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ABSTRACT

The instabilities responsible for ICRH accelerated fast ion losses in plasmas with monotonic profile
of the safety factor and long period sawteeth, as well as the range of energies at which the losses
occur, were identified on the JET tokamak. The temporal evolution of fast ion losses with resolution
on energy and pitch angle was measured using the scintillator probe, which allows to determine
the orbits of the fast ions that reach the detector. On the other hand, the orbits of the fast ions in
resonance with Alfvénic instabilities were identified using the CASTOR-K code, so it is possible
to identify which instabilities were responsible for the losses collected in the detector. Two differ-
ent phases of losses, with different characteristics, were identified. The first phase occurs just after
a sawtooth crash, when TAE and high frequency fishbones are unstable. In this phase, TAE are
responsible for most of the measured losses. Losses caused by fishbones, if any, are not significant.
The second phase initiates when tornado modes (TAE inside the q=1 radius) become unstable: the
peak loss signal increases by a factor of 2 to 5, the average energy of the ions that reach the detector
decreases and its pitch angle increases. In this phase, the strong drive of the tornado modes by the

ICRH accelerated ions initiates the losses.

1. INTRODUCTION
The loss of fast ions from the plasma may have significant detrimental effects on the operation of
future tokamaks. It may cause the auxiliary heating to be inefficient [1] or, in case of alpha parti-
cles leaving the plasma, fusion burn may not be self-sustained. Moreover, lost ions can also cause
severe damage to the tokamak walls [2] [3]. In the case of ITER for example, the first wall can only
tolerate losses at very low level before suffering damage [4]. For these reasons, the study of fast ion
losses in tokamaks acquires a considerable relevance and dedicated experiments have been carried
out in several machines. In JT-60U, energetic particle confinement studies have been carried out by
measuring the neutron emission rate derived from the nuclear reaction between high energy protons
(E>3MeV) and boron ions [5] and by measuring neutral particle fluxes [6]. Measurements of alpha
particle losses induced by MHD during DT experiments carried out in TFTR have been described
inreference [7]. In JET, experimental studies on the effect of MHD instabilities and Alfvénic modes
on the confinement of energetic particles in the advanced tokamak scenario have been reported in
[8],[9]. In JET monotonic scenario, previous observation and modelling of fast ion loss [10] have
been done based on measurements of the y-rays emitted through their inelastic scattering with car-
bon impurities, since diagnostics measuring direct losses were not available at that time. To allow
further exploration of the physics of fast ion loss, fast ion loss detectors [11,12] have been installed
in JET and it is possible now to undertake dedicated experiments.

In JET experiments with monotonic profile of the safety factor q, several instabilities known
to cause radial displacement of the fast ions are commonly observed, like fishbones [13,14,15],
Toroidal Alfvén Eigenmodes (TAE) [16] and tornado modes (core-localized TAE inside the q=1

surface) [17]. A set of experiments was carried out in order to identify which of these instabilities



are able to efficiently expel fast ions from the plasma in this type of scenario. Aside from identifying
the sources of the losses, it is also important to determine the range of energies at which the losses
could occur, as well as identify on which factors their number and energies depend. To improve
the experimental results, it is desirable that a large population of highly energetic ions is driven.
According to the Stix model [18], the fast ion temperature of an Ion Cyclotron Resonance Heating
(ICRH) driven population is proportional to the volume-averaged ICRH power density applied to
the plasma and inversely proportional to the plasma density, Tyyor ~ (Picru) Tsiow/ Mo Where nyor

is the fast ion density and T, 1s the fast ion slowing down time, which is inversely proportional

slow
to the plasma density. This suggests the use of high ICRH powers and low plasma densities, thus
the “grassy sawteeth scenario” [19] was an adequate choice. This scenario is obtained by applying
a high power, H minority, on-axis Ion Cyclotron Resonance Heating on a low density Deuterium
plasma (see figure 1). No NBI is used, except for diagnostic purposes. When the plasma density
is above the threshold for grassy sawteeth, very long periods (sometimes longer than one second)
without sawtooth crashes are normally observed [15], which allow a large population of fast ions
to build up and a variety of instabilities to develop. Under these conditions, high frequency preces-
sional drift fishbones [13], hybrid fishbones [15], low frequency diamagnetic fishbones [14], TAE
[16] and tornado modes [17] are usually observed [15]. This scenario is then ideal to determine the
tendency of these instabilities to expel fast ions from the plasma.

