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Abstract Measurements at different experiments have shown that a few 10% of the energy loss from the
confined plasma during an ELM cycle is deposited to non-divertor components. Usually, these components are
not designed to receive high heat loads. The measurement and the extrapolation of these non-divertor loads to a
next step fusion reactor are essential for the design of in-vessel components. The energy released from the
pedestal plasma during an ELM is concentrated in field aligned helical structures, so called filaments, distributed
around the torus with a quasi mode number in the order of 10. These filaments are rotating and moving radially.
Theoretical modelling of the filament dynamics relies on different assumptions and results in contradictory
predictions for the velocity and size scaling of such filaments. This paper reports on measurements of velocity,
radial extend, and electron density of filaments in the far SOL of ASDEX Upgrade, as well as on the energy
content of such filaments by a new filament probe. The probe carries a set of radially and poloidally separated
Langmuir pins around a magnetic pick-up coil and can be moved towards the plasma by a magnetic drive. Radial
and poloidal velocity of filaments are calculated from time delay measurements together with the amplitude and
width of the corresponding ion saturation current signal. 466 filaments have been analysed. Several trends have
been derived from a series of scatter plots. Most important, it has been shown that filaments with large radial
extent move faster than smaller ones, and that filaments with higher density move faster than filaments with less
density. From a comparison of filament size and density, we could show that the filaments loose density by
parallel losses and broaden radially with time. In AUG, the filaments would be depleted after a distance of about
12 cm from the separatrix. The radial velocity of filaments does not seem to vary with time or distance from the
separatrix, i.e. no acceleration could be identified from the data. The data would favour models that predict large
filaments to move faster. The modelling of the magnetic signal requires the assumption of a rotating mode
structure inside the separatrix otherwise the required currents are not consistent with the measured ion saturation
currents. From the comparable decay length of heat load and particle flux a simple one point model for the ion
energy and heat load is derived.

1. Introduction

Measurements at different experiments have shown that a few 10% of the energy loss from
the pedestal plasma during an ELM cycle is deposited to non-divertor components [1].
Usually, these components are not designed to receive high local heat loads. The
measurement and the extrapolation of these non-divertor loads to a next step fusion reactor
are essential for the design of in-vessel components. The energy released from the pedestal
plasma during an ELM is concentrated in field aligned helical structures, so called filaments,
distributed around the torus with a quasi mode number in the order of 10 [2-4].

These filaments are rotating and moving radially. Theoretical models of the filament
dynamics relies on a variety of assumptions and results in partly contradictory predictions for
the velocity and size scaling of such filaments [5-7].

This paper reports on measurements of filament parameters by Langmuir probes, magnetic
pick-up coils and IR-cameras in ASDEX Upgrade.
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2.  Experimental

The data discussed in this paper is based on localized measurements in the outer midplane of
ASDEX Upgrade by a set of electric, magnetic and thermographic diagnostics. The probes are
toroidally separated by about 20° but connected along magnetic fields as shown in Fig. 1.

A new filament probe to measure the filament dynamics at a given local position was installed
in 2006 and updated for the 2007 campaign. The probe combines a magnetic pick-up coil
measuring the radial component of the local magnetic field and Langmuir probes (LPs). The
LPs are positioned in the tungsten coated graphite shielding of the pick-up coil. Radial and
poloidal velocity of filaments are calculated from time delay between the maximum of the ion
saturation current as measured by the radially and toroidally separated Langmuir pins (see Fig.
2).

A magnetic drive was developed and installed to change the radial position of the filament
probe by about 5 cm [8]. This allows to move the probe out of the limiter shadow towards the
plasma by about 1 cm. The radial dependence of the filament behaviour was scanned by
moving the plasma with respect to the probe, varying the separatrix to probe distance between
5 an 11 centimetres. For the presented results, 466 filaments of type-I ELMs have been
analysed from several discharges with the following parameters: Ip= 0.8 MA, B;=-2.5T,
Pheat = 6-7.5 MW and a line averaged density n = 6x10°m>.

