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Abstract

Neutral beam injection into reversed-magnetic shear DIII-D plasmas produces a variety of Alfvénic activity including
toroidicity-induced Alfvén eigenmodes (TAEs) and reversed shear Alfvén eigenmodes (RSAEs). With measured
equilibrium profiles as inputs, the ideal MHD code NOVA is used to calculate eigenmodes of these plasmas. The
postprocessor code NOVA-K is then used to perturbatively calculate the actual stability of the modes, including
finite orbit width and finite Larmor radius effects, and reasonable agreement with the spectrum of observed modes
is found. Using experimentally measured mode amplitudes, fast ion orbit following simulations have been carried
out in the presence of the NOVA calculated eigenmodes and are found to reproduce the dominant energy, pitch
and temporal evolution of the losses measured using a large bandwidth scintillator diagnostic. The same analysis
techniques applied to a DT 8 MA ITER steady-state plasma scenario with reversed-magnetic shear and both beam
ion and alpha populations show Alfvén eigenmode instability. Both RSAEs and TAEs are found to be unstable
with maximum growth rates occurring for toroidal mode number n = 6 and the majority of the drive coming from
fast ions injected by the 1 MeV negative ion beams. AE instability due to beam ion drive is confirmed by the
non-perturbative code TAEFL. Initial fast ion orbit following simulations using the unstable modes with a range of
amplitudes (8 B/B = 1075-10~3) have been carried out and show negligible fast ion loss. The lack of fast ion loss is
a result of loss boundaries being limited to large radii and significantly removed from the actual modes themselves.

(Some figures may appear in colour only in the online journal)

1. Introduction

Alfvén eigenmodes are routinely observed in present tokamaks
[1,2] and are predicted to be unstable in ITER baseline [3]
and reversed-magnetic shear scenarios [4]. These modes are
routinely observed to cause enhanced transport and even loss of
fast ions [5—10], resulting in reductions in fusion performance
as well as possible damage to first-wall components [11].
Particularly susceptible to these modes are reversed-magnetic
shear plasmas with high minimum safety factor (gmin) [12].
A fully self-consistent model of Alfvén eigenmode (AE)

0029-5515/12/094023+09$33.00

stability and non-linear impact on the fast ion profile including
redistribution and fast ion loss is an extremely computationally
intensive problem. In fact, to capture all the essential
processes, the calculations must include fuelling and be carried
out for slowing-down timescales—something that is currently
intractable. In the interest of creating a reduced model, the
approach in this work is to take several components that
have been validated elsewhere, or in part here using DIII-D
measurements, and apply them in an integrated manner to
the problem of fast ion loss by Alfvén eigenmodes in ITER
reversed-magnetic shear plasmas. First, we use a measured
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or prescribed set of equilibrium profiles (electron density,
electron temperature, impurity density, ion temperature,
rotation), then calculate the ideal MHD eigenmodes of the
plasma as well as the fast ion population whether from injected
neutral beam ions or alphas from fusion reactions. The
fast ion distribution function is obtained from TRANSP [13]
and the ideal MHD eigenmodes from NOVA [14]. Second,
the linear stability of the various eigenmodes are calculated
perturbatively using NOVA-K [15] and the fast ion population
followed in the presence of the unstable modes for a range of
amplitudes using both the guiding-centre code ORBIT [16] as
well as the full-orbit code SPIRAL [17].

