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Abstract. We present a detailed numerical study of the interaction between
fast particles and large-scale magnetic perturbations and toroidal field ripple. In
particular we focus our study on the losses of fast ions created by neutral beam
injection (NBI) for an ASDEX Upgrade discharge with neoclassical tearing
mode (NTM) activity. For these investigations, we use as input an equilibrium
carefully reconstructed from experimental data. The magnetic field ripple is
self-consistently included by a three-dimensional, free-boundary equilibrium
computation. The magnetic islands caused by a (2,1)-NTM are introduced
by a field perturbation superimposed on the equilibrium magnetic field. The
experimental data are used to reproduce size and location of those islands
numerically. Starting from a realistic seed distribution, the guiding centres of
about 100000 fast ions are traced up to a given time limit, or until they hit
plasma-facing structures. A detailed analysis of the particle trajectories provides
important information on the underlying loss mechanisms such as: (i) losses
of passing particles caused by drift island formation, and (ii) losses of trapped
particles due to stochastic diffusion.
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1. Introduction

High-energy particles play an important role for plasma heating and current drive. Therefore,
good confinement of those particles is essential for a successful operation of future fusion
devices, such as ITER and DEMO. In toroidal magnetic field configurations particles are
either passing around the torus, or they are trapped in magnetic mirrors. Neglecting energy
and pitch angle scattering processes, both types of particles are confined in axisymmetric,
toroidal magnetic field configurations. In tokamak devices the limited number of toroidal
field coils leads to a magnetic field ripple in the toroidal direction, so that the perfect
axisymmetry is violated, and trapped particles become lost due to stochastic diffusion and/or
ripple well trapping L, 2]. Further losses may occur due to the interaction of fast particles
with magnetohydrodynamic (MHD) instabilities. Similar to the static magnetic field ripple,
low-frequency perturbations cause losses of trapped particles due to stochastic difflision [
Furthermore, experimentd]f-[6] and theoretical considerationg, [8] have shown that high-
energy passing particles are lost because of their interactions with high-frequency perturbations,
such as toroidal Alfvén eigenmodes (TAES). However, more recent experin®gHtsJ have
revealed that almost static, low-frequency MHD modes, such as neoclassical tearing modes
(NTMs), also cause losses of fast passing particles. For those losses various mechanisms are
currently under discussion. For instance, the overlap of drift islands of passing particles may
lead to orbit stochasticity and, hence, may cause a loss of these paftidigd f]. Furthermore,

barely passing particles may become trapped and possibly lost in fields perturbed by MHD
instabilities (e.g. NTMs)15)].

New insights into the interactions between fast particles and large-scale magnetic
perturbations have been gained by measurements of the fast ion loss detector (EALTH [
installed in ASDEX Upgrade. A CCD camera and an array of photomultipliers with a
bandwith of 1 MHz allow a high time resolution which has clearly shown frequency and phase
correlations between particle losses and low-frequency MHD fluctuations. These experiments
have motivated the numerical studies presented in this paper.

Fast orbit losses in the presence of large-scale, static, helical perturbations have already
been studied analytically and numerically in other papé&gs 17, 18]. While these studies
are based on axisymmetric model equilibria with circular cross-sections and/or limited to
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the plasma region, we investigate a real ASDEX Upgrade equilibrium (discharge #21089 at
t = 45s) including the magnetic field ripple produced by the 16 toroidal field coils of ASDEX
Upgrade. The field ripple is self-consistently included by a three-dimensional (3D), free-
boundary equilibrium computation. The magnetic field perturbation caused by a (2,1)-NTM,
which has been observed at this tini€][ is superimposed on the equilibrium field. The field
perturbation is computed from the perturbed polodial flux, for which we use an analytical ansatz.
The free parameters of this ansatz are chosen in such a way that radial location and width of
the (2,1)-islands are consistent with the motional Stark effect (MSE) and electron cyclotron
emission (ECE) measurements. Starting from a realistic seed distribution, the guiding centres
of about 100000 fast ions are traced up to a given time limit, or until they hit plasma-facing
components (PFCs), such as limiter and divertor structures. In other words, the tracing of the
guiding centres is not limited to the plasma region, but is continued beyond the separatrix.
A detailed analysis of the particle trajectories will then provide important information on the
underlying loss mechanisms. Although a guantitative comparison with experimental data is
beyond the scope of our studies, the results qualitatively agree with the FILD measutgjent [
The paper is organized as follows. The numerical method is briefly described in s&ction
In section3, the magnetic field topology including magnetic islands and field ripple is studied for
the ASDEX Upgrade discharge #2108% at 4 s. In sectiord, the initial particle distribution
is described (sectiod.1), and various types of fast ion guiding centre trajectories and loss
mechanisms are investigated for passing (secti@)) and trapped particles (sectidiB). The
total particle losses are discussed in sectighFinally, in sectiorb we summarize the work.

