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Abstract. In recent experiments at the ASDEX Upgrade tokamak the existence
of an Edge Resonant Transport Layer (ERTL) was revealed as the main transport
mechanism responsible for the measured fast-ion losses in the presence of externally
applied 3D fields. The Monte Carlo orbit-following code ASCOT was used to study the
fast-ion transport including the plasma response calculated with MARS-F, reproducing
a strong correlation of fast-ion losses with the poloidal mode spectra of the 3D fields.
In this work, a description of the physics underlying the ERTL is presented by
means of numerical simulations together with an analytical model and experimental
measurements to validate the results. The degradation of fast-ion confinement is
calculated in terms of the variation of the toroidal canonical momentum (§F,). This
analysis reveals resonant patterns at the plasma edge activated by 3D perturbations
and emphasizes the relevance of nonlinear resonances. The impact of collisions and
the radial electric field on the ERTL is analyzed.

1 See the author list of Qverview of progress in Furopean Medium Sized Tokamaks towards an integrated
plasma—edge/wall solution by H. Meyer et al., Nucl. Fusion 57 102014 2017.
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1. Introduction

Edge Localized Modes (ELMs), present in high confinement regimes in current tokamak
plasmas, must be kept under control to limit energy and particle losses, which at
current levels would be unacceptable in future fusion devices such as ITER. Therefore,
substantial efforts are being focused on the development of reliable techniques capable
of suppressing or mitigating these instabilities in high confinement regimes. One of the
leading techniques among them is the application of external 3D magnetic perturbations
(MPs) [1, 2, 3, 4]. These perturbative fields have, however, an impact on the overall
plasma stability and confinement. The plasma response depends on several factors
such as magnetic equilibrium, main plasma parameters and the applied perturbation
spectrum. The mechanism responsible for the ELM mitigation has been found to
depend strongly on the plasma response to the applied MP [5, 6] and its poloidal mode
spectra [7, 8]. Considering this, the effect of the poloidal mode spectrum from the
external MPs and of the plasma response generated by the perturbation, needs to be
analysed. This effect is most pronounced on the energetic particles with relatively
long slowing-down times [9] and must be carefully assessed, as they will be present in
future fusion devices. Previous numerical simulations of the impact on ELM control
coils on fast-ion confinement in ITER [10, 11] have predicted up to a 20% power loss
for the neutral beam injection (NBI) and 6% for fusion born alpha particles. First
experiments at ASDEX Upgrade (AUG) and DIII-D have shown that the externally
applied perturbations can lead to a degradation of the energetic particle confinement
[12, 13, 14] for certain magnetic configurations, compromising the integrity of the device.
Experiments on both AUG and DIII-D show that the poloidal mode spectra of the
applied 3D resonant magnetic perturbation commonly used to mitigate ELMs can
greatly affect the fast-ion confinement [15]. In this paper, we report on the existence of
an Edge Resonant Transport Layer (ERTL) responsible for the fast-ion losses observed
in the presence of externally applied 3D fields. Full orbit simulations carried out with the
ASCOT [16] code using the plasma response calculated with MARS-F [17] reproduce
a strong correlation of the fast-ion losses with the 3D fields poloidal mode spectra.
This work presents an analysis of fast-ion confinement in terms of the variation of the
toroidal canonical momentum (JF,), which reveals resonant structures at the plasma
edge activated by 3D fields that match rational orbital resonances.

This paper is structured as follows: Section 2 describes the experiments carried out
at AUG. In section 3, the modelling techniques using the full-orbit code ASCOT and
MARS-F, which is a single fluid, full MHD eigenvalue code in full toroidal geometry,
are discussed. Section 4 introduces the ERTL and describes the resonant transport
mechanism that arises due to the 3D fields. In section 5, the impact of the findings
presented with respect to fast-ion transport is assessed. A summary and conclusions
are given in section 6.
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Figure 1. AUG#33143. (a) Normalised FILD signal (black) and plasma core
line-integrated electron density (blue) as functions of time. (b) Poloidal thermo-
currents from the outer divertor target plates showing ELM mitigation as a
function of time and (c) time window corresponding to the applied current
phase Apyr,.

