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Abstract. Measurements using a recently installed edge fast-ion D-alpha
(FIDA) diagnostic at the ASDEX Upgrade tokamak show a clear effect of edge
localised modes (ELMs) on the passive FIDA signals. While a reduction in
the passive FIDA emission is observed in the scrape-off layer (SOL) region,
measurements close to the last closed flux surface show an increase in signals
shortly after ELMs, followed by a decrease. The decrease provides a clear sign of
fast-ion losses in the SOL, while the increase can be explained by an enhanced
neutral density during ELMs inside the plasma. In addition, small ELMs are
observed, which barely change the neutral density and plasma position but still
cause significant changes in the passive FIDA signals. A comparison of the
measurements with forward modelling shows that about 60 % of the fast ions
are lost by ELMs outside the last closed flux surface. In addition, a 20 % decrease
of the fast-ion density in a range up to 4cm within the last closed flux surface
can be inferred. This range agrees well with the latest modelling results of ELMs
using the non-linear MHD code JOREK and shows that less than 0.3 % of all fast
ions are lost by ELMs.
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1. Introduction

H-mode discharges are typically accompanied by
an edge instability known as the edge localised
mode (ELM) [1]. The instability is driven by a
characteristically steep pressure gradient and large
current along the plasma edge, theoretically described
by the so-called peeling-ballooning (PB) model [2].
ELMs occur quasi periodically expelling plasma from
the edge, relaxing the pressure gradient and collapsing
the edge kinetic profiles.

In addition to the expulsion of thermal plasma,
ELMs are found to cause increased fast-ion losses as
measured by fast-ion loss detectors (FILDs) at the
ASDEX Upgrade (AUG) [3, 4], DIII-D and KSTAR
tokamaks [5] as well as the LHD stellarator [6].
Fast-ion losses may not only degrade heating and
current drive, but localised losses can also damage
plasma facing components. However, measurements
of the absolute level of fast-ion losses as well as
the radial extent of ELM-induced modifications could
not be addressed yet. Such measurements would
provide important information for the development
and benchmark of theories that describe the non-linear
dynamics of ELMs and their impact on fusion devices’
first wall.

A recently installed edge fast-ion D-alpha (FIDA)
diagnostic at AUG allows to obtain information on
the density and distribution of confined fast ions close
to the plasma boundary. FIDA spectroscopy can
be characterised as charge exchange recombination
spectroscopy (CXRS) applied to investigate the
distribution function of confined fast ions.  The
technique relies on measuring the Doppler shifted
Balmer alpha emission from CX reactions between fast
hydrogenic ions and donor neutrals [7]. Edge FIDA
measurements on AUG contain a substantial passive
contribution, particularly during off-axis neutral beam
injection (NBI) heating and ELMs are observed to
strongly modulate this passive FIDA emission.

This paper presents the first results on ELM-
induced fast-ion redistribution, as obtained from the
detailed analysis of passive FIDA emission using
forward modelling. The paper is structured as follows:
first an overview of a representative experiment
is presented along with the diagnostic setup and
measurements acquired during a window of quasi
regular ELM activity. Next, the modelling of a pre
and post-ELM case are discussed. Here, modelling
of the fast-ion distribution functions and background
neutral densities are described in detail. This is
followed by results comparing the experimental and
forward modelled passive FIDA spectra. Results on the
magnitude and radial extent of the ELM induced fast-
ion redistribution are finally presented and compared
to theoretical predictions.

2. Experimental overview

2.1. Discharge overview

To investigate the impact of ELMs on the fast-
ion content, a low density H-mode discharge was
performed (#35681) at ASDEX Upgrade with a
toroidal magnetic field By of —2.5T and plasma
current I, of 0.6 MA. In addition to 2.5MW of
central electron cyclotron resonance heating (ECRH),
5 MW of off-axis NBI heating was applied to obtain
a large fast-ion population at the plasma edge and
thus maximise the FIDA emission in the ELM affected
region. Additionally, 10 ms long blips of an on-axis
NBI beam were performed at 500 ms intervals for ion
temperature and rotation measurements.
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Figure 1. Time traces of the (a) heating power, (b) electron
density and (c) electron temperature for discharge #35681 for
the time window from 1.5 to 2.2s. The time traces of the (d)
divertor shunt current (in black) and (e) plasma stored energy for
the corresponding time are also presented. The ELM frequency
is plotted in red in (d).