The main tool to analyse the losses of fast ions from the plasma is the scintillator probe diagnostic
[11,12] recently installed at JET [20], which allows measuring both the gyro-radius and the pitch
angle of the lost ions that reach the scintillator plate. The scintillator plate is located at the edge of
the plasma on the low field side below the midplane (see figure 2) and is able to detect fast ions
moving in orbits of the type of the one depicted in the same figure. The range of gyro-radius and
pitch angle on which the scintillator probe is able to detect lost ions is defined by the slit geometry
and the magnetic field. The scintillator cup operates as a magnetic spectrometer delivering data
with resolution of 5% in pitch angle and 20% in gyro-radius at a sampling rate of 20Hz and having
an integration time of 50ms. The energy of the detected ions can then be calculated from the gyro-
radius, r = V2mE /B;Z (m is the mass, E, the perpendicular energy, By the toroidal magnetic field
and Z the electric charge), while the normalized form of the magnetic momentum, which is best
adequate to describe ICRH generated populations, can be calculated from the measured angle, A
= uBy/E = BO/B)I—cos2 q).Here p is the magnetic momentum, B is the magnetic field measured at
the scintillator cup, B, is the magnetic field on axis and q is the measured pitch angle.

The orbits of the fast ions are usually defined by three invariants of the motion: the energy E,
the magnetic momentum p and the toroidal canonical momentum P,. As referred, by convenience,
we use here A = uBy/E, which is also an invariant, instead of w. The advantage of this is that an
approximation of the whole ICRH driven fast ion population can be described by a single value of
A, due to the characteristics of the Ion Cyclotron Resonance Heating [21]. Each set of invariants

(E, A, P,) then defines uniquely an orbit, except for some cases in which two orbits can exist for



the same set of invariants. In this case, it is necessary to use an additional index o to distinguish
them. Since two orbits characterized by the same set of invariants (E, A, P,) are necessarily nestled
one enveloping the other, it is used 0=1 for the exterior orbit and o=-1 for the interior one. Refer-
ence [22] provides figures which allow visualising the type of orbits corresponding to each set of
invariants (E, A, P¢). In the case of the lost ions detected by the scintillator probe, the pair (E,
A) can be obtained directly from measurements, while the toroidal canonical momentum P, can
be determined knowing the location of the probe. All lost ions move in banana orbits when they
reach the scintillator probe (we set 0=1), so their orbits can be uniquely determined at the moment
they reach the detector. The original orbits of the fast ions that interact with the different modes
(and may eventually be lost) are identified using the CASTOR-K code [23]. This code receives as
input the plasma equilibrium, the mode eigenfunction and the fast ions distribution function. The
equilibrium is reconstructed by the codes EFIT [24] and HELENA [25], while the normal mode
problem is solved numerically by the MISHKA code [26]. The fast ion distribution is written as a
function of the invariants (E, A, Pq); 0), each set of values defining a different orbit. The distribution
of the fast ions in energy is characterized by a temperature since the repeated heating of the fast
ions accelerated in the same resonance causes the population to have an approximately Maxwellian
energy distribution [22]. The fast ion temperature Ty to use as input in the CASTOR-K code
can be determined experimentally by the gamma-ray diagnostics [27] or else can be calculated
numerically by the PION [28] and SELFO [29] codes. Since the gamma-ray diagnostics measure
a line-integrated temperature, they produce usually lower temperature measurements than those
calculated by the PION and SELFO codes for the centre of the plasma. The CASTOR-K code al-
lows the use of radial profiles of the fast ion temperature, with the parameter Ty referring to the
value in the centre of the plasma. The normalized magnetic momentum A, as referred before, is
approximated by a constant (A=1 for on-axis heating) while the distribution in P, which is related
to the radial location of the fast ions, corresponds to a fast ion population peaked in the centre of
the plasma, being the parameters defining this distribution adjustable. The CASTOR-K code is then

able to calculate the resonant transference of energy between the fast ions and the mode [30]
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o, and T, are the bounce frequency and bounce time respectively, Q is the gyro-frequency, j is the
toroidal coordinate, F(E, A, Pq); 0) is the unperturbed fast ion distribution function and LY s the
linearized perturbed Lagrangian. Since this calculation is done for each orbit separately, it allows
identifying which particles from the original fast ion distribution are resonant with the mode.