2. Experiment

Several experiments have been carried out in AUG to show the impact of MPs poloidal
mode spectra on ELM mitigation, in particular, shot #33143 with high normalised
By = 2.4, low collisionality v = 0.2 and g¢5 = 3.8. A magnetic perturbation with a
toroidal mode number n = 2 was generated by the ELM control coils installed in AUG,
where currents flowing through the lower set of coils were kept constant in time while the
upper currents were slowly rotating at 2 Hz, introducing a phase shift (Apy, = ¢y —or)
that resulted in a continuous scan in the poloidal mode spectra [18]. The source of
energetic particles was introduced by means of 5 MW neutral beam injection (NBI)
distributed on 2 sources with 2.5 MW from 2 NBI boxes, one at 60kV (NBI#3) the
other at 93kV (NBI#8). Figure 1 shows density pump out and partial ELM mitigation
when the coils are turned on, but also a modulation with the poloidal mode spectra.
The effect of this modulation is especially clear in the Fast Ion Lost Detector (FILD) [19]
measurements, where fast-ion losses are only detected with certain coil configurations
(figure 1) between Apyy, = 100° and Apyy, = 220°.

3. Modelling

Full orbit simulations of the observed fast-ion transport induced by the externally
applied 3D fields have been carried out using the ASCOT code, a realistic fast-ion
distribution and the 3D perturbations fields calculated using the vacuum approach and
the plasma response given by MARS-F [20]. The magnetic fields were generated as the
combination of the axisymmetric equilibrium provided by the CLISTE code [21] with the
3D perturbation calculated by MARS-F and interpolated in ASCOT from a cylindrical
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Figure 2. AUG#331/3. (a) Electron density profiles showing the unperturbed
profile (black) measured at I.,; = 0 (t = 1.80s) and the profile during density
pump-out produced by the MP coils at t = 2.25s (blue). (b) NBI birth profile
distribution as a function of the plasma major radius. (c) Poloidal cross section
of AUG wessel including the NBI#S8 deposition using the perturbed density
profile and a representative trapped orbit. Toroidal Poincaré plots showing the
n =2 MP perturbation for: (d) Ay, = 40°, (e) Apyr, = 260°

grid using splines. The viability of this model is based on its capability of reproducing
the measured data. To that end shot #33143 was used to validate the simulations.
In this case, the initial fast-ion distribution was calculated for NBI#8 as this beam is
more energetic and presents more associated fast-ion losses. The beam deposition was
calculated from the profiles at the phase where coils are turned on (figure 2(a)) as the
ion deposition in the scrape-off layer (figure 2(b) and (c)) is very sensitive to density
variations, entailing a significant impact on fast-ion losses. As will be discussed later,
more information about the NBI#8 pitch distribution is shown in figure 4.

The 3D perturbation fields are calculated at several time points spanning the entire
spectra. Figures 2(d) and (e) present the toroidal Poincaré plots corresponding to
the configurations Apy = 40° and Agyr = 260° calculated with MARS-F including
the rotational shielding of the MP. These plots show the magnetic island structures
appearing at the region p,, = 0.7 — 1.0 caused by the applied perturbation.

The fast-ion transport induced by each perturbation fields, i.e. time point or coils
configuration, has been calculated using orbit simulations including the gyromotion.
For this purpose, the ASCOT leap-frog method with a time step of 107%s has been
used. The perturbation fields include the main harmonic perturbation n=2 as well as
the secondary harmonic n=6 given by the realistic geometry of the MP coils. Figure 3(a)
shows the total losses (normalised by their maximum) obtained with ASCOT for 5ms
simulation time for each MP configuration using the same initial particle distribution.
All cases show a similar trend with the coils configuration, i.e. poloidal mode spectrum,
with the minimum losses obtained when a pure n=2 perturbation is applied using the
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Figure 3. (a) AUG#33143. (a) Total fast-ions losses normalised to its
mazximum value as a function of Apyr including the n = 2 plasma response
(black), the n = 2,6 plasma response (red) and the n = 2,6 vacuum fields
without the plasma response (red dashed line). (b) Normalised values of
measured (black) and simulated with ASCOT (red) FILD signals as a function
of the applied Apyr,.

vacuum approach. These results also reveal that the impact of the plasma response
on energetic particle losses changes with the MP poloidal mode spectra. While the
plasma response and vacuum approach for n = 2,6 lead to similar fast-ion losses at
Ay, = 260°, the plasma response can increase the losses up to 20% at Apyr = 20°.
Excluding prompt losses, i.e. particles lost to the walls during the first poloidal bounce,
most of the losses induced by the 3D fields occur within the first 5 ms, so we can assume
that the chosen following time is representative of the fast-ion loss behaviour.

