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ARTICLE INFO ABSTRACT

PACS: A comparison of the spatial and temporal evolution of the filamentary structures observed during type-I

52.35.Py ELMs is presented from a variety of diagnostics and machines. The filaments are elongated in the perpen-

g;-‘s‘g-;‘f dicular (poloidal) direction and both the radial and poloidal size appears to increase linearly with the
Do.ra

minor radius of the machine. The filaments spend between 50 and 100 ps rotating toroidally/poloidally
with velocities close to that of the pedestal. Subsequently their rotation velocity decreases and the fila-
ments propagate radially. At the time of separation each filament contains up to 2.5% of the energy
released by the ELM. In both the connected and separated stages the dominant loss mechanism is ion par-
allel transport. The target e-folding length is observed to be correlated with the radial size of the fila-
ments. This may suggest that the physics that drives the size of the filaments also determines the

target power e-folding lengths.

Crown Copyright © 2009 Published by Elsevier B.V. All rights reserved.

1. Introduction

Extrapolations for the amount of energy released by type-I edge
localised modes (ELMs) in ITER, based on data from existing
tokamaks, indicate that the largest ELMs could not be tolerated be-
cause of the damage they would cause to material surfaces [1].
However, there is considerable uncertainty associated with such
predictions because of the lack of understanding of all of the pro-
cesses involved. If the understanding of at least some aspects of
the ELM event can be improved, it would mean that models could
be further constrained and a reduction in the uncertainty of the
predictions for ITER obtained.

The peeling-ballooning mode theory is now widely accepted as
the explanation for the observed pressure gradient limit prior to a
type-I1 ELM [2]. This model predicts that type-I ELMs in tokamaks
will onset due to an instability with a toroidal mode number in
the range 10-20 [3]. It has been suggested [4,5] that the ELM evo-
lution can be broken down into three distinct phases: (1) the linear
growth stage of the mode resulting in localised structures inside
the Last Closed Flux Surface (LCFS), (2) the rapid growth and for-
mation of filaments that extend outside the LCFS during which
there is a rapid loss of energy from the pedestal and (3) the sepa-
ration of these filaments from the core and their radial motion to-
wards the first wall/limiters.

There is clear evidence for the first stage (see [6] and references
therein) in which localised structures exist inside the LCFS just be-
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fore the onset of an ELM. From the mode number and size of these
structures it seems reasonable to assume that these are the precur-
sors to the filament structures that have been observed in the onset
(stage 2) of the ELM in a wide range of tokamaks using a variety of
diagnostics (see [6] and references therein). It is in the third stage
of this process, when there is a clear gap between the plasma in the
filament and the core plasma that energy and particles are trans-
ported to the limiters/walls. What is not so clear is what role the
filaments play in transporting particles and heat to the target near
to the strike point during the second stage of the process. In this
paper a comparison of the evolution, radial extent and spatial
structure of type-I ELMs on a range of devices will be presented
and the effects that the filaments have on transporting energy to
the targets will be discussed.

2. The separated phase of the filaments and the transport of
energy to the wall

In order to make a quantitative prediction for the amount of
power arriving outside the divertor, what is required is informa-
tion on the size, loss mechanism, energy content and motion of
the separated filaments. The separated stage is defined as that per-
iod when the distance between the centre of the filament and the
LCFS is greater than the radial size of the filament and hence a dip
would be observed in the radial density profile between the LCFS
and the filament. In this section what is known about each of these
quantities will be reviewed.