This paper is organized as follows: In section 2 we present the details of the experiments and the



experimental results. In section 3 we describe the modelling carried out and the numerical results.
These results and their comparison with experimental findings are discussed and summarized in

section 4, where conclusions are also drawn.

2. EXPERIMENTAL RESULTS

In the scenario of high ICRH power and on-axis H minority heating applied on a low density D
plasma (see figure 1), when the plasma density is above the threshold for grassy sawteeth, long
period sawteeth occur and a variety of MHD activity is observed between sawtooth crashes (see
figure 3). During this period, two different phases of losses have been identified, the length of
each of them depending strongly on the ICRH power. At high ICRH power (P;cgy; ~ 6-7TMW) each
phase lasts roughly half of the sawtooth period while in pulses with lower ICRH power (Py-gpy ~
4-5MW) the second phase is significantly shorter. Regarding the species of ions that reached the
scintillator probe, only H ions were detected between sawtooth crashes (during sawtooth crashes
D ions were also detected) and all energies of lost ions throughout the text refer to H ions (D ions
have different energies for the same gyro-radius). This was expected since the fast ion population
interacting with the instabilities was composed by the H ions accelerated by ICRH. During the first
phase, the instabilities normally observed are TAE, precessional drift fishbones and hybrid fishbones.
The fast ion losses manifest as an outspread “cloud” in the 2-dimensional phase space covered by
the scintillator probe, with energies that range approximately from 600eV to above 3.25MeV and
angles that range from 50 degrees to 80 degrees (see figure 4). A=1 (characterizing banana orbits
with tips on the magnetic axis) corresponds approximately to the angle of 65 degrees. Higher angles
correspond to banana orbits with tips on the low field side while lower angles correspond to banana
orbits with tips on the high field side. We note that although the heating was applied on axis, most
of the ions collected by the scintillator probe were moving in banana orbits with tips slightly shifted
to the high field side (pitch angles below 65 degrees, corresponding to A<1). The intensity of the
loss signal increases towards the centre of the “cloud”, with the maximum of losses occurring for
angles between 60 and 65 degrees and for energies around 1.9MeV. In the second phase, TAE,
diamagnetic fishbones and tornado modes are usually unstable. When the transition from the first
phase to the second phase occurs, the peak loss signal increases by a factor of 2 to 5 and the loss
distribution in the phase space becomes narrower. There is also a clear change in the location of
the “cloud” of losses (see figure 5) corresponding to changes of the average values of the energies
and pitch angles of the ions that reach the detector. The pitch angles increase, ranging now from 60
degrees to 80 degrees, and the energies decrease, now ranging from 1.2MeV to 2.4MeV. The peak

loss signal is now located at around 70 degrees and 1.7MeV.

3. MODELLING AND INTERPRETATION
3.1 MODELLING

The identification of the instabilities causing the loss of fast ions is complicated by the fact that



there is normally more than one of them unstable at any time. To identify which of these instabili-
ties cause resonance interaction with fast ions of interest, the CASTOR-K code [23] was used. This
code calculates the resonant transference of energy between a fast ion population and a given mode
for each orbit individually, which allows to identify the orbits of the fast ions in resonance with that
mode, being each orbit defined by a set invariants (E, A, P,). Since for a fast ion population generated
by IRCH, A = uB/E can be approximated by a constant (for instance, A=1 in the case of on-axis
heating), the results from the CASTOR-K code are presented graphically in a 2-dimensional plot
on the space (E, P,), with A assuming the role of a parameter. The contour plot identifies then the
orbits of the fast ions, characterized by the set (E, 1, P¢), in resonance with the mode.