2. Numerical method

The ASDEX Upgrade discharge #21089tat 4s (vacuum magnetic fiel@, = 2T, total
plasma current, = 0.8 MA) was unstable with respect to NTMs. Around the magnetic surface
with safety factorq =2 large (2,1)-islands formed with a width of approximately 12 cm.
The perturbation led to an increased loss of fast particles measured with the newly installed
FILD [12, 16]. This discharge is the basis of our studies presented below. The corresponding
equilibrium is carefully reconstructed from experimental data with the axisymmetric CLISTE
equilibrium reconstruction codel9, 20] taking into account MSE measurements. We re-
calculate the unperturbed equilibrium with the 3D, free-boundary VMEC/NEMEC &id2?)

twice. In one study, we use an axisymmetric approximation of the toroidal field, and in the other
we take into account the 3D toroidal field produced by the 16 toroidal field coils of ASDEX
Upgrade. The latter calculation yield the 3D equilibrium with magnetic field ripple.

Figurel shows a cross-section of the unperturbed, axisymmetric equilibrium. In agreement
with the MSE data thg = 2 surface is located at approximately 60% of the plasma radius. This
figure also shows the separatrix, the poloidal position of the FILD, and an outer limiting surface.
In order to avoid the numerical effort connected with the determination of the positions where
the guiding centres of the fast ions hit the 3D wall structures, we approximate the PFCs by an
axisymmetric, closed surface. This simplification is appropriate and sufficient for our goal to
identify the various loss mechanisms.

Up to the outer limiting surface the axisymmetric and 3D, unperturbed magnetic fields are
computed with the MFBE cod@8, 24] in cylindrical co-ordinates on a grid. In order to simulate
the magnetic islands caused by the NTM, a magnetic field perturbdipp~= VU x Vo,

is superimposed on to the equilibrium field. For the perturbed poloidal fyxye make the
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Figure 1. Cross-section of the equilibrium of discharge #2108% at4s
showing the rational surfaces with= 2, 3, 4 and 5 (brown lines), the separatrix
(green line), the poloidal position of the FILD (magenta square), as well as the
axisymmmetric approximation of the PFCs (black line).

following analytical ansatz:

W(s, 9, 9) =) Ann(S) COIMD — Ng — rmn). (1)
m,n

which is a function of the flux co-ordinates ¢, ¢. These co-ordinates are the normalized
toroidal flux, s, a poloidal angle co-ordinateé?,, and the toroidal angley. The latter is the
toroidal angle in cylindrical co-ordinates. The variabhe@ndn are the poloidal and toroidal
harmonics of the perturbation. Here we only consigler 2 andn = 1. At this point, it should
be noted that in a realistic tokamak geometry this perturbation also causes islands of higher
order, such as (3,1), (4,1) and so on (see figyreThe variablepy,, determines the island
phase.

New Journal of Physics 10 (2008) 023017 (http://www.njp.org/)


http://www.njp.org/

3) I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

0.010

0.008

0.006

A1 (Tm?)

0.004

0.002

0.00%

Figure 2. Parametrized function$), ;, as a function of the normalized toroidal
flux s for a (2,1)-mode. The black line shows the function of perturbation 1
(equations %) and @)), while the red line describes the radial behaviour of
perturbation 2 (equatiord)). The dashed, vertical lines indicate thevalues

of the rationalg-values 2, 3, 4 and 5 (from left to right).

In order to study the influence of the radial profile of the magnetic perturbation on the
fast particle losses, we use two different radial functidas. The first function 5] describes
resistive modes, and does not disappear in the vacuum region. This function consists of two

parts
s \M2 s \ V2
S) = o | — 1- — fors < 2
Am,n( ) = Pmn (Smn> |: B (Smn> i| Snn ( )

and
a(l—B) —y+y(s/snn)?