This paper is organized as follows. In section 2.1, a DIII-D
discharge showing a range of instabilities and fast ion loss
during the current ramp phase is presented and calculations
of AE stability are compared favourably to measurements.
In section 2.2, modelling of the observed fast ion loss is
discussed and it is shown that time periods of loss in this DIII-
D discharge occur when eigenmodes extend to loss boundaries
present in the plasma. As the current increases, fast ion
confinement improves and the more localized modes observed
at later times cause little to no measurable loss. In section 3.1,
a projected ITER DT steady-state plasma is discussed and
both NOVA-K and TAEFL [18,19] calculations of Alfvén
eigenmode stability are presented which show unstable reverse
shear Alfvén eigenmodes (RSAEs) and toroidicity-induced
Alfvén eigenmodes (TAEs) with toroidal mode numbers in the
range n = 4-6. Interestingly, both codes predict instability
due predominantly to drive from injected 1 MeV beam ions.
In section 3.2, simulations of fast ion loss due to the unstable
modes in the ITER steady-state plasma are discussed where
very little to no loss is found for any reasonable range of
amplitudes—a fact which can be explained by connection to
the DIII-D results presented in section 2.2. The smaller banana
widths in ITER result in loss boundaries only at large radii
and removed from the modes. These loss simulations do not
include scattering or additional sources of error fields (such as
that from test blanket modules (TBMs), toroidal field ripple,
or edge localized mode (ELM) mitigation coils) which might
significantly modify this result and increase the potential of
these AEs to cause loss.

2. Measurements and modelling of Alfvén
eigenmodes and fast ion loss in DITI-D

The primary DIII-D discharge discussed here is 142111
[10,20], which contains a variety of coherent mode activity
including TAEs, RSAEs and EGAMs [21], all driven by
the injected deuterium beam ions (E = 80keV). This
discharge has up to 50% neutron deficit relative to classical
TRANSP predictions as well as coherent losses of fast ions
at AE frequencies [10,20]. Fast ion losses are measured
using a recently installed large bandwidth pitch angle and
energy resolving fast ion loss detector (FILD) [20,22,23]. A
spectrogram from the central portion of the FILD scintillator
during the current ramp phase of this discharge is shown in
figure 1(b) along with an average spectrum of all ECE data
(figure 1(a)). This figure shows the large variety of mode
activity present in the discharge as well as which modes are
responsible for causing coherent/convective losses of fast ions
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Figure 1. DIII-D Discharge 142111. (a) Average spectrogram of
several ECE channels on the outboard midplane. (b) Fast ion loss
detector spectrogram.

(and the relative contribution of the different modes to the
loss). TAEs are the series of relatively constant frequency
modes above 60 kHz and responsible for the majority of the
losses. RSAEs are the modes which sweep up into and across
the TAE:s.

2.1. Eigenmode stability—DIII-D

Previous analysis has shown excellent agreement between
ideal MHD eigenmode structures calculated with NOVA and
those measured by the DIII-D radial ECE array [24,25].
Recently, it was also shown that details of the eigenmode
shearing present in experiment can be reproduced by self-
consistent inclusion of the effects of the fast ion population
on the eigenmode structure, i.e. non-perturbative modelling
of the eigenmodes [26,27]. Despite these detailed structure
comparisons, no comparison of eigenmode stability to the
actual full measured spectrum of eigenmodes has been carried
out. Previous studies on DIII-D have, however, investigated
trends elucidating the role thermal ions play in driving Alfvén
eigenmodes in high temperature quiescent double barrier
plasmas [28] as well as the role that higher order resonances
between beam ions and Alfvén eigenmodes play in high gmin
plasmas such as the one presented here [12].

Equilibrium profiles of density, temperature, impurity
density and rotation are fit and used as inputs to calculate
the linear eigenmodes of the plasma with NOVA and the
expected beam ion deposition using TRANSP. These profiles
as well as the EFIT [29] magnetic equilibrium are shown
in figure 2. The pitch angle distribution function shown in
figure 2(d) is from TRANSP, while the actual beam pressure
profile (figure 2(c)) is obtained from essentially subtracting the
thermal pressure profile from the MSE constrained equilibrium
pressure profile (while maintaining charge neutrality). This
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Figure 2. DIII-D Discharge 142111, t ~ 525 ms (a) EFIT calculated magnetic equilibrium showing FILD location. () Profiles of safety
factor (q), electron density (n.) and electron temperature (7). (c) Beam ion pressure profile (d) TRANSP calculated beam ion distribution

function averaged over the cross-section.