The resonant ions identified by the CASTOR-K code will then interact with the mode and their
orbits will change. During this interaction, the magnetic momentum of the ion is conserved but the
energy and the toroidal canonical momentum are allowed to change, with the change in energy being
proportional to ((D/II)APCP, where APcp is the change in toroidal canonical momentum of the ion [3].
Since the frequency of the Alfvén waves is small when compared with the cyclotron frequency, the
interaction implies predominantly a variation of the toroidal canonical momentum of the fast ions.
The toroidal canonical momentum is defined by P, = Zey + (ZeR/q)n B, where 1 is the poloidal
magnetic flux, e is the electric charge, Z is the particle charge number, €2 is the gyro-frequency and
B, is the toroidal magnetic field [23]. At the point where the parallel velocity of the ion changes
sign (v;=0), this is, at the tip of the banana orbit, the toroidal canonical momentum reduces to the
term proportional to the poloidal flux, P, = Zey. Thus, the change in P, implies a change in 1 at
the tip of the banana orbit, this is, the tip of the banana orbit moves over a vertical line (the tip of
the banana orbit does not move horizontally because the magnetic momentum is conserved). When
the ion is driving the mode, i.e. when there is transference of energy from the ion to the mode, the
radial movement of the tip of the orbits is outward in the minor radius. Figure 6 shows schematically
possible changes in the orbits of energetic ions interacting with a mode. A topological transition from
potato orbit to banana orbit occurs when P, cross the threshold value (for A =1 this threshold is P,
=0). Tornado modes have a strong interaction with the energetic ions moving in orbits near the core
while TAE interact with ions moving in orbits that reach closer from the edge. The combination of
tornado modes inside the q=1 surface and TAE outside may cause a fast ion to drift over a significant
distance in the plasma. The CASTOR-K doesn’t allow predicting the final position of a fast ion after
interacting with a mode, it only allows identifying which fast ions are exchanging energy with the
mode. Thus, modelling alone does not allow predicting if an ion moving in a given orbit is going to
leave the plasma. However, since the energy exchanged is relatively small, if the loss of fast ions is
being caused by resonant interaction with the modes, the range of energies at which the CASTOR-K
code predicts interaction to occur must fit the range of energies measured experimentally of the fast
ions reaching the scintillator plate. Aside from this, fast ions experiencing a weak interaction with
the mode may also leave the plasma if they are moving in orbits that reach close from the plasma

edge. In this case, just a small drift of the tip of its banana orbit may be enough to cause its loss.



3.2 TAE LOSSES

In the period that follows a giant sawtooth crash, a broad pattern of losses is observed. During
this period, TAE and precessional drift or hybrid fishbones are normally unstable, all of those,
instabilities being known to be able to cause a radial outward drift of fast ions. We remind that
hybrid fishbones initially behave exactly like precessional drift fishbones and they differ only after
the frequency chirp down. While precessional drift fishbones eventually vanish, hybrid fishbones
change their behaviour, and its frequency continue chirping down. Thus, using a high frequency as
input in the CASTOR-K code, it will allow to model both precessional drift fishbones and hybrid
fishbones at their high frequencies. Note that fishbones at their higher frequency interact with fast
ions with higher energies and consequently moving in larger orbits, easier to be lost from the plasma.
The experimental finding of a lack of changes in the loss signal as measured by the scintillator
probe when precessional drift fishbones were replaced by hybrid fishbones suggests that no further
modelling needs to be done for lower frequencies. The frequency chosen to be used as input in the
CASTOR-K code was then around the fishbones’ initial frequency (70 kHz). The eigenfunction for
the internal n=1 kink mode, which is a good approximation for fishbones, was calculated by the
MISHKA code and is shown in figure 7. The fast ion temperatures in the plasma centre calculated by
the PION and SELFO codes were around 1 MeV for pulse #66380 and 500 keV for pulse #66378.
The line integrated temperatures measured by the gamma-ray diagnostics for the same pulses were
approximately 500 keV for pulse #66380 and 250 keV for pulse #66378. Numerical simulations
with the CASTOR-K code were carried out for central fast ion temperatures of 500 keV and 1 MeV
with the dependence of the fast ion losses on the fast ion temperature being discussed in section I'V.
Using A = uBy/E = 1 and a radial distribution of the fast ion population peaked in the centre, the
CASTOR-K code was then used to calculate the resonant exchange of energy between the fast ion
population and the high frequency (70kHz) fishbones as a function of (E, P ). Here “high frequency
fishbones” refer both to the precessional drift fishbones and the hybrid fishbones, and the results
obtained for Ty = 500keV are presented in figure 8 (top). The orbits of the ions that interact with
the instability correspond to the blue zones in the phase space (E, Py), with darker blue meaning
a more intense interaction. Reading (E, P) from this figure and adding A =1, we recover the set
(E, A, Py) necessary to identify an orbit. Figure 9 (top) shows that the fast ions resonant with the
high frequency fishbones are ions with energies below 1MeV moving in banana orbits close from
the plasma core (see fig. 9, top). There is a second region of resonance corresponding to ions with
energies between 1MeV and 1.6MeV moving in more peripheral orbits (see fig. 9, bottom), but this
region is barely visible when the temperature of the fast ion population is Tyor= 500keV. Carrying
out more simulations with the CASTOR-K code with increased fast ion temperature (1MeV), it
predicts the regions of resonance shown in figure 8 (bottom). It can be observed that the number of
particles in the more peripheral resonance, which is now clearly visible, increases significantly but
the energies of these particles do not. Thus, we predict that no significant interaction occurs between
the high frequency fishbones (70 kHz) and fast ions with energies above 1.6 MeV (this threshold is