Amnn(S) = pmn (S/Sm,n)(mﬂ)/z
The variablesom n, @, B andy are free parameters, which determine the island widths as well
as the perturbation strength in the vacuum region. The vargfes the normalized toroidal
flux of theq = m/n surface. In order to obtain the experimentally observed (2,1)-island width
and position, and at least the same order of magnitude for the measured radial perturbation
field strength (3< 1074 T) in the vacuum region, we use= 0.04, 8 =0.87,y =0.01, p,1 =
12 x 10~* ands, ; = 0.2693. From now on, we will call this ansatz perturbation 1.

We also consider a second analytical expression (perturbation 2) for the radial function

which disappears at the plasma bounday(1). In this ansatz46], the radial function is
defined by

fors > Syn. (3)

Ann(S) = G4 (1 —9)*. 4)
Again, the free parametecs, k; andk, are chosen in such a way that width and position of the
(2,1)-islands approximate the experimental daga=(0.1, k; = 2, andk, = 4). Figure2 shows
the radial behaviour of both perturbations for the considered (2,1)-mode.
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Figure 3. Cross-section of the extended flux co-ordinate system. The red, radial
lines correspond to constant values of the poloidal co-ordingteyhile the
poloidal curves mark the plasma boundary (inner black line), the outer boundary
(outer black line) obtained by extrapolation, and the outer limiting surface (blue
line), which approximates the plasma-facing structures.

Since flux co-ordinates are only defined inside the plasma, it is necessary to extend this
co-ordinate system into the vacuum region. Therefore, we define an outer co-ordinate surface.
This surface is obtained by a radial extrapolation of the Fourier coefficients describing the shape
of the plasma boundary. As shown in figuBgethis surface, which correspondsde- 2, does
not only enclose the outer limiting surface, but also allows a smooth extension of the poloidal
co-ordinate lines. The MFBE code used to compute the equilibrium magnetic field is extended
in order to compute also the magnetic field perturbation on the same 3D grid as the equilibrium
field.

Together with an initial distribution of fast ions, and some information about plasma and
wall geometries, the equilibrium and perturbation fields serve as input to the GOURDON
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code R7]. We use an extended and parallelized version of this code, which is able to trace
thousands of magnetic field lines or guiding centres, and which determines the positions where
the guiding centres hit the outer limiting surface (for more details 88e29]). The initial
distribution of the fast ions is computed with the FAFNER co@lg},[and the geometrical input

is produced with the GEOM cod@9]. However, up to now no patrticle collisions are included

in the GOURDON code. For the considered particle (see sedtinand plasma properties
(particle densityn =~ 6 x 10*°m~3, ion temperatureT; ~ 4.3 keV, electron temperaturd, ~

2.9keV (all quantities given in the plasma centre)) the rate of change of the beam eagiigy d

and the total deflection frequeney of the pitch angle scattering are At ~ 10°~10' eV s

andvg ~ 1-10s?, with the rates increasing from the plasma centre to the plasma boundary.
As we will show in sectiord.4, the neglection of the particle collisions is justified for the
presented studies. Furthermore, we do not consider the rotation of the islands, because the transit
frequencies of fast particles are much higher than the mode frequency of the (2,1)44]TM [

3. Magnetic islands and toroidal field ripple

As a first step, we compute the pure axisymmetric magnetic field, the field with toroidal field
ripple, the perturbed axisymmetric fields using perturbations 1 and 2 and the fields with ripple
and perturbations 1 and 2, respectively.

The toroidal magnetic field ripple and its influence on the magnetic field topology is
illustrated in figure<l(a) and (b). Figuré(a) shows the ripple strengsh defined by

_ Bmax_ Bmin (5)
Bmax+ Bmin ’

with Bpin and Bnax being the minimum and maximum magnetic field strength in the toroidal
direction. The ripple is highest at the low-field side. At the outer midplane the ripple amounts to
0.33% at 70% of the plasma radius, and to 0.66% at the plasma boundary. The displacement of
the field lines due to the field ripple is illustrated in figd®). The red and black lines indicate

the poloidal projection of the field lines with and without ripple. Due to the ripple the red lines
show an inward/outward radial displacement. Close to the plasma boundary (green line) the
radial displacement of these field lines relative to the field lines traced in the corresponding
axisymmetric field varies betweehl mm. The radial displacement increases with decreasing
distance to the toroidal field coils. At the position of the outer limiting surface (blue line) the
radial displacement amounts 42 mm.