step is necessary since the classical profile from TRANSP
does not account for increased transport due to the Alfvén
eigenmodes themselves—the result is approximately half the
fast ion pressure on-axis expected from classical slowing down
[10]. The stability of each eigenmode found with NOVA is then
calculated using the code NOVA-K. NOVA-K calculates the
drive for each mode based on a solution of the low frequency
gyrokinetic equation, where the mode frequency is computed
perturbatively using numerical averaging over the fast particle
drift orbits. The mode damping in NOVA-K includes the
effects of electron collisional, ion/electron Landau, radiative
and continuum damping [30].

Classification of the NOVA calculated modes and
correspondence with the actual measured modes is carried
out using several pieces of information. First, several NOVA
runs for a range of gni, values are carried out to identify
frequency sweeping indicative of RSAEs. This coupled with
localization near ¢, and poloidal harmonic content of one
or two dominant harmonics is sufficient to classify the modes.
Whether a mode corresponds to one observed experimentally is
based on frequency (and behaviour with gy, ), toroidal mode
number from a toroidal Mirnov probe array, radial structure
from ECE [31], ECEI [32] and poloidal harmonic content
from ECEL

As a representative example, the NOVA calculated n = 3
continuum showing the frequency and width of all modes as
well as the spatial structure of the calculated unstable and
experimentally observed modes are shown in figure 3. Of
the four modes predicted to be linearly unstable, two are
RSAESs and two are TAEs. Experimentally, there is excellent
correspondence with both RSAEs and one of the TAEs. Further
comparisons of these modes were made with ECE imaging
measurements and are shown in figure 2 of [27].

The results of this process for n = 2-6 are given in
table 1, where the real frequency, mode type, total drive (with

finite Larmor radius corrections), total damping, net growth
rate, and whether the mode was observed experimentally are
shown for each of the modes calculated to be unstable. Also
given in table 1 are the number of unique modes tested for
each toroidal mode number, a number which increases with
n as expected. All of the modes observed experimentally are
identified explicitly in figure 4. Of the 21 modes predicted
to be linearly unstable, 10 are observed experimentally. With
the exception of n = 1, the most unstable mode is observed
for each toroidal mode number. For each n, an RSAE is
predicted to be the most unstable mode, typically followed by
the first radial harmonic such as that shown in blue in figure 3.
NOVA-K consistently predicts the fundamental RSAE to be
unstable as well as at least one radial harmonic and in some
cases the second radial harmonic. Experimentally, at most one
radial harmonic is typically observed.

2.2. Fast ion loss—DIII-D

A detailed analysis of the fast ion loss induced by Alfvén
eigenmodes in this discharge (figure 1(b)) was presented in
[10]. The key result is reviewed briefly here since it is relevant
to the ITER predictions presented in the following sections.
The primary theoretical tool used to model fast ion loss in
142111 is the Hamiltonian guiding-centre code ORBIT [16].
ORBIT calculates particle trajectories in a tokamak in the
presence of input wavefields superimposed on an equilibrium
field. The input eigenmodes are taken from the set of
NOVA calculated eigenmodes in table 1 with mode amplitudes
fixed to their experimentally observed values. When allowed
to operate on the TRANSP calculated distribution function,
ORBIT simulations are found to reproduce the dominant
energy, pitch and temporal evolution of the FILD measured
losses [10]. While loss of both co- and counter-current fast ions
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Figure 3. (a) NOVA calculated n = 3 Alfvénic continuum.
Horizontal lines indicate 1/e radial extent of eigenmodes and
real-frequency. Dashed modes are those calculated by NOVA-K

to be unstable. (b) Radial structure of displacement envelope on
outboard midplane for unstable modes from panel (a). (¢) Radial
structure of measured electron temperature perturbation
corresponding to experimentally observed n = 3 modes. Greyscale
shade, (colour online) and linestyle correlates measured modes with
calculated modes.

occurs, simulations show that the dominant loss mechanism
observed is the mode induced transition of counter-passing
fast ions to lost trapped orbits.