In addition to the filament probe, a Mach type reciprocating probe was used to measure the
ion saturation current in the far SOL outside any limiter shadow with 2 MHz sampling rate.
Simultaneously, the surface temperature of the probe head was recorded by a high speed IR-
camera [9] and the heat flux to the probe head was calculated with the 2D-code THEODOR
[10]. The settings of the camera were optimized to get sufficient spatial resolution (2 mm) and
a good time resolution of 100 us/frame in order to allow the detection of filaments during an
ELM.

Inside the reciprocating probe head a 3D magnetic pick-up coil was used to measure the
components of the magnetic field during ELMs.

Fig. 1 (left) CAD view of one part of the ASDEX Upgrade vessel. The blue line shows the filament as a field
aligned structure The surface temperature of the reciprocating probe head was measured with a fast IR-camera.
(middle and right) Probe head and magnetic drive of the filament probe. A magnetic pick-up coil in the center is
surrounded with a tungsten covered graphite shield with embedded Langmuir probes, operated as single probes
in ion current saturation branch. The numbering of the LPs is as used in the text. The Langmuir pins stick 5 mm
out of the graphite tiles. For measurements, the filament probe is moved out of the limiter shadow by applying a
voltage to the magnetic coil that is then tilted due to the torque caused by the external magnetic field.
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3. Results and discussion

The statistics of the radial velocity and the size of the filaments as derived from the
measurements with the filament probe is reported in the next section. Combined measurement
of ion saturation current and heat flux and the conclusions for the character of the SOL
transport are shown in the second section of this chapter. Finally, the signature of the
magnetic signal is modelled by simulating a moving filament with different parameters.

3.1. Filament dynamics

The radial velocity, width and strength of filaments are deduced from the temporal evolution
of the ion saturation signal of the LPs at the filament probe. A typical example for the data
evaluation is shown in Fig. 2. The ordinate is the radial separation of the pins so that a radially
moving filament will result in a straight line in this plot. The scale of the jsat signals is
indicated by the bars for each plot. Each individual spike is interpreted as a single filament
and its radial velocity is calculated from the time delay of the peak maxima. A Gaussian
distribution is fitted to the selected individual fits a shown in the zoom-in of Fig. 2. The full
width at half maximum of this distribution is interpreted as width of the filament.
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Fig. 2 Characteristic signals of the radially separated pins of the filament probe. The ordinate is the radial
separation of the pins so that a radially moving filament will result in a straight line in this plot. The scale of the
jsat Signal is indicated by the bars for each individual plot. The shape of the jsat peak is fitted by a Gaussian
distribution as shown in the zoo-in. The insert gives the pin numbering and the mapping of the pins along field
line to the same toroidal position.

The analysed parameters of the filaments show a large scatter well outside the experimental
error. This is due to the stochastic character of ELMs as reported already from recent
measurements and found also in the heat load to the probe head as reported in the next section.
Nevertheless, several trends have been derived from a series of scatter plots. Fig. 3 shows the
radial filament velocity in dependence on the electron density and the radial extent of the
filament, respectively. For the radial extend a lower limit is given by the limited time
resolution (1 MHz) of the data acquisition system as indicated by the red line. It is obvious
from both plots that there is a lower limit for the radial velocity which is increasing with the
radial size and the density of the filament. A log-log plot reveals that these lower limits can be

approximated by an exponential dependence with v, >200m/s exp(ng /1.1210”m™) and

Vg 2300m/s exp(A,,y /0.0125m). These functions are shown by the dashed blue lines in

Fig. 3. Boxcar averaging technique of the scatter data is used to reveal the tendency of the
radial velocity with density and size, respectively, plotted as blue curve. This averaged data
are fitted by a square root like dependence from the abscissa values.

rad
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From these plots, it can be concluded, that filaments with large radial extent move faster than
smaller ones, and that filaments with higher density move faster than filaments with less
density. This allows a verification of models and predictions for filament movement. Models
that predict a decrease of the radial velocity with size and density can be excluded on the base
of these data.

vrad [km/s]

o 1.0 2.10" 3.10" 410" 0.03 0.04
At [1/m?)

