressure prevents the TAEs from

being driven unstable in typical fusion performance scenario, despite a large alpha drive.

On the other hand, TAEs have been observed in shear-optimised discharges in DT as

a result of the elevated q profile, but only in the presence of ICRH power since it

was essentially employed in all these pulses. The potential presence of radiofrequency-

generated energetic ions in the plasma has prevented the α-driven TAEs from being

unequivocally observed and characterised. In order to alleviate this risk in a future

DT campaign, no ICRH will be used before the time of interest for α-driven TAE

observation, i.e. the peak performance phase of the DT discharge and the afterglow
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phase. In order to maximise the alpha drive in this context, it is thus necessary to make

use of the full capability of the NBI system in JET to maximise the fusion reaction yield

by increasing Ti, the ion temperature, since the thermonuclear reaction rate increases

rapidly with the fuel temperature. On the other hand, in order to maximise the energetic

particle effects, it is desirable to operate at high electron temperature Te, which is best

achieved by operating at relatively low densities. In H-mode plasmas fuelled by NBI

ions, this translates into operating at low plasma current Ip, with the constraint that

the alpha particle confinement remain satisfactory.

We now turn to the mode damping, which should be sufficiently low to be

overcome by the alpha-drive. For gap Alvén Eigenmodes (AEs), this total damping

is a combination of radiative damping γrad, collisional electron damping γcoll,e, thermal

electron γe and ion γi Landau damping and damping by NBI ions (γD and γT ) fulfilling

the condition v‖ = vA/3. We find that in JET, the latter mechanism is largely dominant.

Calculations performed with the castor-k and mishka codes during the last DT

campaign yield γNBI/ω ≡ (γD +γT )/ω ∼ 1−2% whereas the maximum alpha drive was

estimated to be γα/ω ∼ 0.15%, in other words much lower than the damping rate[11].

In TFTR and in JET, the afterglow scheme has therefore been developed to remedy

this issue. In consists of switching-off the auxiliary power abruptly, and relying on the

faster decay of the fast NBI deuterons compared to the alphas to observe the α-driven

TAEs in the afterglow phase[9]. The afterglow scheme lends itself to the observation of

α-driven TAEs if the following condition is verified∣∣∣γNBIe−t/τNBI + (γD + γT )e−t/τi + γe

∣∣∣ < γαe
−t/τ (α)

sd , (3)

with τNBI (resp. τα) the NBI (resp. alpha) ion slowing down time. τi is the ion

confinement time and it is assumed that electron damping remains constant during this

phase. In practice, this translates into the condition τNBI < τα, which is well verified

for deuterium NBI ions.

The scenario development presented in the present paper is performed in deuterium

plasmas, in which α-driven TAEs are by definition absent. In order to probe the distance

to the TAE instability threshold of the obtained plasmas, ions in the MeV range of

energies are created using ICRH. In all presented pulses with ICRH power, standard

hydrogen minority heating has been used. The central confinement field is B0 = 3.4T

and the ICRH frequency is set to 51MHz, locating the fundamental resonance in the

vicinity of the magnetic axis. The hydrogen concentration was in the range ∼ 2− 7%.

Various plasma currents have been tested, in the range Ip = 2 − 3MA. It has

been established that Ip = 2.5MA constitutes a good compromise between satisfactory

energetic particle confinement (which has also been shown to hold true for 3.5MeV alpha

particles in numerical simulations) and low density operation.
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3. Internal Transport Barriers in JET-ILW

As discussed previously, it is desirable to produce low density plasmas in order to

maximise the fast hydrogen ion slowing-down time. However, since the installation

of the ITER-like Wall (ILW) in JET[17], typical plasma densities are higher than those

obtained with the former carbon wall (C-wall)[18]. In the present effort, it is desirable to

reconcile the contradictory requirements of elevated q-profile plasmas, which is typically

achieved by switching-on the NBI power early in the discharge with the requirements of

obtaining low density in the peak-performance period. In Fig. 1 is plotted the density

obtained in the peak-performance phase versus the density at the NBI switch-on time.

This figure was produced by selecting pulses with comparable total NBI power and

Ip ≤ 2.75MA. The error-bars come from the fact that the time of peak performance is

defined as a period of 100-200ms, during which the density may vary slightly.

It is clearly observed that it is beneficial to start the plasma with as low a density

as possible, while obviously still fulfilling the operational limits of the JET ILW. This

was done by implementing the so-called staggered-PINI recipe, consisting of firing the

various NBI injectors with various delays depending on their respective shine-through

limit and selected voltage. This recipe has allowed lower densities at the time of peak

performance to be achieved compared to other pulses operated in JET-ILW, as shown

in Fig. 2.