Loss simulations for discharge 142111 were carried out
for two separate times during the discharge current ramp that
exhibit markedly different levels of fast ion loss despite having
similar levels of mode activity. The decrease in coherent
fast ion loss as the current penetrates as well as the times
analysed (vertical shaded bands) are shown in figure 5(a).
Losses due to TAEs and RSAEs are those occurring in the
approximate frequency range 40—-100kHz. ORBIT analysis
reproduces this decrease in AE induced fast ion losses at the
two times (At t ~ 525ms, gmin ~ 4 and I, ~ 0.73MA,
at t ~ 725ms, gmin ~ 3.33 and I, ~ 0.89 MA) as well
as identified the primary cause for this decay. The loss
mechanism itself relies on modes extending to regions near loss
boundaries present in the plasma. As the discharge evolves
and the current penetrates, fast ion confinement is improved
and these loss boundaries move out/away from any mode
activity. This improved fast ion confinement combined with
the fact that the modes are also becoming more localized (more

Table 1. Modes calculated to be unstable by NOVA-K for discharge
142111 near ¢ &~ 540 ms. Table also indicates whether modes were
observed experimentally or not. Observed modes are indicated in
the spectrogram in figure 4. Drive and damping rates are normalized
to mode frequencies.

Freq. (kHz) Type Drive Damp Drive+damp Observed

n = 1, Modes tested = 19

56.26 RSAE 0.162 —0.007 0.154 NO
59.7 TAE 0.021 -0.003 0.017 YES
n = 2, Modes tested = 27
57.23 RSAE 0.133 -0.027 0.106 YES
62.43 RSAE 0.105 —-0.011 0.094 YES
59.98 TAE 0.053 —0.011 0.042 NO
54.63 TAE 0.042 -0.037 0.005 NO
70.83 TAE  0.005 —0.003 0.001 NO
n = 3, Modes tested = 28
64.92 RSAE 0.101 -0.011 0.089 YES
69.75 RSAE 0.064 —0.003 0.061 YES
61.11 TAE 0.049 -0.029 0.019 YES
67.04 TAE 0.017 -0.011 0.005 NO
n = 4, Modes tested = 31
76 RSAE 0.052 -0.002 0.05 YES
71.7 RSAE 0.056 —0.008 0.048 NO
68.49 RSAE 0.061 —-0.02 0.041 NO
71.76 TAE 0.022 -0.011 0.01 YES
n =5, Modes tested = 38
79.71 RSAE 0.056 —0.003 0.053 YES
75.48 RSAE 0.053 —0.007 0.046 NO
72.54 RSAE 0.051 -0.01 0.041 NO
n = 6, Modes tested = 46
82.8 RSAE 0.033 -0.009 0.024 YES
76.97 RSAE 0.03 —-0.018 0.011 NO
74.4 RSAE 0.031 -0.029 0.002 NO
n=3TAE n=4TAE n=5TAE
100

90 n=4 RSAE
I~
Z 80
oy
g 70 n=2 RSAE
=]
g 60 n=3 RSAE
L n=3 RSAE

50

40 142111

500 520 540 560 580 600
Time (ms)

Figure 4. ECE spectrogram from figure 1(a) with modes identified
for comparison to table 1.