The size of the filaments has been determined on a range of de-
vices using several different techniques, including: measuring the
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temporal widths of peaks observed in ion saturation current mea-
surements, visible and infrared imaging, Thomson Scattering and
beam emission spectroscopy (see [6] and references therein).
These measurements have determined the size of the filaments
in both the radial direction (J;) and perpendicular to both the field
line and the radial direction (5,). For a conventional aspect ratio
device ¢, is primarily in the poloidal direction. Compilations of
the radial widths have been published in [6] and [7] and the per-
pendicular widths in [6]. On all devices the radial extent is smaller
than the perpendicular extent, although it should be noted that the
ratio is smaller on MAST than on conventional aspect ratio devices.
Fig. 1(a) plots the measured perpendicular size of the filaments
(6.) as a function of minor radius. Note the measurements repre-
sent the full width of the distributions. Although there is a large
spread in the limited dataset, the data are consistent with an in-
crease in size with increasing machine. A linear fit has been per-
formed to the data and the shaded area represents the 1o
region, which can be used to predict that filaments on ITER will
have perpendicular sizes between 23 and 30 cm. Fig. 1b is a plot
of the radial filament size (6;) with minor radius. Obtaining a sim-
ple scaling with minor radius is not so simple here since the radial
extent on MAST is larger than that on AUG and DIII-D but similar to
that on JET and JT-60U. However, if the results from MAST (open
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Fig. 1. The (a) perpendicular and (b) radial size of the filaments as a function of
machine minor radius. The shaded area represents the +1¢ region of a fit to the
data. In (b) the open square (MAST data) has been omitted from the fit.

square) are excluded by arguing that the magnetic geometry is dif-
ferent on a spherical tokamak then it is possible to extract a linear
fit to the remaining data, which would indicate that the filaments
would have a radial extent of between 7 and 10 cm on ITER.

There is a general consensus [5,7-9] about the loss mechanism
for the separated filaments: the electrons cool through parallel
transport more rapidly than the ions and the density is removed
on ion parallel transport loss times. This is based on a number of
observations, including: (1) that the particle content of the fila-
ments decreases exponentially with distance from the LCFS, (2)
that the electron temperature in the filament decreases more rap-
idly [10] than the ion temperature [11,12] and (3) the light front
associated with the filaments has been observed to extend along
the field line towards the target with a parallel velocity consistent
with the ion sound speed [13].

In order to measure the energy content of the filament the den-
sity, electron and ion temperatures and the filament volume are re-
quired. On MAST and JET the radial density and electron
temperature profiles of filaments, obtained from Thomson scatter-
ing, have been combined with the measured perpendicular size
and the assumption that the filament extends between the top
and bottom of the plasma on the low field side to calculate the en-
ergy content assuming T; = T, [13,14] (although as indicated above
T; > T, may be a better assumption). The maximum energy content
of a single filament, observed close to the LCFS on both devices, is
2.5% of AWg, this may well be an underestimate of the maximum
size since it assumes that T; = T,. These observations would suggest
that the maximum amount of ELM energy transported to the wall
would be 25% (T;=T,) or 50% (T;=3T,) for 10 equally sized fila-
ments. Note that this assumes all the filaments have the maximum
size observed and hence is likely an over estimate. In order to ac-
count for the spread in filament energy content and the uncer-
tainty in the value of T; in the remainder of the paper the
average filament energy content is assumed to be 2.5% of AWgp.

Finally in order to determine the impact of the filaments on the
first wall, information on the parameters affecting the filament
propagation is required. A summary of the measurements of the
toroidal/poloidal velocities from all devices where data are avail-
able is given in Ref. [6]. All the measurements agree that the fila-
ments initially rotate in the co-current direction with velocities
near to the pedestal values, which then decrease with time and dis-
tance into the scrape off layer (SOL). Where there is more disagree-
ment is in the radial propagation.

The radial propagation of the filaments has been determined by
a number of techniques, which have indicated all possibilities for
the dependence of the radial velocity of the filament as a function
of distance from the LCFS i.e. constant, deceleration and accelera-
tion [6]. Some of these differences arise because of the different
techniques used to measure the velocities while others are most
likely due to the difficulties of measurement techniques e.g. trying
to determine the electric field within a filament or determining the
velocity of a filament from time of flight when the start time is not
known accurately. As an example, recent measurements from AS-
DEX Upgrade have used the time difference between the peaks in
the Isat recorded by two Langmuir probes that were separated by
5 mm [15]. Fig. 2(a) shows a plot of the calculated radial velocity,
using the time difference between the probes, as a function of dis-
tance from the LCFS for the raw data (solid circles) and the mean
velocity binned as a function of distance (open circles). The data
are consistent with a constant radial velocity of 1.5 kms~! (solid
line). Fig. 2b shows radial velocity calculated from the same data
using the time difference between the start of the ELM (deter-
mined by the rise time of the Dy, light) and the peak in the Isar trace
of the first probe. The velocity calculated with this method appears
to increase with distance and the mean is much lower (0.2 kms™").
The reason for the discrepancy is due to the fact that the filaments
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Fig. 2. The radial velocity of ELM filaments on AUG (a) determined from two
radially separated probes and (b) determined using the time of flight from the start
of the ELM as a function of distance from the LCFS.

do not all leave the LCFS at the same time and they do not begin to
separate until 50-200 s after the start of the rise in the D light.
Hence, the latter measurement technique is less reliable.