Figures5(a)—(d) show Poincaré plots of field lines traced in the magnetic fields including
field ripple and perturbation fields. For both kinds of perturbations the widths of the (2,1)-islands
areA,; =0.12m. The O-points of the islands are shifted approximately by 0.02—0.03 m inside
the unperturbed = 2 surface, while the X-points are shifted outward. This behaviour has also
been observed in the MSE and CEC measurements. Using perturbation 2, which disappears at
the plasma boundary, the boundary region is not ergodized, and islandswith are much
smaller than those obtained with perturbation 1. For the latter perturbation the (3,1)- and (4,1)-
island widths are\3; = 0.024 m andA 4 ; = 0.016 m. Figure$(a)—(d) show the cross-sections
for ¢ = 180°. Note that at this cross-section all O-points are aligned in the outer midplane.

These magnetic fields, as well as their axisymmetric approximations with and without
perturbation, and the unperturbed field with ripple are used for the following computations
of fast ion guiding centre orbits and losses. Furthermore, the perturbed fields are computed
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Figure 4. (@) Ripple strengthj, as function ofR- andZ-co-ordinates. The black
solid lines indicate the positions of the plasma boundary and the outer limiting
surface, and the grey areas represent parts of the toroidal field coils. (b) Poloidal
projection of field lines traced in magnetic fields without (black) and with ripple
(red). The green and blue lines indicate the positions of the plasma boundary and
the outer limiting surface, respectively. (b) shows an enlargement of the low-field
region.

for various phases of the perturbations, nameps = 0°, 45°, 90°, 135, 180, 225, 270°
and 315.

4. Fast particle losses

4.1. Initial particle distribution

ASDEX Upgrade has a 20 MW neutral beam injection (NBI) system composed of two injectors,
which are located at the low-field side. Each injector has four neutral beam sources. During
discharge #21089 only three sources (#3, #5 and #7) were active. While #5 and #7 injected
deuterons withE =93, 46.5 and 31keV, the particle energies of #3 wEre- 60, 30 and

20 keV. The resulting initial distribution of fast ions is determined with the FAFNER c8de [

For the following studies an initial distribution of almost 100000 particles is used, with
approximately 13 of the particles produced by each source. Figpeesents spatial and pitch
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Figure 5. Poincaré plots of the magnetic field with ripple, and perturbations 1 (a)
and (b) and 2 (c) and (d), respectively. (b), (d) Enlargements of the low field side
region around the magnetic axis. There, the brown lines indicate the positions
of the rational surfaces in the case of the unperturbed equilibrium, while the
numbers indicate the island type.
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Figure 6. Spatial and pitch angle distributions of the injected particles of #3
(orange), #5 (violet) and #7 (cyan). Only 5000 particles of each source are
plotted. (a) Poloidal projection of the particles with rational flux surfaces (inner
black lines), separatrix (green), outer limiting surface (outer black line), and
poloidal position of the FILD. (b), (c) Pitch angle distributions as functions of
(b) the radial and (c) the toroidal co-ordinates. The vertical black and red lines
mark the toroidal positions of the two neutral beam injectors and the FILD.

angle distributions of these ions. Here the pitch anglés defined byy = arccosv, /v), with

v, andv being the parallel and total particle velocities. As shown in figi(e, the injected
neutral particles are predominantly ionized at the low-field side, whereas a small part penetrates
to the high-field side. About 54 (#3), 58 (#5) and 10% (#7) of the injected particles are trapped
in magnetic mirrors. This is because particles of #7 are injected with a larger parallel velocity
component than particles of #3 and #5. In figGréhe particles injected by the sources #3, #5
and #7 are represented by the colours orange, violet and cyan. In the following, we will keep
this colour code.

4.2. Passing particle losses

The drift orbits of passing particles are shifted with respect to magnetic flux surfaces. In
figures7(a) and (b) the drift orbits of test particlek & 93 keV andy = 8°) are shown. These
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Figure 7. Poincaré plots of characteristic guiding centre orbits of passing
particles in perturbed fields using (a) perturbation 1 and (b) perturbation 2.
The brown lines show unperturbed rational flux surfaces and the separatrix. The
maroon line marks the outer limiting surface.

particles are traced in magnetic fields without ripple but superimposed perturbation fields 1
and 2, respectively. Similar to the magnetic islands, the guiding centre orbits describe so-called
drift islands. Here the widths of these islands are of the same size as the magnetic islands, but
their positions are shifted in the outward direction (because of the directions of the magnetic
field and the particle velocities). The island phases sensitively depend on the perturbation (see
figures7(a) and (b)). Regarding perturbation 1, we find a cross-segtienl80°, where we

have a similar situation for the O-points of the drift islands as for the magnetic islands (see
section3). The O-points of all drift islands (i.e. (3,2), (2,1), etc) are located around the midplane
at the low-field side. However, the (3,1)-drift islands (green dots in figéf@sand (b)) have

a different phase for perturbation 2. There, an X-point lies on the low-field side. Note, for this
specific discharge and for both perturbations we observe no significant stochasticization of the
drift orbits.