RSAE:s and fewer TAEs) results in the fast ion loss becoming
significantly reduced. The combination of the effects are
shown in figures 5(b)—(e). Figures 5(b) and (c) show the
various guiding-centre-based orbit topologies for full energy
(80 kV) beam ions launched on the outboard midplane with
a range of relevant pitch values (V) / V). Particles that fall in
the yellow and white regions are on loss trajectories. The
innermost extent of the loss boundaries for each case are
marked by a vertical dashed line. The actual structure of the
various poloidal harmonics used in the simulations are shown
in figures 5(d) and (e). By comparison with the innermost
extent of the loss boundaries, it is clear that the modes overlap
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Figure 5. (a) FILD spectrogram showing coherent AE induced
losses between 40 and 100 kHz during current ramp portion of
discharge. Comparison of the loss boundaries and orbit topologies
at 80kV along the outboard midplane for the (b) ‘early’ time case
and (c) ‘late’ time case. Yellow and white represent regions from
which particles would be lost if launched with energy 80kV at the
corresponding radius and pitch along the outboard midplane. The
corresponding eigenmodes along the outboard midplane are shown
in (d) and (e), respectively. The dashed vertical line shows the
innermost extent of the loss boundaries in each case.

in radius far more extensively at earlier times, making it much
easier for them to transport particles to loss orbits.

3. Modelling of Alfvén eigenmodes and fast ion loss
in ITER steady-state plasmas

Having seen that we are able to predict with some confidence
the spectrum of unstable Alfvén eigenmodes as well as their
ability to cause fast ion loss, the same techniques will now be
applied to a simulated ITER DT steady-state plasma. This
particular plasma is the ITPA IOS steady-state scenario 4
projection benchmark case [33]. The discharge is 8 MA with
5.3 T toroidal field and is heated by 33 MW of 1 MeV negative
ion based neutral deuterium beams, 20 MW ICRF heating,
20 MW electron cyclotron heating. The profiles used as inputs
to the modelling described here are shown in figures 6(a)—
(c). The g-profile is reversed with gmin & 2.13. A significant
population of both 3.5 MeV alphas and deuterium beam ions
is also present, with pressure profiles shown in figure 6(c).
The actual fast ion distribution functions are calculated by

TRANSP with the alphas having a typical isotropic slowing-
down distribution whereas that of the beam ions is peaked in
pitch near x ~ 0.77.

3.1. Eigenmode stability—ITER

Analogous to the process in section 2, NOVA was first used to
calculate the eigenmodes of the ITER steady-state plasma for
n = 1-15 then the stability of each mode was calculated using
NOVA-K. The NOVA calculated Alfvénic continuum for all
toroidal mode numbers considered is shown in figure 6(d),
where the BAE, TAE and EAE gap are shown; however,
calculations only considered modes in the TAE gap. Different
from the DIII-D calculations, stability calculations for ITER
included two separate ion species, beam ions and alphas.
Future work will also include ICRF accelerated ions which
may also lead to a non-negligible contribution to mode drive
but was not included here due to lack of information about the
actual RF created fast ion population.

Out of 566 distinct modes, three unstable modes in the
TAE gap were found—n = 5andn = 6 RSAEsandan = 6
TAE. The displacement for the various poloidal harmonics
of each mode on the outboard midplane as well as the real
frequencies are shown in figure 7. Interestingly, the n = 5
RSAE is the fundamental radial mode whereas the n = 6 is
the first radial harmonic. All of these modes are fairly localized
near mid-radius with possibly the exception of the more
global n = 6 TAE. These results are consistent with previous
calculations performed for ITER baseline scenario plasmas [3]
as well as reversed magnetic shear fusion development facility
(FDF) plasmas [34] using NOVA-K. Modes localized near
mid-radius are favoured due to the stronger fast ion pressure
gradients in this region as well as increased ion Landau
damping in the core and electron collisional damping at the
edge.

What is notably different from previous ITER simulations
is the shift to lower toroidal mode number for the modes
predicted to be unstable. For baseline scenario cases
(gmin = 1), the strongest growing modes were in the range
n = 10-11. This shift to lower n is actually expected for these
high-gmin plasmas. Theoretically, fast ion drive increases with
increasing toroidal mode number until the fast-ion gyroradius
exceeds the width of the mode, with the most unstable toroidal
mode number occurring near k| pr, & 1, where k is the local
poloidal AE wavenumber and pr, is the fast ion gyroradius
[36]. This implies, nmax o< 1/g, so, for higher gmin, steady-
state plasmas, nmax should be lower (approximately 1/2) as
observed.