Figure 1 shows representative time traces for a
time window, from 1.5 to 2.2s, during which the
discharge exhibited quasi regular ELMs. As can be
seen from figure 1b the core (in black) and edge electron
density (in blue) remain relatively constant at around
4% 10®m™3 and 3.5 x 10 m~3, respectively. The
periodic drops in the edge density are a result of ELM
crashes, which also strongly affect the edge electron
temperature as seen (in blue) in figure lc. The core
electron temperature shows a slow moderate evolution
during the time window. The periodic changes to the
core electron temperature can be attributed to ELM
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induced cold pulses [8].

Figure 1d shows data from the outer divertor
shunt current Iy;,. The ELM crashes become apparent
by spikes in the signal since heat and particles flushed
out by the ELMs increase the currents flowing onto the
divertor [9]. The start time of ELM crashes is defined
with the onset of the rise of the Iy, signal. The ELM
frequency is observed to range between 60 and 90 Hz.
This frequency range is relatively low for AUG and
therefore makes this time window ideal for analysis.
Furthermore, the plasma is in steady state during the
roughly 50 ELMs inside the displayed time range such
that the data can be synchronised with respect to the
ELM onset times.

Figure 1le shows the plasma stored energy
as calculated from the CLISTE [10] equilibrium
reconstruction. A reduction in the plasma stored
energy is seen following the ELM crashes, which is
on average about 10% of the plasma stored energy.
An MHD stability analysis of the experimental edge
profiles using the MISHKA code [11] has identified the
ELMs as type L.

2.2. Edge FIDA setup

FIDA measurements were performed using the AUG
edge FIDA system [12]. High speed measurements
with exposure times of 200 ps were performed using
two single channel spectrometers. In order to maximise
the signal strength of the spectrometer probing the
SOL region the spectrometer was connected to three
adjacent lines of sight (LOS) of the edge optical system
described in [13]. Bundling the LOS to a single view
increases the light collection ability and improves the
signal strength with the radial spot size increased from
dmm to 9 mm.

The second spectrometer is connected to a single
edge toroidal LOS from the standard FIDA system
described in [14], with a radial spot size of around
1.2cm. Importantly, the path of this LOS traverses
deeper inside the plasma with its tangency radius at
R =2.04 m compared to 2.12m for the outer LOS, thus
providing signal from a radially separated region. In
the following, the views will be referred to as the inner
and outer LOS. A poloidal projection of the views is
presented in figure 2.

Figure 3 shows the regions from which passive
FIDA emission is collected by the two LOS. The
expected emissivity [photons] has been calculated by
the FIDASIM Monte Carlo code [15] and have been
mapped to the normalised radius ppo. The broad
wings arise from fast ions that are neutralised and emit
Balmer alpha radiation along their path due to impact
excitation. As can be seen the outer LOS collects
passive FIDA emission largely from the SOL (ppo >
1.0), while the inner LOS observes passive FIDA
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Figure 2. Poloidal view of diagnostics used for this work

including the inner (blue) and outer (green) LOS connected to
the high speed edge FIDA spectrometers. The views are focused
on the NBI beam Q3.

emission from ppe ~ 0.75 to 1.15. The difference in
radial ranges probed by the two views allows for radial
information to be obtained from the line integrated
measurements.