There are several mechanisms responsible for passing particle losses. First, we study so-
called prompt losses of passing particles in the unperturbed, axisymmetric field. These particles
are lost because their drift orbits hit PFCs. In fig8(a), we show typical guiding centre orbits
of such particles. Only a small portion of the passing particles (#3: 0.3%, #5: 1.3%, #7: 0.2%)
is lost into the lower divertor region. Their loss timésss, are mostly shorter than 1k, but a
few of them need more timédss < 301S) to reach the divertor plates. As shown in fig8¢a),
these latter particles come close to the X-point, where their motion is primarily directed in the
toroidal direction. All of these lost particles have their origins close to the plasma boundary
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Figure 8. Poloidal projection (a) and Poincaré plots (b) and (c) of characteristic
guiding centre orbits of passing particles (coloured lines and points) in the (a)
axisymmetric field, (b) and (c) perturbed field (perturbation 1). (c) Enlargement
of the lower middle section of (b). The black lines show unperturbed rational
flux surfaces, the separatrix and the outer limiting surface.
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Figure 9. Poloidal projection of the initial distributions of the lost passing
particles: (a) unperturbed axisymmetric field, particles lost in the lower divertor
region, (b) unperturbed axisymmetric field, particles lost at the low-field side,
(c) unperturbed field with ripple, additionally lost particles at the low-field side,
(d) perturbed field (perturbation 1) without ripple, additionally lost particles at
the low-field side. The black lines show unperturbed rational flux surfaces, the
separatrix and the outer limiting surface.

at the high-field side (see figu#a)). Furthermore, the lost particles hit the outer limiting
surface all over the toroidal circumference (see figli@)). The number of lost particles and

the deposition patterns of these particles remain almost unchanged even when field ripple and
magnetic perturbation are taken into account.

In case of the axisymmetric field without perturbation, the passing particles which are lost
at the low-field side need at least A8, but less than 35s, to reach the outer limiting surface.
Examples of typical drift orbits can be seen in fig@@). Again only a small portion (#3:
0.3%, #5: 1.8%, #7: 0.4%) of the passing particles is lost. However, it should be mentioned that
approximately 40% more passing particles hit the outer limiting surface at the low-field side
than in the lower divertor region.

Apart from prompt losses no passing particles are lost in the axisymmetric field, if particle
collisions are neglected. However, due to numerical inaccuracies particle orbits may become
stochastic. In our computations numerical stochasticity becomes significant for tracing time
spans longer than 2 ms. We, therefore, restrict the quantitative analysis of our numerical results
to loss timegss < 2 ms, for both passing and trapped particles.

Including the magnetic field ripple, approximately 5% more passing particles are lost
(mostly particles of #3). However, with respect to the total number of traced passing particles
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Figure 10. Deposition patterns of the lost passing particles on the outer limiting
surface: (a) lower divertor region, unperturbed axisymmetric field, (b) low-field
side, unperturbed axisymmetric field, (c) low-field side, ripple losses (the vertical
lines mark the toroidal positions of the toroidal field coils), (d) low-field side,
NTM losses (perturbation 1) of particles of #5 for various island phases (black:
$12=0°, red:¢ o, = 90, greenip; , = 180° and orangep; » = 27C).

this means only an increase of 0.4%. Similar to the magnetic field lines (see 4idn))ethe
ripple causes a toroidally varying radial shift of the drift orbits, which leads to these additional
losses. In panels (b) and (c) of figur®@and10, we show the initial positions and the depaosition
patterns of the passing particles which are lost at the low-field side. Fi§(besand 10(b)
present the pure axisymmetric case, whereas fige(@sand10(c) show the initial positions
and deposition patterns of particles additionally lost due to the field ripple. Compared to the
particles lost in the lower divertor region (figudé)), the initial positions (figured(b) and (c))
of these patrticles are located a little more inside the plasma boundary, arouga-thdlux
surface. Their deposition patterns cover the whole toroidal circumference (see fig{lmeand
(c)). Furthermore, the pattern of the particles additionally lost due to the field ripple reflects the
toroidal characteristics of the ripple. In figuté(c), the vertical black lines indicate the toroidal
positions of the 16 toroidal field coils. As expected, most of the particles hit the outer wall in
toroidal positions centred between two coils. There, the toroidal magnetic field has its minimum,
and the radial outward shift of field lines and guiding centres is maximal.