The contribution to the total drive from alphas and beam
ions is shown in figure 8 as well as the contribution of the
various damping mechanisms to the overall damping rates for
the most unstable (or least stable modes). Peak growth rates
are relatively large with the net drive exceeding the damping
by approximately 50% for the most unstable n = 6 mode.
Figures 8(a) and (b) show the surprising result that the largest
drive for the modes is actually coming from the 1 MeV injected
beam ions. Alphas, in fact, are providing only a small fraction
of the overall drive. Inretrospect, this may have been expected;
the beam ion pressure gradient is actually larger near g,
(where the RSAEs are localized) and the 1 MeV beam ion
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speed is just above the Alfvén speed, Vng/ Va = 1.08, whereas
the alphas are born significantly above the Alfvén speed with
Vu/Va =~ 1.43. The primary damping mechanisms are given
in figure 8(c). For these modes, radiative damping is typically
the largest, followed by thermal Landau damping. For many
of the modes considered, electron collisional damping is also
a large factor, primarily for modes extending to large minor
radius. It is pointed out that the radiative damping model in
NOVA-K was developed for TAE stability and is based on a
circular plasma cross-section [35]. For RSAEs this model is
more accurate near gmin ~ (m — 1/2)/n and the top of their
frequency sweep when the modes are more TAE-like.
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radiative (RAD), deuterium Landau (DL), tritium Landau (TL), and
electron collision (EC) also shown.
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vertical dashed line. (b) and (c) Structure of modes predicted to be
unstable at predicted beam pressures. Note, the growth rates are
expressed in terms of on-axis beam ion g, however, the beam ion
pressure profile is peaked off-axis (as shown in figure 6(c)) with a
value that is approximately a factor of 10 larger. The growth rates
and real frequencies are expressed in terms of 7, which is the
characteristic Alfvén time on the axis

(TA = R()/'UA() ~ 6.27 x 10_7 S).

Supplementing as well as providing a check on the
NOVA-K stability calculations, simulations were carried out
using the non-perturbative gyrofluid code TAEFL [18, 19].
TAEFL includes the fast ions as well as the primary damping
mechanisms self-consistently but is able to treat only one fast
ion species at a time as well as makes the assumption that each
species is Maxwellian. Separate simulations for the alphas
and beam ions were carried out and the most unstable mode
found for a range of pressures. As with NOVA-K, no unstable
modes were found when using alphas; however, when beam
ions were considered, TAEFL finds similar results to NOVA-K.
These results are shown in figure 9. Figure 9(a) shows the
growth rate of the most unstable mode for a given toroidal
mode number as a function of central beam ion pressure. At
the predicted pressure values, n = 4 and n = 5 modes are
found to be unstable with structures very similar to those found
by NOVA. The 2D eigenmodes are shown in figures 9(b) and
(c). At slightly higher pressure, an n = 6 mode is also found,
similar to the n = 6 mode found by NOVA. Other noticeably
higher n modes are found by TAEFL at higher pressures. These
modes correspond to what appears to be EAEs localized near
the inverted gradient region of the beam ion pressure profile
and will be the subject of future investigations.