Figure 4 presents the regions in fast-ion velocity-
space from which passive FIDA emission is collected
by the two LOS for the wavelength ranges considered
in this work. These passive FIDA weight functions
have been calculated using the FIDASIM code whereby
the energy and pitch values of MC markers, sampled
from a uniform distribution, that cross the path of
the LOS and emit passive FIDA light within the given
wavelength ranges are stored. As can be seen the LOS
are largely sensitive to co-rotating fast ions over the
selected wavelength ranges. In addition, the expected
fast-ion velocity-space distribution of fast ions in
discharge #35681 is shown in black. Clearly, there is
a significant overlap between the weight functions and
the fast-ion velocity distribution.
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Figure 3. Comparison of the inner (green) and outer (blue)
LOS passive FIDA intensity mapped to ppo1. The intensity has
been normalised to the maximum emission along the respective

LOS.
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Figure 4. Passive FIDA weight functions (in colour) calculated
by FIDASIM for the inner (green) and outer (blue) LOS. The
grey contours illustrate a theoretical fast-ion distribution as
calculated by TRANSP.

2.3. Passive FIDA measurements

Figure 5 shows the time traces of the passive FIDA
emission measured for the inner and outer LOS. The
Bremsstrahlung emission has been subtracted from the
emission traces, which is observed in the spectrum at
larger Doppler shifts than those of the FIDA radiation
and which increases by ~ 20% after ELM crashes.
The vertical green dashed lines mark the onset of
ELM crashes which is determined from the outer
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Figure 5. Time traces of the passive FIDA radiance for the (a)
inner and (b) outer LOS as well as the (c) average displacement
of outer most separatrix position Royt and (d) outer divertor
shunt current. Negative ARyt indicates inward movement. The
vertical green lines mark the start of ELM crashes.

divertor shunt current signal plotted in figure 5d.
Figure 5c shows the time trace of the change in the
outer separatrix position, with respect to the average
position (Rgep =2.12cm), as calculated by CLISTE.
In addition, figure 6 presents the passive FIDA
emission and outer separatrix position synchronised
with respect to the ELM onset times. The temporal
reordering is done such that 0 ms represents the ELM
onset. Positive values indicate time points after the
ELM crash, and negative values represent time points
before the ELM crash. The rolling mean is plotted in
solid red and illustrates the data trend.

The presence of ELMs is observed to have a
strong modulating effect on the passive FIDA emission
for both views. The emission measured along the
outer LOS decreases immediately following a crash and
reaches a minimum on average after around 1.5ms
at about 35% of the pre-ELM emission intensity as
seen in figure 6b. The emission thereafter increases
and recovers to pre-ELM levels around 8 ms after the
crash and well before the onset of the following ELM.
The inner LOS on the other hand shows a sharp
initial increase in the emission to more than twice the
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Figure 6. ELM synchronised data points of the passive FIDA
radiance for the (a) inner and (b) outer LOS as well as the data
points of ARyt (black). The solid red line represents the rolling
average for a 0.4 ms data window.

pre-ELM intensity and peaks at around 250ps after
the ELM crash. The emission thereafter decreases
strongly, reaching a minimum around 2.5 ms after the
crash at about 65 % of the pre-ELM emission intensity
and recovers to pre-ELM levels on a similar time scale
to that of the outer view.

Figure 6¢c shows that the displacement of the
separatrix during ELM crashes, which moves inwards
by up to 1.5c¢cm. This affects the measured FIDA
intensity as the density of fast ions along the LOS
changes. However, the average recovery time of the
separatrix position is only about 5ms which is shorter
than the recovery of the passive FIDA light and
therefore indicates that the plasma movement does not
fully account for the observed changes to the passive
FIDA light. Moreover, small ELMs exist that show
hardly any plasma movement but still exhibit strong
changes of the passive FIDA light. Examples are the
ELM at 1.62s and another shortly after 1.66s in fig.
5. The movement calculated in the plasma position for
these times is low yet the FIDA emission over the same

time period behaves similar to most other ELMs.
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Figure 7. Conditionally averaged pre and post-ELM passive
spectra, in red and black respectively, measured by the high
speed edge FIDA spectrometers for the (a) inner LOS and (b)
outer LOS.