In order to distinguish ripple induced passing particle losses from losses caused by NTMs,
we consider perturbed fields (perturbations 1 and 2) without ripple. In figg(f®sand (c)
typical drift orbits are presented for perturbation 1. Due to the relatively high perturbation at
the plasma boundary, drift orbits in this region are stochastic (outer orange dots in 8ares
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and (c)). We should note that the magnetic field is already slightly stochastic in this region,
as shown in figuré(a). Furthermore, the formation of (4,1)-drift islands leads to additional
losses. As illustrated in figui&b), the (4,1)-drift islands intersect the outer limiting wall at the
low-field side. Particles which start at the inner side of the drift island move around the island
(see also the enlargement of the guiding centre orbits shown in f&fa)e which leads to a
radial shift equivalent to the drift island width. The studies provide clear evidence that this shift
is responsible for the NTM induced passing particle losses in the case of the considered AUG
discharge. Figur8(d) presents the initial distribution of these additionally lost particles. Their
initial positions are located between the= 3 and 4 flux surfaces. Of course, the deposition
pattern of these lost particles depends on the phase of the drift islands. For examplédidure
shows the deposition pattern of the additionally lost particles of #5. Note, here the colours mark
the island phaseg; , = 0°, 90°, 180 and 270. The deposition patterns clearly reflect the 90
phase shift of the islands. This strong phase dependence agrees very well with the experimental
results L2], where a strong correlation between the frequency and the phase of the (2,1)-NTM
and those of the passing particle losses has been observed.

The amount of the NTM-induced losses depends on the island phase. We, therefore,
calculate the phase angle averaged losses. The losses caused by perturbation 1 are #3: 0.32%,
#5: 2.08% and #7: 0.46% of the total number of passing particles. This corresponds to an
increase of lost passing particles of #3: 9.30%, #5: 15.91% and #7: 17.39% with respect to
prompt passing particle losses in the axisymmetric field. The same calculations for perturbation
2 show an increase of only #3: 1.74%, #5: 3.78% and #7: 0%. That is, many fewer particles are
additionally lost in case of perturbation 2, because there the plasma boundary region is almost
unperturbed (see also figurg&) and (d)). For both perturbations, the (2,1)-drift islands are
located inside the plasma boundary and they are hardly stochasticized (i.e. seeS{iguaesl
(c)). They play no role for the passing particle losses within the considered time period of 2 ms.

4.3. Trapped particle losses

In the considered unperturbed axisymmetric equilibrium no losses of trapped particles are
observed, if particle collisions are neglected and stochastic diffusion due to numerical field
errors is negligible (the tracing time is limited to 2ms). The magnetic field ripple may
cause trapped patrticle losses by stochastic diffusion and/or ripple well traghi@yy Here

only trapped particle losses induced by stochastic diffusion are observed. As illustrated in
figure 11(a), the perturbation near the turning points of a trapped particle leads to an almost
vertical displacement of the turning point position, and the particle starts to diffuse in the radial
direction. The performed simulations for the first 2 ms show the following results. In the case
of the unperturbed field with ripple the losses are 1.7 and 8.7% for #3 and #5, but no particle
losses can be seen for #7. This can be explained as follows. Fast ions injected by #3 and #5 have
smaller parallel velocities than particles injected by #7 (see sedtihrfigure 6). Therefore,

the turning points of the latter particles are mostly located on the high-field side, where the
field ripple is small. However, the particles of #3 and #5 have their turning points mostly on the
low-field side, where the field ripple is high (see figd{a)).

All lost trapped patrticles are initially localized at the low-field side close to the plasma
boundary (see figurd2(a)). Their deposition pattern at the outer limiting wall shows a
modulation caused by the field ripple, as illustrated in figl@&). As in case of the passing
particles, they hit the wall preferentially between the positions of the toroidal field coils.
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Figure 11. Poloidal projection (a) and Poincaré plot (b) of characteristic
guiding centre orbits of trapped patrticles (coloured lines and points) in the (a)
unperturbed field with ripple and, (b) the perturbed field (perturbation 1) without
ripple. The black lines show unperturbed rational flux surfaces, the separatrix
and the outer limiting surface.