lower if lower frequencies are used as input in the CASTOR-K code). Since most of the lost ions
collected in the scintillator plate have energies above this threshold, these results indicate that reso-
nant interaction with fishbones is not the main cause of the broad pattern of losses occurring in the
period that follows a sawtooth crash. During this period, TAE were also observed in the magnetic
spectrograms, the higher amplitude modes having toroidal mode numbers from n=7 to n=10 both
in pulse #66378 and in pulse #66380. TAE eigenfunctions were also calculated with the MISHKA
code and an example of the typical eigenfunction of the TAE is presented in figure 10. Contrary
to the fishbones case, whose eigenfunctions are localized in the plasma core, the TAE have high
amplitudes in the plasma edge. Similar modelling was then carried out with the CASTOR-K code
for the interaction between these modes (n =7 to n=10) and the same fast ion populations used
previously for the fishbones case. The modelling predicts that TAE are able to interact with fast
ions with energies of up to 4 MeV (there is also a resonance at around 6MeV), thus covering well
the range of the detected lost particles’ energies. To illustrate these results, the regions of resonance
in the phase space (E, P;) obtained with the CASTOR-K code are presented in figure 11 for the n
=8 TAE (Tyor=500keV (top) and of Ty =1MeV (bottom)). For modes with different toroidal
mode numbers the results are similar with the regions of resonance slightly shifted in energy. In
these figures, the interaction near the edge (high values of P,) may be underestimated due to limited
number of poloidal harmonics of the eigenfunctions calculated by the MISHKA code. The orbits
of the fast ions that maximize the resonant exchange of energy with the n =8 TAE are shown in
fig.12 for Tyop= 500 keV (top) and for Ty = 1MeV (bottom). These are particles moving in large

banana orbits, which reach close to the plasma edge during the outer leg of their trajectories.

3.3 TORNADO LOSSES

When tornado modes become unstable (tornado modes with toroidal mode numbers from n=7
to n= 10 were observed before monster sawtooth crashes), the detected loss patterns change sig-
nificantly: The scintillator footprint gets narrower, shifts to lower energies and higher pitch angles
and the peak loss signal increases by a factor up to 5. The temporal correlation between the onset
of tornado modes and the changes on the loss signature makes clear that these changes are due to
the onset of tornado modes. As in the previous section, the eigenfunctions of tornado modes (n="7
to n = 10) have been calculated with the MISHKA code. The eigenfunctions of these modes are
composed by two consecutive poloidal harmonics and contrary to the TAE’s, they are localized in
the plasma core as can be seen in figure 13 for the case of the n =9 mode. A modelling was then
carried out with the CASTOR-K code for the interaction between the tornado modes and the same
fast ion population used in the previous section. Numerical results for the case of the n=9 tornado
mode showing the regions of resonance in the phase space (E, P;,) obtained with the CASTOR-K
code for fast ion temperatures of Tyop=500keV (top) and of Tyop=1MeV (bottom) are presented
in figure 14. When the fast ion temperature is Ty =500keV, the CASTOR-K code predicts that

tornado modes interact both with fast ions moving in banana orbits and with fast ions moving in