Figure 3(b) shows the fast-ion losses measured with the FILD detector during these
experiments. The FILD system used in these experiments is located above the midplane
at z=0.30m, R=2.19m and ¢ = 123.5°. The detector geometry allows the detection of
particles within a pitch range between A = —0.9 and A = —0.1 and gyroradius between
pr = 20mm and py = 120mm. FILD measures fast-ion losses when the perturbation
fields have a Apyp between 100° and 200° with a maximum at Appyp, ~ 150°. A
reasonable good agreement, see red curve in Figure 3(b), is obtained with ASCOT when
filtering the lost particles that hit the FILD head, which is included as a 3D element
of the AUG wall. Charge-exchange losses were neglected in this numerical model and
assumed not to play a key role in the understanding of the fast-ion transport dependency
on the 3D fields configuration.
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4. Edge Resonant Transport Layer (ERTL)

The experimental results show that Ay, has a strong effect on fast-ion losses. Using the
model described in the previous section, the phase-space of fast-ions affected by the 3D
perturbation was calculated through the variation of the toroidal canonical momentum
(Py) as a function of Apyy. P, of a charged particle is defined as:

Py, = mRvy — Zep (1)

where m is the particle mass, R is the major radius, vy is the toroidal component of
the velocity, Ze is the particle charge and W is the poloidal flux. Py is a constant of
motion for axisymmetric fields, but with the inclusion of non axisymmetric magnetic
fields leading to a toroidal symmetry breaking, P, is not an invariant and its variation
is associated to a radial transport of the particles. In this context, a positive variation
in P, means that the particle is drifting inwards, while a negative variation leads the
ion to drift outwards. The variation of the fast-ion P, ((§FP,)) was calculated as the
time averaged variation of P, along each particle trajectory as follows:

<5P¢> _ Zi:l P¢(ZJ\; _P¢(0)’ (2)

where Py(0) is the initial value of P, at ¢ = 0, 7 indicates different time points along

the particle orbit and N is the total number of time points used for the average. (0P;)
is shown in figure 4 as a function of the particle pitch A = v /vy and the plasma major
radius. Clear patterns appear for passing (A < —0.5 at R=2.0m) and trapped (A > —0.5
at R=2.0m) ions with a maximal (6P,) located within 10 cm around the separatrix.
The transport of trapped ions is dominated by resonant structures for all particle radial
locations, while passing ions also show non-structured patterns from R=2.10m. These
structures also show a strong dependency with the particle initial pitch angle. (§P,) is
shown in figures 5(a)-(c) as a function of the particle energy and initial major radius
with particle pitch A = —0.5 set by the NBI#8 injection geometry and initial z on the
midplane, where (0P,) was calculated through full orbit simulations for different coil
configurations to show the impact of Ay on energetic particle transport.

In figures 5 (a)-(c), clear transport structures are observed within 5 cm around
the separatrix. The maximum in simulated total losses presented in figure 3 (a) for
Apyr, = 40° appears correlated with a maximum outward transport as figure 5 (a)
shows while the minimum in simulated total losses for Ayy;, = 260° appears with
a maximum inward transport as figure 5 (c) shows. An intermediate configuration for
Apyr = 160° leads to intermediate total losses that are reflected in a moderate transport
((0P,)) as figure 5 (b) shows.

The patterns observed in the (§FP;) plots can be understood by comparing them to
the particle resonances. We use the static equilibrium for discharge AUG#33143 to
calculate the particle resonances as the ratio between the bounce (w,) and precessional
frequency (wq) presented in figs 5 (a)-(c). In figures 6(a) and (b) the frequency ratio has
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Figure 4. AUG#33143. (0Py) as a function of plasma major radius and
particle pitch angle for a particle with energy E=60keV and started at z = 0.
The fast-ion NBI#8 distribution mazximum (green) and FWHM (dashed green).
Blue curve indicates the location of the trapped/passing boundary and white
contours show the particle frequency ratio wy/wq
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indicate the particle frequency ratio (wy/wq). (d) Radial profiles of (6Py) for
different Aoy, at energy of E=50keV and pitch A = —0.5
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Figure 6. AUG#353143. Energetic particle resonances as a function of energy
and plasma major radius of a NBI#8 fast-ion distribution for (a) HFS using
initial particle coordinates A=-0.7, z = 0m and (b) LFS using initial particle
coordinates A=-0.5, z=0m .

been plotted for both high-field side (HFS) and low-field side (LF'S), respectively. At the
LF'S, which is mainly populated by trapped orbits, the frequency ratio exhibits a small
gradient in the region close to the scrape-off layer corresponding to deeply trapped ions.
This gradient increases towards the plasma core as it approaches the trapped/passing
boundary, resulting in a region with very high resonance density. In the high-field side
region, where the population consists of passing orbits, the resonance gradient remains
almost constant and the frequency ratio has a slight dependency on the particle initial
energy.