In the considered time period, the NTM is mainly responsible for losses of particles
originating from #7. In contrast to the case with field ripple, 1.8% of the reflected particles
of #7 and almost no particles of #3 and #5 are lost. Furthermore, we obtain similar results for
perturbations 1 and 2. Particle trajectories allow a deeper insight into the underlying processes.
As indicated by figurd. 1(b), the field perturbations cause a stochastic diffusion of the position
of the turning point of these patrticles.

Again the initial positions of these particles are localized around the plasma boundary at the
low-field side (see figur&2(b)). Figurel3(b) shows the deposition pattern of lost particles of #7
for various island phases. The toroidal location of the deposition pattern slightly depends on the
island phase, but this dependence is not as pronounced as in case of the passing particles (see
figure 10(d)) because of the stochasticization of the trapped particle orbits. This is in agreement
with the experimental observations].

Furthermore, we observe a transition from barely passing particles to trapped particles
caused by the field perturbation. The total number of trapped particles increases by 3.76% (#3),
3.68% (#5) and 12.37% (#7) for perturbation 1, and 3.14% (#3), 3.03% (#5) and 8.87% (#7)
for perturbation 2. The effect is smaller for perturbation 2 because of the reduced perturbation
amplitude in the outer plasma region.

New Journal of Physics 10 (2008) 023017 (http://www.njp.org/)


http://www.njp.org/

17

I0P Institute of Physics () DEUTSCHE PHYSIKALISCHE GESELLSCHAFT

. 0.8 .

0.6

0.0+

1.8 20 22
R (m)

Figure 12. Poloidal projection of the initial distributions of the lost trapped
particles: (a) unperturbed field with ripple, (b) perturbed field (perturbation 1)
with ripple. The black lines show unperturbed rational flux surfaces, the
separatrix, and the outer limiting surface.
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Figure 13. Deposition patterns of the lost trapped particles on the outer limiting
surface: (a) low-field side, ripple losses (the vertical lines mark the toroidal
positions of the toroidal field coils), (b) NTM losses (perturbation 1) of particles
of #7 for various island phases (blagk:, = 0°, red: ¢, , = 90°, green:¢; , =

180 and orangeg; , = 270).
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Figure 14. Distributions of the lost particles with respect to pitch angje,

and loss timef,ss, for (a) perturbation 1, and (b) perturbation 2. The vertical,
red dashed lines separate the passing (left) from the trapped (right) particle
losses, while the black, dashed horizontal line separates the prompt passing
particle losses (bottom) from NTM-induced losses (top). The black, dotted
horizontal line marks approximately the boundary between prompt passing
particles intersecting the outer limiting surface in the lower divertor region
(bottom), and the particles intersecting the wall at the low-field side (top).

4.4. Total losses

The total losses of the passing and trapped particles are summarized in figuaes 15.
Figures14(a) and (b) show the distribution of loss time versus pitch angle for perturbations
1 and 2, and the field ripple. A comparison of both figures illustrates that mainly the passing
particle losses caused by the NTM are different for the two perturbations. As already discussed
in section4.2, these losses are predominantly caused by the (4,1)-drift islands, which are
larger in the case of perturbation 1. For this particular ASDEX Upgrade equilibrium the loss
times can be summarized as follows: (i) prompt passing particle logges: 35us, (i) NTM
passing particle lossegsss~ 40—-200us, (iii) ripple losses of trapped particleg,ss > 35us,
and (iv) NTM trapped particle lossetgss > 200us. A comparison of these timescales with the
estimated slowing down and total deflection rates (see se2tisimows that collision processes
play no essential role. However, on longer timescales they will have to be taken into account.
Finally, figures15(a)—(d) present the lost particle distributions with respect to gyroradius,
p, and pitch angley. The distribution of the prompt passing particle losses (at the low-field
side) without ripple and perturbation is shown in figuré(a). The pattern is divided into
three stripes because of the discrete particle energies-083 keV (top), 60 keV (middle) and
41.5keV (bottom). The distribution of the additionally lost passing particles due to the NTM
is illustrated in figurel5(b). The distributions for ripple and NTM-induced trapped particle
losses are presented in figurE¥c) and (d), respectively. In figurEs(c) the particle energies
of the various stripes are 93, 60, 41.5, 30, 31 and 20keV, and 93, 41.5 and 30keV (from top
to bottom) in figurel5(d). These computed distributions are in qualitative agreement with the
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Figure 15. Distributions of the lost trapped particles with respect to gyroradius,
p, and pitch angley: (a) prompt passing particle losses, (b) NTM-induced
passing particle losses (perturbation 1), (c) ripple losses of trapped particles, and
(d) NTM-induced losses of trapped particles (perturbation 1).