Figure 7 compares the pre and post-ELM
conditionally averaged spectra of the measurements
presented in figure 5. The black spectrum is the
average of frames —3.2 to —3.0ms relative to the
synchronised ELM crash (tgra= 0s), while the red
spectrum is the averaged spectrum of frames measured
0.9 to 1.1ms after the ELM crash. From left to
right, the spectra contains the BV (~648 nm) and OV
(650.024 nm) impurity lines followed by passive FIDA
observable from about 651 to 654 nm for the outer LOS.
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The emission between about 655 and 658 nm observed
by both views originates from excited background
neutrals whose density decays exponentially towards
the plasma core. The emission exhibits intense and
unshifted radiation from the cold edge neutrals and
a broader feature from neutrals inside the last closed
flux surface that have undergone CX reactions, which
we will refer to as thermal CX emission. The double
peak observed by the outer LOS for the unshifted D-
alpha emission line is an instrument effect, discussed
n [12], that does not affect the spectrum of the inner
LOS. To the right of these contributions are two CII
impurity lines at 657.805 and 658.288 nm respectively.
In contrast to the outer LOS, the inner LOS observes
the maximum of the passive FIDA emission, red-
shifted, from about 659 to 662nm. This difference
can be explained by the mainly co-rotating fast-ion
distribution function and LOS geometries that are
directed into the counter-current (outer LOS) and the
co-current direction (inner LOS).

A clear reduction and flattening of the passive
FIDA spectrum after ELMs is observed for the outer
view, accompanied by increased unshifted D-alpha as
well as impurity emission lines. The inner view shows
a similar increase in the unshifted D-alpha emission,
while the passive FIDA emission (from about 659 to
652nm) does not change significantly. However, it
should be noted that this wavelength range contains
at least four impurity emission lines as can be seen
from the outer LOS post-ELM spectrum plotted in
grey. The flattening of the passive FIDA indicates
a possible strong impact of ELMs on the edge fast-
ion distribution function along the LOS and will
be quantitatively evaluated considering the effect of
changes to the plasma and background neutral density
through forward modelling in section 3.

2.4. Pre and post-ELM kinetic profiles

As with the spectra presented in figure 7 time coherent
averaging has been applied to the electron density
and temperature data acquired during the investigated
time interval. The electron density n. data is obtained
from a combined Bayesian analysis [16] of the AUG
interferometry system [17], the Thomson scattering
(TS) system [18] and the lithium beam emission (Li-
BES) diagnostic [19]. The electron temperature T
data is obtained from the electron cyclotron emission
(ECE) and the TS diagnostics. Ion temperature data
is obtained from the AUG CXRS systems [20] with
measurements available during the NBI beam blips.
Data during 1ms intervals starting from 3ms
before and 1ms after ELMs, respectively, are
conditionally selected. Figure 8 shows profiles fitted
to the conditionally selected data. As can be seen
the post-ELM electron density is characterised by a
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Figure 8. A comparison of the pre- (black) and post-ELM (red)
profiles of the (a) electron density, (b) electron temperature and
(c) ion temperature. The diamond data points represent the ion
temperature obtained from fitting the passive D-alpha emission,
see figure 9.
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lower pedestal top value and increased SOL density.
The electron temperature has a decreased pedestal
top value, however, the SOL temperature is not
significantly increased. ELM resolved ion temperature
profiles from the CXRS data are not available for
this discharge as only short 10ms active NBI beam
blips were performed. Blips are performed as the
NBI source necessary for fast edge CX would corrupt
the passive FIDA signal. Since the ELM period is
around 15ms no more than two ELMs occur during
the beam on phases and the signal to noise ratio of
the individual measurement is too low. Therefore,
the ion temperature data is simply averaged over the
full time interval. However, the thermal CX emission
containing the FIDA spectra carries information on
the ion temperature [21]. This emission has therefore
been fitted in an attempt to extract ELM resolved ion
temperature data for the edge.