potato orbits, these last maximizing the exchange of energy (see fig.15). For Tyor = 1MeV, the
interaction of tornado modes with fast ions moving in potato orbits is largely dominant. The orbits
that maximize the exchange of energy for Tyyor= 1 MeV are the same as for Ty = 500 keV (see
fig.15) The types of orbits of the ions interacting with tornado modes also depend on the toroidal
mode number n, with particles moving in banana orbits being more relevant for modes with lower
n. Of particular interest is the range of energies on which the fast ions are able to interact with tor-
nado modes. If the losses are triggered by resonant interaction with tornado modes, then the range
of energies on which the CASTOR-K predicts interaction between tornado modes and the fast ion
population must cover the energies of the lost ions measured experimentally (1.2MeV to 2.4 MeV).
The energies at which this interaction occurs depend on the toroidal mode number of the modes.
In the cases of the n=_8 and n=9 modes (the last one shown in fig. 14), a strong interaction occurs
mostly for fast ions with energies up to around 2.5MeV, which is in good agreement with the ener-
gies of the lost ions measured experimentally. However, in case of the n=7 and n= 10 modes the
CASTOR-K predicts this interaction to extend to energies up to around 3MeV, energies at which
fewer losses are observed. This suggests that a strong interaction between fast ions and tornado modes
is not condition sufficient to cause the loss these ions. In summary, tornado modes are predicted to
interact with fast ions with lower energies than those which interact with TAE, which explains the

observed decrease in the energies of the lost ions measured experimentally.

SUMMARY, DISCUSSION AND CONCLUSIONS

In addition to the modelling presented in the last section, a detailed data analysis was also carried
out. This allowed to compare directly some of the numerical results with the experimental results
and to draw conclusions about the validity of the numerical modelling carried out. The analysis
of data confirmed the predictions of the modelling regarding the identification of the instabilities
responsible for fast ion losses was correct.

Two different phases of losses are observed in these experiments. The first phase is observed when
TAE and precessional drift fishbones are normally unstable, the latter being eventually replaced by
hybrid fishbones. Modelling the interaction between the ICRH driven fast ion population and the
fishbone mode with a frequency near its initial value, 70kHz, it allowed to predict that fishbones do
not interact with fast ions with energies above around 1.6MeV. Thus, fishbones can’t be responsible
for the large majority of the losses, which have been observed to occur at higher energies. At this
frequency there are no differences between precessional drift and hybrid fishbones so the modelling
holds for both, and at lower frequencies, fishbones interact with fast ions with lower energies. On
the other hand, numerical modelling has shown that TAE can interact with fast ions belonging to a
range of energies that fits well with the experimental measurements of the energies of the lost ions.
The conclusion that fast ion losses in this phase are caused by TAE is confirmed by experimental
observations. In Pulse No: 66378 (P;-g; ~ 6MW), it occurred sometimes that hybrid fishbones were

stabilized before tornado modes or diamagnetic fishbones were destabilized, creating a window



where only TAE were unstable. The signature of the losses generated by TAE alone could then be
compared with the signature generated by TAE plus high frequency fishbones. No differences could
be observed between the two signatures, allowing to conclude that if fishbones were responsible
for any losses, they were hidden by the losses caused by TAE. Moreover, in the same pulse, there
were periods of time after sawtooth crashes in which neither TAE nor fishbones were unstable. In
these periods no losses could be measured above the detection limit, which confirms that the broad
pattern of losses observed in this phase is effectively caused by TAE.

In the second phase, the pattern of losses narrows, changes to lower energies and the number of
counts increases. The clear temporal correlation between the observed changes in the loss signature
and the onset of tornado modes leaves no doubts that the changes in the loss signal are caused by
these modes. The losses triggered by tornado modes do not replace the already existing losses caused
by TAE but will generate an additional signal that overlaps the previous signal. This new pattern
of losses is essentially shaped by the losses triggered by tornado modes since they are significantly
more numerous than those caused by TAE. The “narrowing” of the loss pattern is an indication that
the fast ion losses triggered by tornado modes come from a smaller area in the phase space (E, P)
than the previous losses associated with TAE, which is in agreement with numerical results.

Two different explanations have been presented in order to describe the losses of fast ions by
tornado modes. One of them indicates that the resonant overlap of neighbouring resonances close
to the prompt loss boundary is the responsible for the enhanced losses [10]. A second explanation
attributes the losses to the combined action of modes sweeping across a portion of the plasma ra-
dius [31] and TAE. In this case, tornado modes would initiate the radial transport of fast ions from
the core to the peripheral regions of the plasma. At this point, the eigenfunction of tornado modes
overlaps the eigenfunction of TAE, both being Alfvénic modes with similar frequencies and similar
toroidal mode numbers, and TAE would continue to diffuse the fast ions all the way to the plasma
edge [32], in a process similar to the one described in ref. [33].