patterns obtained with the FILD measurements published by Garcia-Mati@bn [12]. There,
in figure 2 (page L11), a CCD picture is presented showing the distribution of the measured lost
particles as a function of pitch angle and gyroradius.

Although the numerical studies have been made under very realistic conditions, one has
to be aware of the fact that nonetheless the following effects have not been taken into account:
(i) Only guiding centre orbits are traced. That is, the finite gyroradius, which is in the order of
a few centimetres for this kind of particle, is not taken into account. (ii) The complicated 3D
structure of PFCs is approximated by an axisymmetric, closed surface. (iii) Only a very few of
the approximately 100 000 traced particles hit the outer limiting wall in the region where the fast
ion detector is located (bad statistics). (iv) Energy and pitch angle scattering, as well as island
rotation, have been neglected. However, the importance of these effects is beyond the scope of
this paper, but will be a subject of future investigations.

5. Summary

We have studied fast particle losses of a (2,1)-NTM unstable ASDEX Upgrade equilibrium
(discharge #2108%,= 4 s) within the first 2ms. The magnetic islands caused by the NTM
instability have been simulated by adding perturbation fields to the equilibrium field. Unlike
the numerical studies presented &2], here (i) the real equilibrium geometry has been used,
(ii) the magnetic field ripple has been taken into account, (iii) the tracing of the guiding centres
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of the fast ions has not been limited to the plasma region (see also discussion below), but
has been carried out up to the PFCs, (iv) the deposition patterns of the lost fast particles
on the PFCs have been determined, and (v) the particle collisions have been neglected. For
this ASDEX Upgrade discharge we have identified the following loss mechanisms: (i) prompt
passing particle losses, (i) NTM-induced passing particle losses caused by (4,1)-drift island
formation, (iii) ripple losses of trapped particles due to stochastic diffusion, (iv) NTM-induced
trapped particle losses also caused by stochastic diffusion. Here, a significant stochasticization
of the drift islands, which exceeds the stochasticization of the magnetic field, could not be
observed. Most of the passing particles have been lost withirs3prompt losses), and 403
(NTM-induced losses), respectively. The first trapped particle losses set in afisr B&e fast

ions injected by #3 and 5 have been mostly lost due to the magnetic field ripple, while the more
parallel injected ions of #7 have hardly been affected by the ripple. However, the (2,1)-NTM
mode has caused trapped particle losses of the latter in the order df,2% 2 ms). Within

the considered time period of 2ms, only particles originating from regions close to the plasma
boundary have been lost. On longer timescales, energy and pitch angle scattering processes as
well as the stochastic orbits of the trapped particles would lead to additional losses from the
interior of the plasma.

It should be noted that the number of lost particles, loss times, deposition patterns and also
the identified loss mechanisms depend sensitively on the position and shape of the outer limiting
wall, the plasma equilibrium (i.eg-profile, field ripple) and the field perturbation. It is very
important to locate the plasma-facing components a realistic distance from the plasma boundary.
A restriction of the calculations to the region inside the plasma boundary inevitably leads to
an overestimate of the loss rate. For instance, all passing particles which follow drift orbits
that intersect the plasma boundary would be lost within a very short time period. Furthermore,
our calculations have shown that the used field perturbation (e.g. vanishing or non-vanishing
perturbation in the plasma boundary region) strongly influences the NTM-induced particle
losses. All these results underline the importance of using a realistic equilibrium, perturbation
and wall geometry input for the simulations.

Although the prompt and ripple losses have dominated the NTM-induced ones in the
considered case, NTMs may cause severe fast particle losses for other configurations and
discharges. In our case the (2,1)-NTM located at half of the plasma radius did not cause a
significant stochasticization of the drift islands. In discharges where the is located far
more outside (e.g. at 80% of the plasma radius), and the particle energies are much higher (e.g.
in the case of ITER), a (2,1)-NTM may lead to a stochasticization due to the overlap of drift
islands, and to an enhanced loss of fast particles.
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