In order to obtain elevated values of the safety factor q, a common method employed

in advanced scenarios is to inject external power during the current ramp-up phase

in order to slow-down the current profile diffusion process[19, 20]. To confirm the

applicability of this method in JET-ILW, several similar shots have been performed,

varying only the NBI switch-on time (tNBI). The corresponding time traces are shown

in Fig. 3, and the resulting q-profile at the time of NBI switch-on reconstructed using

efit[21] constrained with polarimetry and kinetic profiles is shown in Fig. 4.

This confirms that the variation of the NBI switch-on time is an efficient method

to produce high values of the central safety factor (q0). Although efit predicts a

very low shear in an extended region near the plasma center, it should be pointed

out that it is often difficult to have a high accuracy of the equilibrium reconstruction

in the central region. Nevertheless, except in a very limited number pulses in which

Alfvén Cascades were observed, indicating a negative shear in the plasma center, no

experimental indications of systematic q-profile reversal were obtained.

Unsurprisingly, we note that the modifications induced by varying tNBI are not

limited to q0. On the bottom graph of Fig. 4, it is clearly seen that the neutron rate at

the time of peak performance varies significantly from pulse to pulse. As an illustration,

of these four discharges, pulse #90189 achieves q0 ≈ 1.5 with the highest neutron rate,

whereas pulse #90194 is characterised by q0 ≈ 2.5, but a significantly lower neutron

rate. Therefore, since both parameters are important for TAE excitation, a trade-off

between q0 and overall performance is required.

The presence of an extended central region of low positive shear is known to be
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prone to the triggering of ITBs when the minimal value of q reaches rational values[22].

For the first time since the installation of the ILW, ITBs have been clearly observed in

a number of discharges performed in the framework of this experimental effort. Fig. 5

shows time traces of pulses #92054 with PNBI ≈ 25MW. This pulse uses only NBI

power at the peak performance time of the discharge, thus fulfilling the criteria listed

above for α-driven TAE observation in DT discharges. ICRH power is applied after the

time of peak performance in order to ensure a safe plasma termination.

In this discharge, it is observed that Ti(0) and central toroidal rotation(ωtor)

steadily increase with time. The start time of the ITB development is consistent

with the appearance of the q = 2 surface in the plasma, although the equilibrium

reconstruction is is not accurate enough to reach a firm conclusion on this point.

The electron temperature increases as well but at a slower rate, since NBI heating

preferentially acts as an ion heating source. The resulting electron, ion and density

profiles at the times shown by the dashed lines in Fig. 5 are shown in Fig. 6.

These profiles have respectively been produced using data from Charge Exchange

Recombination Spectroscopy (CXRS), Electron Cyclotron Emission (ECE) radiometer

and High Resolution Thomson Scattering (HRTS) systems although good consistency

between the various systems installed in JET has been achieved in these discharges.

The central ion temperature was found to reach Ti(0) & 10keV in high power

discharges, whereas Te(0) ∼ 5keV. As a result of the ITB appearance, the density

profiles is peaked, as shown in shown in the bottom graph Fig. 6. Simultaneously, it is

also observed that the Ti(0) and Te(0) start to decrease slightly before the peak the end of

the NBI-only phase, which is caused by the core impurity accumulation resulting from

the density peaking, consistently with past observations performed in JET equipped

with the C-wall[23]. The involved impurities have been identified to be mostly tungsten

and nickel. It must be pointed out that this process does not compromise the objectives

of the present effort from being reached, since the impurity accumulation is not severe

enough at the time of peak performance to induce a termination of the considered pulse

by the device protection systems.

4. Neutron rate and performance

A central goal of the present scenario development is to establish that sufficient fusion

performance can be obtained in an extrapolated DT plasma to ensure that α-driven

TAEs can be observed, despite the requirement that no ICRH power must be used

before the time of peak performance. In Fig. 7 is plotted the neutron rate at peak

performance versus the total injected power, including in NBI and NBI+ICRH phases for

all successful pulses. ICRH can contribute to the neutron rate through 1) an increase of

global plasma quantities (electron and ion temperature, essentially) on the one hand, 2)

the generation of energetic deuterons by harmonic heating[24]. Calculations performed

with the cyrano[25] and eve[26] codes for various pulses in which ICRH power was

used up to 4.5MW with hydrogen concentrations nH/ne ∼ 2 − 7%, second harmonic
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deuterium damping never exceeds 25% of the total RF power damping. Although

Neutral Particle Analyzers (NPAs) do observe non-thermal deuterium ions in some

pulses, the resulting deuterium acceleration appears to be insufficient to significantly

contribute to the neutron rate. This is further confirmed by neutron spectroscopy

analysis of these pulses[27], which shows that the RF contribution to the neutron rate

does not exceed 15% even at low levels of hydrogen concentrations (. 2%).