Another relevant conclusion is that the number of lost ions measured by the scintillator probe
depends strongly on the ICRH power but the energies of the lost ions do not. This can be easily
explained since losses are measured at the energies at which the fast ions resonate with the modes
and the resonance condition do not depends on the ICRH power. However, increasing the ICRH
power, the number of fast ions with energies sufficiently high to verify this condition increases,

resulting in enhanced losses.
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Figure 1: Electron temperature, ICRH power, central
electron density and safety factor on axis during a monster
sawtooth in the “grassy sawteeth scenario”, I,= 2.5MA,
B,=2.7T.The two phases of losses are identified on the top.

Figure 2: Location of the scintillator plate (red box) and
typical orbit of a lost ion before it reaches the scintillator
plate. This example corresponds to a 2.5MeV H ion with
pitch angle= 64 degrees (A1=0.98).
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Figure 3: Typical spectrogram of MHD activity detected
with the Mirnov coils for the period between two monster
sawtooth crashes in the “grassy sawteeth scenario” (Pulse
No: 66378). The two phases of losses are identified on
the top.

Figure 4: Footprint of the fast ion losses measured by
the scintillator probe in the phase in which TAE and
precessional drift fishbones are unstable. Correspondence
Gyro-radius to Energy: 4cm = 0.535MeV, 6cm = 0.925MeV,
8cm = 1.499MeV, 10cm = 2.25MeV, 12cm = 3.18MeV.
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Figure 5: Footprint of the fast ion losses measured by
the scintillator probe in the phase in which tornado
modes, TAE and diamagnetic fishbones are unstable.
Correspondence Gyro-radius to Energy: 4cm = 0.535MeV,
6cm = 0.925MeV, Scm = 1.499MeV, 10cm = 2.25MeV,
12cm = 3.18MeV.

Figure 6: Schematics of the change in the shape of the
orbits of energetic ions when the ions transfer energy to
a mode.
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Figure 7: Eigenfunction calculated by MISHKA code used as input in the CASTOR-K
code for the fishbone instability (n=1).
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Figure 8: Energy exchanged by the high frequency fishbones and the ICRH driven fast ion population as a function of
Py/p, and E with A=1.v, is the poloidal flux at the edge of the plasma. Top: Tyor = 500keV, Bottom: Tyor= 1MeV.
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Figure 9: Poloidal projection of the orbits that experience a stronger interaction with the high frequency fishbones.
Top: Orbit corresponding to the main region of resonance (E = 620keV, Py/\p; =~ 0.0015 and A = 1). Bottom: orbit
corresponding to the weaker region of resonance (E=~1.35 MeV, P,/\p,;~0.015 and A=1).
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Figure 10: Eigenfunction calculated by MISHKA code used as input in the CASTOR-K code for the n=8 TAE.
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Figure 11: Energy exchanged by the n = 8 TAE and the ICRH driven fast ion population as a function of Py/{; and E
with A=1.1, is the poloidal flux at the edge of the plasma. Top: Ty = 500keV, Bottom: Tyor= 1MeV.
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Figure 12: Poloidal projection of the orbits that experience
a stronger interaction with the n = 8 TAE . Top: Ty o= 500
keV, orbit defined by (E=~1.8MeV, Py/p, ~ 0.0075 and A
=1). Bottom: Tyor= 1MeV orbit defined by (E=3.35 MeV,
Py~ 0.008 and A =1).
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Figure 13: Eigenfunction calculated by MISHKA code used
as input in the CASTOR-K code for the n = 9 tornado mode.
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Figure 14: Energy exchanged by the n=9 tornado mode and the ICRH driven fast ion population as a function of Py,
and E with A=1., is the poloidal flux at the edge of the plasma. Top: Ty, = 500 keV, Bottom: Typp= 1 MeV.
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Figure 15: Poloidal projection of the orbits that maximizes the exchange of energy with the n=9 tornado mode. The
orbit is the same both for Tyor = 500keV and Tyor = 1MeV and is defined by orbit defined by (E=2.15 MeV, Pyhp,
= -0.0015 and A=1).
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