Figure 9 shows the thermal CX emission measured
along the inner view for the pre-ELM times. Two
Gaussians are used to describe the passive D-alpha
emission as shown in yellow and light blue. The
narrow, yellow Gaussian represents radiation from
electron impact excitation which is supposed to
be dominant in the SOL featuring temperatures
of about 20eV (this curve has been restricted to
20eV). The broader Gaussian in light blue represents
charge exchange radiation from further inside the
plasma which contains information on the main-ion
temperature.
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Figure 9. Double Gaussian fits to the passive, unshifted and
thermal Balmer-alpha emission of the pre-ELM spectra for the
inner view. The fit to the unshifted D-alpha emission is plotted
in yellow and the combined unshifted and thermal CX emission
in cyan from which the temperature is obtained.

The unshifted D-alpha emission has been fitted

with a Gaussian restricted to 20eV. The cyan plot
represents the sum of fit to the unshifted emission
and a Gaussian fit to the thermal CX data. The
resulting temperatures are shown in figure 8c in
addition to the profiles measured during the NBI on-
phase. The temperature is found to be close to that
measured by the active CXRS system. The radial
position of the points have been taken where the
LOS is tangential to the flux surfaces. However,
as the emission is passive, the localisation of the
emission is expected to be broad. The uncertainty
in radial localisation is estimated using FIDASIM,
with the plotted range indicating the FWHM of the
calculated thermal emission. The occurrence of the
data-points at different positions in ppo is due to
the inward movement of the separatrix during the
ELMs considered by the equilibrium reconstruction.
The measurement after the ELM crash shows slightly
enhanced temperatures in the SOL region which is in
line with recent results from CXRS measurements [22].

3. Modelling and Results

3.1. TRANSP modelling

TRANSP modelling has been performed to calculate
the neo-classical fast-ion slowing down distribution
making use of the NUBEAM module [23]. The
TRANSP simulation is performed with a time step
of 0.5ms with the input data ELM synchronised in
order to model a single representative ELM cycle. The
simulation is performed with the input plasma current,
loop voltage, major radius times toroidal magnetic field
and radiated power as well as the electron temperature
and density ELM synchronised. It should be noted that
the ion temperature profile is kept constant during the
simulation. The evolution of the separatrix position
calculated by CLISTE is provided assuming only one
exemplary ELM crash, along with the CLISTE pre-
ELM q-profile. The simulation is initiated with the
data corresponding to 5 ms before the ELM crash. The
input data is kept constant for 130ms to allow the
simulation, in particular the fast-ion content, to reach a
steady pre-ELM state. Thereafter the input is evolved,
with the ELM crash occurring 135 ms after the start of
the simulation. The resulting distribution functions
from TRANSP were stored and output for the time
points 3ms before and 1 ms after the ELM crash.
Figure 10 compares the plasma stored energy
calculated by CLISTE with that of TRANSP. Good
agreement between the measured and predicted pre-
ELM plasma stored energy level is observed. In
addition, a drop of the plasma stored energy after
the ELM is seen in both simulation and measurement
while the simulation underestimates this drop. This is
likely explained by the fact that no anomalous fast-ion



Study of ELM induced fast-ion transport using passive fast-ion D-alpha spectroscopy 8

0.4 rrrrrrrrr T ¥ rrrrrr 7T T ¥ rrrrrr 7T ]
£ #35681 t: 1.55 - 2.2 [3] ]
0.3 w
= L j
2 F ]
> r j
80 r ]
g 02 5
(<) L E
& L ~ -
S r ]
A L j
0.1F .
r + CLISTE TRANSP
r — Total ]
- — Thermal |{
C — Fast ion
((X0] S B I B
-10 0 10 20
Time to ELM [ms]
Figure 10. Time traces of the plasma stored energy as

calculated by CLISTE and TRANSP. The TRANSP calculated
thermal (blue) and fast ion (green) contributions are shown. The
solid lines correspond to the use of a time constant T; profile and
the dashed lines to the case where T; % T during the ELM cycle.