Fig. 3 Scatter plots of the radial filament velocity in dependence on the electron density (left) and the
radial extent of the filament (right). The dashed blue curves show a lower limit for the radial velocity.
Large or dense filaments move faster than smaller or thinner ones. Light blue: Mean radial velocity
obtained by a boxcar averaging technique. Orange: Fits of to the mean radial velocities with a square
root like dependence from the abscissa value. The red curve indicates the detection limit due to the
sampling rate of the data acquisition system.

From the variation of the radial distance between separatrix and probe follows that the density
of the filament decreases and the radial width increases with increasing distance. Whether or
not this means that the total amount of particles is constant is investigated in Fig. 4 where the
particle content of a filament is plotted vs. the radial distance. The dashed line is a linear fit

with ng A, <7107 m? -6.510" m~ dR. The solid curve is the product of the individual

rad —
fits of ng; and Arg [11]. The slope of the dashed line is negative, which means that the particle
content of a filament decreases from its initial value of about n}, =710 m~ with time, i.e.

with the distance from the separatrix, which can be explained by parallel losses. With the
most likely radial velocity of Viag = 1km/s, the resulting loss rate is 6.510* /m®s. This is in
quite good agreement with a simple estimate for free particle flow along the field lines,
[=ngc, =1.3107 /m?’s, using the most probable filament density and the sound speed for

the temperatures of section 3.2.

In AUG, the filaments would be depleted after a distance of about 12 cm from the separatrix.
The radial velocity of filaments does not seem to vary with time or distance from the
separatrix, i.e. no acceleration could be identified from the data. Again, the data favour
models that predict large filaments to move faster [12].

Plotting the data as probability distribution function (PDF) results in the following parameters
for the radial dynamics of the filaments: v;oq = 1.1km/s, Arad = 2.7 mm.

The same procedure as shown in Fig. 2 was applied to the pins 1-5 measuring the velocity
perpendicular to the magnetic field lines. The relation between toroidal and poloidal
movement is given by the local field inclination. This is for the presented geometry about
Vpol/Vior = 1/5. The deduced parameters for the poloidal movement are: Apol=lcm with a
broader velocity distribution vy = 0.5-2.6 km/s.
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Fig. 4 Particle content of the filament in dependence of the radial distance between separatrix and
filament probe. The dashed line shows a linear fit, the solid line the product of the individual fits of
the density and radial size variation with radial distance.

3.2. Heat and particle flux

Combined measurements of heat and particle flux were done with both LPs in the field of
view of the thermography system. A radial scan of far SOL parameters was performed by
varying the radial distance between separatrix and probe position.
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Fig. 5 Radial decay of the js signal for the first 4 Fig. 6 Radial decay of the particle flux ( jsa)

filaments in an ELM measured by the filament and the reciprocating
probe and the heat load to the probe head of the
reciprocating probe.

In Fig. 5 the radial decay of the first 4 filaments of an ELM are plotted. It is obvious that
despite the large scatter of about a factor 10 the data points follow an exponential decay. In
addition, there is no degradation of the filament strength with the temporal distance from the
start of the ELM, at least for the first filaments of an ELM. This should be expected for quasi
mode numbers of about 10. The reason for the strong scatter might be a variation of the
starting parameters, 1.e. the filament parameters in the pedestal region or a scatter of the radial
velocity resulting in more or less time for parallel losses.

The radial decay of the js signal measured by the filament and the reciprocating probe,
respectively, and the heat load to the probe head of the reciprocating probe are shown in Fig. 6.
For comparison, the particle flux is expressed in heat flux by using a distance independent
factor of yT, =100eV as conversion factor, with y, the sheath transmission factor. The
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radial decay of the ion saturation current and the heat load show comparable decay lengths.
This is not trivial because heat and particle flux are linked by the particle temperature.
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Fig. 7 Contribution of electron and ion heat conduction, as well as ion heat convection to the parallel
energy loss in dependence on the temperature. For this plot a ratio of Ti/Te = 10 is assumed.