In Fig. 8 is plotted the measured neutron rate versus nDPNBIτs,e with nD the

deuterium density (deduced from the electron density and Zeff measurement), and τs,e
the electron slowing-down time. The beam-target reaction rate computed with the

pencil code using the measured kinetic profiles is found to scale linearly with this

quantity, as it should[28], and to agree well with the experimental measurement for low

to medium NBI power. It is observed that at high NBI power, significant departure

occurs, which results from the thermonuclear contribution to the neutron rate.

In order to further characterise the role of ICRH power, pulses #92415 and #92416

have been performed at 2.5MA, and the afterglow scheme has been tested for an

operational standpoint in both. As shown in Fig. 9, both shots are identical except

for the fact that ICRH was only used for shot termination in #92415, whereas it was

applied throughout in pulse #92416, resulting in a significant increase of the neutron

rate in the latter with respect to the former. This is caused by a combination of higher

ion temperature and density in the second case.

The transp code[29] has been used to interpret the experimental measurement of

pulse #92416, and estimate the various contributions to the total neutron rate. The

result is shown in Fig. 10. The ITB development is found to result in a significant

increase of the thermonuclear contribution to the neutron rate. The benefit from this

large contribution is that when the afterglow phase starts, the associated neutron rate

decay occurs on the energy confinement timescale, whereas the beam-target contribution

decrease is linked to the slowing-down time of NBI ions. In a DT discharge, this

means that the alpha production remains substantial during a finite time following

the power switch-off. The alpha decay, resulting from the combination of decreasing

ion temperature and density and 3.5MeV alpha slowing-down, is therefore expected to

occur on a timescale significantly longer compared to the NBI ion slowing-down time.

As shown in Fig. 8, in pulses performed with 25MW of NBI power and using only

NBI power before peak performance, it is found that up to 50% of the neutron rate

comes for the thermal fusion reactions.

5. TAE stability in deuterium plasmas

The objective of ICRH power use in these deuterium pulses is to probe some of the

best performing discharges with respect to TAE stability. This is what is done in the

comparison between pulses #92415 and #92416 (Fig. 9). In pulse #92415, no significant

AE activity has been recorded by the Mirnov coils. In most discharges with RF power

PRF & 2MW, on the other hand, TAEs are observed in the range 100-200kHz. As shown
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in Fig. 11, this is the case in pulse #92416 with ICRH power throughout.

In this discharge, it is observed that TAEs are present until t ≈ 5.3s. At this time,

the NBI power is increased from 10MW to 25MW. The TAE frequency shifts upwards

as a result of the toroidal velocity increase. At t ≈ 5.5s, it starts to shift downwards

following the decrease of vA ∝ 1/n
1/2
e caused by the density increase caused by the NBI

fuelling. At t ≈ 5.6s, the TAEs disappear consistently with the damping by NBI ions

despite the presence of 5MW of ICRH power. The afterglow phase starts at t = 6.1s and

is following by the reappearance of the TAEs with a delay ∼ 100ms, which is consistent

with the deuterium ion slowing-down.

Fig. 12 shows a zoom on the TAEs reappearing at t ≈ 6.2s. The toroidal array of

Mirnov coils installed on JET allows the toroidal mode numbers (n) to be estimated.

It shows that the corresponding TAEs are characterised by n = 4, 5 and 6. Also visible

on this figure is the signal from the active antenna used for TAE excitation in JET[30].

Although this system has also been used in these discharges, the obtained results will

be reported in a separate article.

In order to further characterise these modes, the helena[31] and mishka[32] have

been run using the data from efit at t = 6.2s as input. The result from the mishka

calculation corresponding to the mode n = 5 is displayed in Fig. 13. It shows a TAE

located at normalised radius ρ ≈ 0.4 dominated by poloidal components m = 10 and

m = 11. It is consistent with experimental data, although the MHD diagnostics in JET

do not allow a precise radial localization of the modes to be performed. Nevertheless,

reflectometry data does not indicate the presence of any TAEs in the outer parts of

the plasma at this time of the discharge, which is consistent with the presence of a

core-localised TAE.