transport was considered in TRANSP rather than pure
neoclassical confinement and since the ion temperature
was kept constant. To estimate the effect that changes
to the ion temperature may have on the stored energy,
a simulations is performed with the condition that the
ion temperature profile does not exceed the electron
temperature (7} ¥ Te) during the ELM cycle. The
result, plotted with dashed lines, is a further reduction
of the post-ELM stored energy reducing the difference
to the CLISTE calculated values.

In addition, simulations by the 3D fast-ion orbit
following code LOCUST [24] have been performed
to determine the expected SOL fast-ion density as
TRANSP provides information on the fast-ion density
solely for the confined region. Figure 11 shows
a comparison of the (pre-ELM) outboard midplane
fast-ion density profiles calculated by TRANSP and
LOCUST. The TRANSP fast-ion density has been
extrapolated by fitting an exponential decay function
to the last two points of the profile. As can be seen the
extrapolated density matches well with the LOCUST
profile in the SOL. Note that we are using TRANSP
for this study since TRANSP, other than LOCUST,
has the ability of taking charge exchange losses into
consideration.
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Figure 11. TRANSP calculated pre-ELM fast-ion density

profile along the outer midplane. The SOL fast-ion density is
extrapolated and compared to that of LOCUST.

3.2. Background neutral density characterisation

The pre and post-ELM neutral atomic D density
profiles have been modelled using the 1D neutral
transport code KN1D [25]. KNID calculates the
neutral density profile in slab geometry given the
plasma kinetic profiles and the neutral pressure at
the wall, which is treated as a free parameter. Here,
we have made use of the thermal CX component
in the measured FIDA spectra which contains not
only information on the ion temperature (as used
above) but also on the background neutral density.
Forward modelling of the thermal CX emission using
FIDASIM is performed to obtain a synthetic thermal
emission based on the input neutral density. The
latter is then scaled to match the experimental data.
Constraining the neutral density is critical for the
quantitative evaluation of the passive FIDA emission
in the subsequent sections.

Figure 12 demonstrates how the forward modelled
thermal CX emission is matched to the pre-ELM
spectrum measured along the inner LOS. A similar
good match is simultaneously obtained for the outer
LOS suggesting that the calculated neutral density
profile shape from KNI1D is representative of the
experimental conditions.

Figure 13 shows a comparison of the pre and post-
ELM calculated neutral density profiles. Additionally,
the profiles are compared to the background neutral
density calculated using the technique by [26]. Hereby,
the background neutral density is calculated from the
passive thermal flux of neutrals as measured by neutral
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Figure 12. A comparison of the pre-ELM thermal CX emission
to the measured emission along the inner LOS. The background
neutral density has been scaled linearly to produce a good match
to the measured spectrum.
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Figure 13. A comparison of the pre- (red) and post-ELM

(black) background neutral D density, ng, obtained from KN1D
modelling. The ng calculated from the measured passive thermal
flux (multiplied by a factor 2) is included as points.

particle analysers (NPA). An excellent agreement is
found for the pre and post-ELM neutral density ratio
comparing the constrained KN1D profiles and the NPA
reconstructed densities. However, a factor of two is
needed to produce an absolute match between the
two methods which may be attributed to the toroidal

asymmetry in the background neutral density since
the two measurements are in different sectors of AUG.
However, both methods show a clear increase of the
core-neutral density after ELMs which likely explains
the enhanced FIDA signals from the inner view. The
increased post-ELM neutral density possibly results
from an increased level of wall recycling following the
ELM crash.