Comparable decay lengths for heat and particle flux implies a constant temperature in the far
SOL and an energy loss from the filament due to particle loss at the ends, i.e. dominating
convective losses in a semi-collisional regime. This assumption is checked in Fig. 7 by
plotting the main contributors to parallel energy loss, heat conduction by electrons and ions

(~T.J/?), as well as ion convective losses (~ n,T,*'?). For smaller temperatures, convection

becomes the dominant loss mechanism, but decreases with decreasing density. Typical
parameters for a regime with dominating ion convection losses in ASDEX Upgrade are
T, <100eV n.= 1x10" m™ (Ty/T. > 2.6). This is consistent with the experimental data for

ion temperature and filament density calculated from heat and particle flux of T, =30+ 60 eV
and n, ~4+610" m™.

3.3. Magnetic probe measurement

The pick-up coils in the filament and the reciprocating probe gives a total of 7 magnetic coils
to measure the magnetic signature of a filament. The signals show a clear ELM signature as
shown in Fig. 9. This magnetic signature was simulated by moving current distributions in
front of the magnetic probes [12]. 3 cases and its parameter dependence were investigated: a
uni-and a bi-directional current distribution in the far SOL near to the probe with motion
parameters from the filament probe (filament case) and a bi-directional current distribution in
the pedestal region with size and velocity as expected for rotating modes (mode case).
Bi-directional current distributions can be fitted with a unique parameter set to the measured
magnetic signals for the 3D magnetic coils, i.e. the same fit parameter set is applied to
simulate all 3 signals of the 3D magnetic probe. A bi-directional current distribution
represents a filament where the current is short circuited in the filament itself and not across
external structures. The effect of parameter variation on the shape of the magnetic signal is
shown in Fig. 8.
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Fig. 8 Parameter dependencies for the determination of filament properties from the magnetic
signature. Solid lines indicate strong influences, dashed lines denote weak dependencies. Multiple
dependencies make the full determination difficult, but additional information can strongly reduce the
parameter space.
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Fig. 9 Magnetic signature of the magnetic pick-up coils of the filament probe and the 3 components of
a 3D coil at the reciprocating probe. (left) Matching the measurement with an uni-directional current

with | = 60A. Right: Bi-directional current with | = 150A. Filament parameters: A, =7 mm
A*po, =15mm, v,y =2.2km/s, v, =3.2km/s. The arrow denotes the point where the filament
touches pins 2 and 3 in the simulation (filament case).

The result of the simulation is shown in Fig. 9. The shape as well as the absolute signal can be
well reproduced with a bi-directional current distribution for both, the filament and the mode
case, respectively, a filament rotating slowly (vyo1 = 3.5 km/s) in the SOL and a fast (vpo =
km/s) rotating filament inside the separatrix. The required current densities are about
120 A/cm® for the filament in the far SOL and 600 A/cm” inside the separatrix, respectively.
This parameters, required to simulate the measured magnetic signals, have to be compared to
the maximum ion saturation current of about 15 A/cm’ that was measured by Langmuir
probes in the far SOL. l.e. the signal of the magnetic pick-up coils is caused by remote
filaments of the pedestal region in contact to the core plasma allowing a high current flow.
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4,  Summary

Measurements in the far SOL at the outer midplane of ASDEX Upgrade by a set of electric,
magnetic and thermographic diagnostics to characterize filament dynamics are presented. A
new filament probe in ASDEX allow for the local measurement of ELM filament dynamics.
A mean radial velocity of about 1 km/s with a radial extension of 3mm, a poloidal velocity
between 0.5 and 2.6 km/s and 1 cm poloidal extend are deduced. The data favour models that
predict large filaments to move faster.

A comparison of heat and particle decay reveals that the far SOL is in an energy transport
regime where ion losses are dominant (T; = 30-60 eV). Extrapolating such a regime to ITER
would result in the following parameters for the ion temperature of Ti <400 eV.

All deduced parameters of the filaments in the far SOL show a large scatter (up tot a factor of
10). This is due to a scatter of the starting parameters in the pedestal region and has to be
investigated further. Furthermore, a local measurement in the far SOL detects filaments
arising from different toroidal positions with different transition times in the SOL.

The measured magnetic ELM signature can be modelled with a bi-directional current
distribution rotating both in the pedestal region and the far SOL. However, the required
current density for a filament in the far SOL is an order of magnitude higher than the
measured one so that the magnetic signal is assumed to be from filaments in the pedestal
region.
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