Finally, it must be noted that the linear MHD calculations performed with mishka

display a large sensitivity with respect to the precise value of q0, as a result of the very

low shear predicted by efit. Experimentally, however, TAEs are commonly observed

in discharges with ICRH power, and appear to be quite robust with respect to changes

in the plasma parameters, including q. This could be an indication of the fact that the

q-profile is not as flat as predicted. Non-linear MHD calculations, including sensitivity

studies, in the presence of energetic hydrogen ions retaining finite orbit effects performed

with the selfo[33] and venus[34] codes are ongoing and will be the subject of a future

publication.

6. Extrapolation to deuterium-tritium discharges

In order to establish the relevance of the developed scenario in terms of α-driven TAE

observation, it is necessary to perform extrapolations of the performed deuterium pulses

to a DT mixture. This has been done performing several runs with the transp code.

The reference pulse used for these calculations is #92054, using NBI only in its peak

performance phase, and already presented in section 3. The first step is to carefully

interpret the measurements by using the experimental values of Ti, Te, ne and ωtor. The
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measured effective charge (Zeff ) was used as well assuming the Zeff profile was flat. At

this stage, the main source of uncertainty corresponds to the impurity content of the

discharge. Several hypotheses have been tested in this domain, with the objective of

reproducing the plasma energy Wp, neutron rate Rnt and radiated power Prad:

(i) When the only impurity is assumed to be W and Ti is taken to be the experimental

value, Wp is correctly reproduced. On the other hand, both Rnt and Prad are

overestimated.

(ii) When the only impurity is assumed to be beryllium (Be), Wp is well recovered,

but Rnt is significantly underestimated as Zeff increases, pointing to an excessive

dilution with respect to the experiment. Prad is much too low compared to

experimental bolometry measurements.

(iii) When the only impurity is assumed to be W but Ti is chosen to be the lower range

of error bars of CXRS measurements, it is possible to reproduce Wp and Prad with

good accuracy. Rnt is also correctly recovered, with only a slight underestimation

at the time of peak performance.

These results are summarised in Fig. 14. The outcome of these simulations is

that the actual plasma probably contains a mix of W and Be (as well as other light

impurities). Given the uncertainties in this domain, the DT extrapolation has been

performed by assuming that W was the only impurity, but that Ti had a finite range of

uncertainty corresponding to options 1 and 3 above.

This pulse has been used as a basis for extrapolation, replacing both fuel and NBI

deuterium ions by a 50%-50% mixture of deuterium and tritium. This has allowed the

expected alpha density, pressure and corresponding βTα to be estimated. The obtained

result is shown in Fig. 15. As discussed previously, the finite range of Ti provides a range

of βTα values. It turns out that the obtained βTα is comparable, or even slightly larger,

than what was achieved in successful TFTR experiments[9]. Although this extrapolation

can not replace comprehensive simulations taking into account all scenario, energetic

particles and MHD aspects, it constitutes an encouragement to pursue the engaged

efforts in view of future DT campaigns in JET.

7. Conclusions

A significant effort has been engaged in view of preparing for the observation of α-

driven TAEs in the upcoming DT campaign of JET. In this perspective, deuterium

discharges have been performed at comparatively low densities, elevated q-profiles and

using only NBI power prior to the peak performance phase of the pulse. The plasma

current has been chosen Ip = 2.5MA, which has been found to constitute a good

compromise between low density operation and good energetic particle confinement.

The magnetic field BT = 3.4T allows ICRH to be used for TAE probing purposes

by locating the fundamental hydrogen cyclotron layer close to the magnetic axis by

generating a significant population of energetic hydrogen ions. With these parameters,
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ITBs have been unambiguously observed for the first time since the installation of the

ILW in JET. They have allowed the central ion temperature to reach Ti & 13keV with

25MW of NBI power, resulting in a neutron rate RNT & 1.2×1016/s, with a contribution

of the thermal neutron production up to ∼ 50%. By using ICRH, TAEs have been

routinely observed in the range 100-200kHz when PICRH & 1− 2MW. They have been

observed to be damped at high NBI power. Linear MHD calculations and the absence

of any edge TAE on reflectometry measurements for these discharges show that these

modes are core-localised. Interpretative integrated simulations of the best performing

discharges have been performed using various hypotheses in terms of impurity content,

and then extrapolated to DT plasmas. They predict that normalised alpha pressure

values could be comparable or even slightly larger than values measured in successful

α-driven TAE experiments in TFTR. It is planned to confirm the obtained results

by performing discharges at higher NBI power in an upcoming deuterium campaign,

and also consolidate extrapolations to DT by performing similar pulses in pure tritium

plasmas before applying this scenario to the next JET DT campaign.
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S. Popovichev, J. Sousa, R. C. Pereira, A. Combo, N. Cruz, and JET EFDA Contributors.
The tofor neutron spectrometer and its first use at jet. Review of Scientific Instruments,
77(10):10E702, 2006.