3.8. Comparison modelled spectra

Forward modelling of the passive FIDA emission is
performed making use of the neutral density and fast-
ion distribution functions as described above. Note
here, that the inferred neutral density is also input to
TRANSP to correctly treat fast-ion charge exchange
losses. Figure 14 compares the FIDASIM modelled
spectra for the pre-ELM case with the measured
spectra for both the inner and outer views. The
synthetic spectra (in magenta) includes the thermal
contribution. For the outer LOS a good match between
the synthetic and measured spectrum is observed.
Only around 655 nm there is a slight mismatch, most
likely due to a camera readout error discussed in [12],
where a decrease in the measured counts is seen to the
left of strong emission peaks.

The synthetic spectrum calculated for the inner
LOS slightly underestimates the measured FIDA
component above 660nm. This discrepancy can, in
part, be attributed to additional line radiation from
impurity lines and in part by a modified or larger fast-
ion population than what is expected from TRANSP.
Note here that the wavelength range above 660nm
corresponds to fast ions with energies above 33 keV.

Figure 15 shows measured and synthetic spectra
for the post-ELM case. The good match between the
thermal CX emission and the modelling results is ex-
plained by the afore-discussed method of determining
the neutral density. For the outer LOS, the synthetic
passive FIDA emission is significantly larger than the
measured one. This overestimation can likely be at-
tributed to ELM-induced fast-ion losses, not consid-
ered by the neoclassical fast-ion distribution function
from TRANSP. Note here, that this result already con-
siders the radial plasma movement during ELMs men-
tioned before in section 2. The inner LOS does not
show a similarly large over-estimation of the FIDA
emission after the ELM crash. However, the FIDA
wavelength range contains several impurity emission
lines that contaminate the emission. Comparing the
measured and synthetic emission around 659.5nm, a
region between two impurity lines, does indeed indicate
there is a minor over-estimation of the FIDA emission
for the inner LOS.
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Figure 14. Pre-ELM averaged spectra (in black) compared to
synthetic spectra (in magenta) calculated using FIDASIM for
the (a) inner and (b) outer LOS.

3.4. Modification of the fast-ion distribution function

To estimate the quantity of fast ions ejected and
the radial region affected by ELM crashes, a scan is
performed whereby the TRANSP post-ELM fast-ion
density profile is modified in height (Ang.st) and over
a radial range starting outside the plasma up to the
separatrix position plus AX. Figure 16 demonstrates
such modifications to the fast-ion density starting
from AX = 2cm inside the separatrix and extending
outwards. The fast-ion density is uniformly reduced in
increments of 20% from 0 to 100%. The innermost

1019 & #35681 t: 1.55 2.2 [s]
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Figure 15. A comparison of the conditionally averaged post-
ELM passive spectra to the FIDASIM calculated spectra for the
(a) outer and (b) inner LOS.

starting position of the region modified (AX) is
scanned by incrementally moving outwards in steps of
lem, from 6 to —4cm, where positive values mark
positions inside the separatrix and negative values
positions outside. It should be noted that the fraction
of particles removed is uniform with respect to pitch
and energy. Therefore, the velocity space dependence
of the ELM induced fast-ion redistribution is not
considered here.

Figure 17 presents for instance the FIDASIM
calculated spectra for modifications of AX =0cm
for both LOS. The synthetic spectra are plotted in
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coloured profiles represent modifications where the density is
reduced by increments of 20 %.

different colours corresponding to the percentage of
particles removed. The green spectra labelled 0%
represents the unmodified TRANSP post-ELM case.
For an increasing amount of particles removed the
calculated passive FIDA intensity decreases. The outer
view is more susceptible to changes in the SOL fast-ion
density, as compared to the inner view. This can be
explained by the spatial regions probed by the two LOS
as presented in figure 3. Here the best match between
the calculated and measured spectrum is a reduction
of 60 % of the SOL fast-ion density for the outer view
and a reduction in the range of 20 to 60 % for the inner
LOS.