A particle resonance will be considered linear if the trajectory frequency ratio meets the
condition nwy — pw, = 0, where p is the bounce harmonic. By overplotting the particle
resonances in the (0P;) figures of merit, a clear matching between the maxima and
minima in (6 P4) and particle resonances is found. The particle resonances corresponding
to a maximum variation of (§P;) are wy/wg = 2.25 for Apyr = 40°, wy/wy = 2 for
Ay = 160° and wy/wy = 1.75 for Apy, = 260°. The matching between the maxima
and minima of (§P,) and the particle resonances indicates that, when the perturbation
is applied, the ERTL induces fas-ion transport through a combination of linear and
nonlinear resonances. As we approach the trapped/passing boundary, the distance
between consecutive resonances is reduced, which might cause a significant (§P;) due to
a resonance overlap in this region. From the set of particle resonances shown in figure
6, the ones responsible for the induced transport are located at the plasma edge, where
the magnetic field is most affected by the 3D perturbation, as can be seen from the
Poincaré maps in figures 2 (d) and (e) at p = 0.85 — 1.00.

Most of the active resonances involved in the ERTL are nonlinear, which can be
understood by considering a function describing varying field in the poloidal and
toroidal direction in the form f(r,0,¢)=>"
coordinates (7,0, ¢). The projection of the perturbation of the magnetic field along the

ging—imé fmn(r) [22] in terms of particle
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trajectory of a trapped particle yields:

fr0.0) = ) UrTam TR, L frn(r.0,0) (3)

n,m,pEZ

where 7 is a time variable that follows the particle location along the poloidal trajectory
of period 27 /wy, wy is the frequency of the perturbation and P is a projection operator
along the orbit of the trapped particle in an axisymmetric equilibrium [22]. Note that
the aforementioned resonant condition can be trivially derived when the wave-particle
phase becomes stationary, which leads to niwy — pw, = 0 for nearly stationary magnetic
perturbations (wy = 0).

When a linear resonant condition is not satisfied, we assume that the dominant
impact of the perturbation is to modulate periodically the bounce-averaged particle
displacement [23]. If we consider that the periodicity of the modulation is set by the
magnetic perturbation and all terms are periodic functions which can be expressed using
Fourier decomposition, we can write:

f(r,6,0) = > eltrumpaeorgilndaposworp, o (r,6,0) (4)

PIEZL

for a fixed value of n, m, where [ is the nonlinear harmonic, p = pg + p’ is the
nonlinear bounce harmonic and pg the primary bounce harmonic. From eq.4, the
resonant condition is given by “£(Qr) = 0 with Q = (n@y — pwy) + l(nwg — pows)
for stationary perturbations and can be expressed as:

wp  n(l+1) .
@i po(1+1)+pf )

From expression 5 we can identify active resonances triggered by given values of
Apyr. In the analysed shot, n = 2 is fixed due to the perturbation symmetry, p’ = +1
and py can take integer values reproducing most of the resonant structures in figures
5(a)-(c), where the amplitude and location of the activated resonance depends strongly

on the frequency ratio.

5. Characterisation of the ERTL

Using the description of the ERTL as the main transport mechanism in the presence of
a 3D perturbation generated by MP coils, a complete analysis of both LFS and HFS
is presented in terms of (§FP,). The role of initial toroidal phase is illustrated in figure
7. Here, (0P,) is calculated for different Ayyy, indicating the NBI#8 injection. The
structures in both configurations are dominated by the n = 2 symmetry of the applied
perturbation and the activation of multiple resonances at the trapped/passing boundary.
Figure 7(a) indicates that, for this configuration of Ay, the NBI injection is the least
favourable with respect to the perturbation, while figure 7(b) shows the opposite.

On the magnetic HF'S, the variation of (6 P;) shows a different pattern since the fast-
ion population in this area consists of passing particles (figures 8 (a)-(c)). However,
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Figure 8. AUG#33143. (6Py) on the HFS area as a function of plasma magjor
radius and enerqy for particle initial coordinates A = —0.7 and z = Om at:

(a)AchL = 400, (b) AQDUL = 1600, (C) AQOUL = 260°. (d)—(f) | <5P¢> | fOT
different Ay, (blue) and g-profile (red) as a function of plasma magjor radius.

the variation of the poloidal mode spectra has a similar effect on the activated
resonances, showing the maximum transport intensity at Agyr = 40° and minimum
at Agpyr = 260°. The analysis of (6 P;) indicates that the transport is resonant in the
inner plasma region, but becomes chaotic as it approaches the separatrix due to the
perturbation of the magnetic field lines, which greatly affects passing particles.