[28] J.D. Strachan, M.G. Bell, M. Bitter, R.V. Budny, R.J. Hawryluk, K.W. Hill, H. Hsuan, D.L.
Jassby, L.C. Johnson, B. LeBlanc, D.K. Mansfield, E.S. Marmar, D.M. Meade, D.R. Mikkelsen,
D. Mueller, H.K. Park, A.T. Ramsey, S.D. Scott, J.A. Snipes, E.J. Synakowski, G. Taylor, and
J.L. Terry. Neutron emission from tftr supershots. Nuclear Fusion, 33(7):991, 1993.

[29] R.J Goldston, D.C McCune, H.H Towner, S.L Davis, R.J Hawryluk, and G.L Schmidt. New
techniques for calculating heat and particle source rates due to neutral beam injection in
axisymmetric tokamaks. Journal of Computational Physics, 43(1):61 – 78, 1981.

[30] P. Puglia, W. Pires de Sa, P. Blanchard, S. Dorling, S. Dowson, A. Fasoli, J. Figueiredo, R. Galvo,
M. Graham, G. Jones, C. Perez von Thun, M. Porkolab, L. Ruchko, D. Testa, P. Woskov,
M.A. Albarracin-Manrique, and JET Contributors. The upgraded jet toroidal alfvn eigenmode
diagnostic system. Nuclear Fusion, 56(11):112020, 2016.

[31] G.T.A. HUYSMANS, J.P. GOEDBLOED, and W. KERNER. Isoparametric bicubic hermite
elements for solution of the grad-shafranov equation. International Journal of Modern Physics
C, 02(01):371–376, 1991.

[32] A. B. Mikhailovskii, G. T. A. Huysmans, S. E. Sharapov, and W. Kerner. Optimization of
computational mhd normal-mode analysis for tokamaks. Plasma Phys. Rep., 23:844, 1997.

[33] J. Hedin, T. Hellsten, L.-G. Eriksson, and T. Johnson. The influence of finite drift orbit width on
icrf heating in toroidal plasmas. Nuclear Fusion, 42(5):527, 2002.

[34] M Jucker, J P Graves, W A Cooper, and T Johnson. Ion cyclotron resonance heating with
consistent finite orbit widths and anisotropic equilibria. Plasma Physics and Controlled Fusion,
53(5):054010, 2011.



Scenario development for the observation of alpha-driven instabilities in JET DT plasmas13

34 36 38 40 42 44 46

nl at NBI switch-on [x10
18

 m
-3

]

60

65

70

75

80

85
n l [x

10
18

 m
-3

]

2.00 MA
2.50 MA
2.75 MA

Figure 1. Density at high performance time versus density at NBI switch-on time.
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Figure 2. Density versus current at peak performance since the installation of the
ITER-like wall in JET. The discharges discussed in this article appear as red symbols.
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Figure 3. Comparison of pulses #90194, #90190,#90189, #90202, which differ by
the time at which the NBI power is applied. (a) NBI power; (b) plasma current; (c)
neutron rate. On (a) and (b), the vertical dashed lines show the NBI switch-on time.
On (c), the vertical dashed lines show the approximate time of peak performance and
refer to Fig. 4.
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Figure 11. Pulse #92416. Spectrogram from Mirnov coils. The vertical dashed lines
refer to Fig. 10.
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Figure 12. Pulse #92416. TAEs between time 6.20s and 6.40s corresponding to
toroidal mode numbers n = 4, 5 and 6. The diagonal line on the upper right part of
this graph is the TAE antenna signal picked up by the Mirnov coils.
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Figure 13. Pulse #92416, mishka calculation corresponding to the n = 5 TAE shown
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Figure 14. Pulse #92054 interpretative simulation. (a) Effective charge: measured
(symbols), used in transp (solid line); (b) Computed deuterium density; (c) Radiative
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