Figure 18 presents a 2D overview of the degree of
agreement between the measured and modelled spectra
as a function of AX and the modified percentage
(Angast ). Black represents the best agreement between
the measured and synthetic spectra describing an
absolute difference of less than 5%. The relative
uncertainty of the measured passive FIDA emission
over the compared wavelength range is on the order
of 15% for the outer view, while for the inner view
it is around 5%. Therefore the purple coloured
contours correspond to synthetic spectra falling within
the uncertainty for the outer LOS, while the black
coloured contours falls within the uncertainty for the
inner LOS.

Figure 18 shows that for the outer view the best
match to spectra corresponds to a 60 % reduction of
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Figure 17. A comparison of the post-ELM measured spectra to
the synthetic spectra obtained from the scan of the modifications
to fast-ion density profile presented in figure 16, for the (a)
inner and (b) outer LOS. The vertical dashed lines indicate
the wavelength range over which the comparison against the
measured spectra is made.

fast-ion content with AX =0, i.e. from the separatrix
increasing for modifications to radial locations further
outside. As the outer LOS does not probe significantly
deeper than the separatrix, modifications to the fast-
ion density extending further into the plasma reveals
no additional radial information.  The depth of
ELM induced modifications can be inferred from the
comparison with the inner LOS. A reduction of 20 %
of the particles up to 4 cm matches the ELM induced



Study of ELM induced fast-ion transport using passive fast-ion D-alpha spectroscopy 12

6 100

80 E
S
&

60 g
=2
§
g

40 °
s

20 =

0

100

80 E
9
&

60 3
<&
2
§
g

40 o
=

20 =

0

0 20 40 60 80 100
Percentage of fast ions removed (Ang,)
Figure 18. Results from the comparison of the measured
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change in emission intensity of the inner LOS. The
corresponding amount of fast ions lost with respect
to the total fast-ion content is calculated to be less
than 0.3 %. This corresponds to a loss of less than 1%
of the fast-ion stored energy with respect to the pre-
ELM total and roughly agrees with the remaining small
difference between the TRANSP simulation and the
measured plasma stored energy which can be mainly
attributed to changes of the ion temperature.

This result agrees with recent non-linear simula-
tions of type-I ELM crashes with JOREK [27]. For a
comparable AUG experiment it is found that the con-
nection length is significantly decreased during ELM
crashes up to ppor ~ 0.9. For passing fast ions that
more roughly follow along field-lines, this translates to
ELM-induced losses up to the same radius inside the
plasma and therefore agrees with our observation.

4. Summary

High speed measurements of Balmer emission viewed
along two edge LOS show ELM correlated modulation
of the passive FIDA intensity. The pre-ELM passive
FIDA emission at the edge could be well modelled
with a neo-classical fast-ion distribution calculated by
TRANSP and using neutral density profiles inferred
by KN1D and scaled based on the measured thermal
charge exchange emission contained in the FIDA
spectra. Post-ELM modelling addressed both the
change in neutral density and movement of the plasma
separatrix as a result of the ELM. Kinetic profile
changes of the ne, Te, T; largely influence the FIDA
signal indirectly via changes to the background neutral
density. The post-ELM background neutral density,
constrained against the thermal CX emission, is found
to increase significantly within about 1ms after the
ELM. This is in good qualitative agreement with the
neutral density inferred from neutral particle analysers.
In particular in the SOL plasma, the measured FIDA
signal is significantly reduced which could mainly be
attributed to fast-ion losses. To quantify both the
absolute losses and the radial extent of modifications to
the fast-ion distribution a scan is performed removing
particles in a step like manner. Comparing the
FIDASIM calculated spectra to the measured spectra
shows that a reduction of 60% of the SOL fast-ion
content and 20% of the fast-ion content up to 4cm
inside the separatrix best agree with measurements.
This is less than 0.3 % of the total fast-ion content. The
ELM affected region is found to be up to 4 cm inside
the separatrix which is in good agreement with the
radial extent of modifications to the connection length
calculated by a simulation of an ELM crash using the
nonlinear MHD code JOREK.
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