For this case, the determination of the ratio wy/wy of the activated resonances was
made by means of the identification of the ¢ = m/n values corresponding to the
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peaks in the (§P;) radial profile at a fixed value of the energy (figures 8(d)-(f)). The
calculation of (0P,) as a function of the plasma major radius and toroidal angle (figure
9) shows a resonant structure (R=1.25-1.45m) that is dominated by the n = 2 toroidal
mode number of the perturbation, which corresponds to the structures observed at the
associated Poincaré plots (figure 2(e) and (f)). In addition to the n = 2 structures, a lobe
structure is visible at the region closer to the separatrix and is most intense when the
resonant magnetic configuration is applied at Apy, = 40°. Note that these structures
showing the fast-ion transport at the high-field side are very similar to the divertor heat
flux patterns observed in the AUG measurements with similar coil configurations [24].
A scan in the amplitude of the magnetic perturbation is used to analyse its effects on
linear and nonlinear resonances (figures 10(a) and (b)). For amplitude levels routinely
used for MP ELM suppression, both linear and nonlinear resonances are activated, but
the resonant transport is mainly nonlinear (figure 10(a)). As the amplitude decreases,
the intensity of nonlinear resonances (I # 0) become weaker until they completely
disappear and linear resonances are the dominant transport mechanism (figure 10(b)).
This fading of the (0P,) structures is summarized in figurel0O(d), where structures
associated to linear resonances (marked with an orange circle) are the only structures
that remain when the perturbation amplitude decreases.

The impact of Coulomb collisions on the ERTL is also assessed through realistic
simulations including collisions between fast-ions and the bulk plasma where particle
orbits have been traced using the same following time as figures 10 (a) and (b) to
show the effect of collisions within the same time scale. The ASCOT collision operator
includes pitch angle scattering [16] and uses a realistic value of the effective ion charge
(Zegr = 4.5) to determine the collision rates. In figures 10(c) and (d) the impact of
collisions on the ERTL leads to a widening of the resonances, but also to an overall
decrease of the (0 P;) peak structure associated to the individual resonances.

The effect of the radial electric field on the ERTL is also studied. The radial electric
field considered in figurell(a) was calculated for shot AUG#33143 from the magnetic
axis to the separatrix, showing the common behaviour observed in H-mode plasmas [25].
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As can be observed from the comparison between figures 11(b) and 10(a), the impact
of the radial electric field is to distort the resonant structures at the location of the E,
well, but it can also alter a small region outside the separatrix. This effect is related
to the topology of trapped orbits (figure 2 (c)), where ions born outside the separatrix
can also explore inner regions of the plasma on the inner banana orbit leg. The orbital
frequency ratio wy/wy was calculated including the E,., showing that the distortion of
the (0 P,) structures matches the new frequency ratio. Considering this, we can assume
that eq. 5 is still valid in the presence of E,.

Although the structures are altered, the maximum variation of (§P,) is not changed.
Also, due to the distortion of the resonances, the transport associated to (6P;) at
high energies is eliminated, which might lead to a better ion confinement for this coil
configuration.

6. Summary

This work introduces an Edge Resonant Transport Layer responsible for the fast-ion
losses in the presence of externally applied 3D fields in a tokamak. This transport
mechanism is shown to have a dependency on the energetic particle topology, the
spatial spectrum and amplitude of the perturbation, plasma collisions and radial electric
field (E,). The dominant resonant transport is mainly linear for small amplitude
perturbations, but it becomes nonlinear as the amplitude increases to levels used
routinely for MP ELM suppression. When Coulomb collisions are included, the wave-
particle resonant phase is lost more rapidly than in the collisionless case and, hence,
the transport decreases. Also, when a radial electric field is considered, a distortion of
the resonant patterns is observed near the F, well, but the transport remains close to
the separatrix with a similar maximum variation of (6 P4). The results discussed in this
work were used to understand the nature of the fast-ion transport mechanism involved
in the analysed experiment, but these modelling tools can also be utilized to predict the
energetic particle confinement in current and future devices like ITER. Based on this, the
analysis of (§FP,) can be applied to optimize future operational scenarios by modifying
the ERTL, which opens the possibility of fast-ion control through the application of 3D
perturbations.

The role that the ERTL introduced here may play on the observed mitigation and
suppression of ELMs in present devices will be studied in detail in a follow-up paper
including its dependence on qgs, collisionality and FE,. This future work might allow
us to identify a 3D field configuration that maximizes the ELM mitigation/suppression
and minimizes the loss of superthermal ions.
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