3.2. Fast ion loss—ITER

To answer the question of whether these unstable modes in
ITER will be able to cause fast ion losses similar to those
observed in present day devices, the same type of ORBIT
simulations were carried out as for DIII-D discharge 142111
discussed in section 2.2. Beam ions and alphas sampled
from the TRANSP distribution functions were followed in
the presence of the modes shown in figure 7. In the DIII-D
case, amplitudes were measured experimentally; for the ITER
loss simulations, the mode amplitude is unknown so a range
of amplitudes is considered. Simulations were carried out for
amplitudes in the range § B/B = 107°~1073. For reference, in
similar DIII-D discharges, typical observed mode amplitudes
are $B/B ~ 1075-107%,

After following 10° particles including both alphas and
beam ions for several milliseconds in the presence of the
unstable mode spectrum, no lost particles were observed. To
confirm these results, simulations were also carried out using
the full-orbit following code SPIRAL [17] and the same result
was obtained. Until mode amplitudes were increased to the
8B/B < 1072 level, no losses were observed with ORBIT or
SPIRAL.

The reason for this lack of fast ion loss can be understood
by direct comparison with the DIII-D current ramp results
shown in figure 5. To make connection with the DIII-D result,
analogous orbit topology maps are shown for alphas and beam
ions in figures 10(a) and (), respectively. Figures 10(c) and
(d) show the radial structure of the unstable eigenmodes on
the outboard ITER midplane. As in the DIII-D case with
little to no observed coherent loss in figures 5(c) and (e), the
modes predicted to be unstable in ITER do not extend out to
the innermost extent of the loss boundaries making fast ion loss
directly due to these modes unlikely (although not plotted, the
same conclusion holds for the inboard midplane).

4. Discussion and conclusions

In this paper, it was shown that NOVA-K linear stability
calculations predict a similar spectrum of unstable modes to
those observed in DIII-D current ramp experiments. ORBIT
simulations using NOVA calculated eigenmodes reproduce
many features of coherent DIII-D fast ion loss measurements.
These simulations show the fast ion loss depends on proximity
of modes to loss boundaries. When eigenmode stability
calculations are carried out for an ITER reversed-magnetic
shear steady-state plasma, unstable RSAEs and TAEs are found
using both NOVA/NOVA-K and TAEFL. The modes predicted
to be unstable are significantly lower toroidal mode number
(n = 4-6) than the standard monotonic shear baseline case
(n ~ 10) [3]. The unstable modes are relatively narrow
radially and localized near mid-radius. It was also found that
these unstable modes have the majority of their drive from
deuterium beam ions (from 1 MeV injected heating beams) as
opposed to alpha particles from fusion reactions. TAEFL and
NOVA-K simulations also show EAE instability which will be
discussed in future publications. For any reasonable range of
mode amplitudes, both guiding-centre and full-orbit following
codes show no coherent fast ion loss is expected due to these
modes as observed in DIII-D, AUG, JET and other devices.
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Figure 10. Comparison of the loss boundaries and orbit topologies along the outboard midplane for the (a) 3.5MeV alpha and (b) 1 MeV
beam ions. Yellow and white represent regions from which particles would be lost if launched with the corresponding radius and pitch along
the outboard midplane. The corresponding radial structure of the NOVA-K predicted unsaddle eigenmodes are shown in (c¢) and (d). The
dashed vertical line shows the innermost extent of the loss boundaries in each case.

This result can be explained by the smaller relative banana
widths in ITER causing loss boundaries only at large radii and
significantly removed from the modes themselves (as in the
later time DIII-D case presented in figure 5). It is important to
point out that these loss simulations apply to a specific aspect
of fast ion losses—namely whether one expects losses due to
these modes alone. Other modes or error fields (such as that
from TBMs, ripple, or ELM mitigation coils) can significantly
modify this result and increase the potential of these AEs to
cause loss. Additionally, redistribution due to these modes will
almost certainly occur and this causes changes in stability and
the potential to drive other modes closer to loss boundaries,
something which is not taken into account. Further, inclusion
of scattering in the simulations (not discussed) causes a steady
flux of incoherent loss and redistribution due to the modes can
increase this incoherent flux of fast ions scattered across loss
boundaries. These additional effects as well as the impact of
RF tail ions on mode stability should be the subject of future
work in the area.
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