Taking into account the evidence from all devices and tech-
niques it is most likely that the filaments do not slow down sub-
stantially when far out into the SOL and before they have
interacted with the nearest limiter surface. Typical radial velocities
range from 500 to 2 kms~' [6].

3. The connected stage and the effect of the filaments on
divertor target profiles

Filaments exist near the LCFS for 50-100 ps at the start of the
ELM event and are born as elongated field aligned structures,
which have an initial parallel extent covering the low field side
of the plasma. The rise time of the divertor ELM energy flux is cor-
related with the ion transport time [16], and a detailed analysis of
the temporal evolution of the ELM power target deposition in AUG
and JET reveals that the ELM energy must be released from the core
in <80 ps [17]. This ELM energy loss time is similar to that found
from a study of the time evolution of the pedestal using the mul-

ti-time point Thomson scattering profiles on MAST [13]. These
show that effectively the entire loss from the pedestal occurs in
less than 200 ps (the time between two profiles). Line integral den-
sity measurements, which measure not only the core but also the
SOL, decrease on a longer time scale because the SOL density has
been increased due to the ELM and it is depleted on ion parallel
transit times [13].

The power deposition profile at the targets, both in inter-ELM
periods and during ELMs, is often parameterised in terms of a dou-
ble exponential, with one component describing the sharp fall-off
in the near SOL (Anear) combined with a second exponential in
the far SOL (/) due to the filament motion. The narrow Ape,; is tra-
ditionally thought to be conduction dominated leading to a predic-
tion that the power e-folding length (/4) should be related to the
temperature e-folding length (4r.) by 2 =2ir, [18]. Comparison
of mid-plane inter-ELM temperature e-folding lengths from a vari-
ety of devices was compiled in Ref. [18] where a good scaling with
major radius of the device was observed leading to a prediction on
ITER for the temperature e-folding length of 4™ = 18 mm. This
has been used, assuming conduction dominance, to predict the
power fall-off length for ITER of Z7® = 5 mm. The data from MAST
was not included in this study. Fig. 3(a) shows a plot of ir versus
major radius from Ref. [18] to which the data from MAST has been
included. The MAST point clearly does not fit the trend observed
from the other conventional aspect ratio devices. This is similar
to what was observed in the plot of filament size versus minor ra-
dius in Fig. 1b. Fig. 3b shows a plot of /r, versus radial filament size
where a clear correlation can be observed. For each device the two
values come from discharges with similar plasma parameters but
they are not from the same discharge. Also /r. is determined from
inter-ELM data and 6, is for ELM filaments However, data from AUG
[19] and MAST [20] show that filaments also exist in inter-ELM
periods and that their radial size is similar to the ELM filaments.
Also it is widely observed that the target width is the same inter-
ELM and during ELMs [21].

Though there are still many uncertainties in due to the lack of
available data one conclusion that could be drawn from this plot
is that the physics that determines the filament size also deter-
mines /r. It is also possible to speculate that filament based radial
transport is determining Are.

In order to build a model for both the near and far regions
knowledge of how the energy is transported to the targets is re-
quired. In order to test if electron conduction does dominate the
near region the target power e-folding length (24), mapped back
to the mid-plane, has been calculated from published data from
C-MOD [22], AUG [21], MAST [13] and JET [21] and compared to
the measured values of Air obtained in each case in a similar dis-
charge and is plotted in Fig. 3c. As can be seen the data do not agree
with g =2J7,. A fit to the data yields 74 = 0.87r,, i.e., it is more
consistent with convection dominance. This is consistent with
the observation that the ELM energy arrives at the target on ion
transit times [16]. PIC simulations of ELMs [23,24], taking into ac-
count electrons and ions, show that the power is mainly carried by
the ions (70%) and that both the electrons and the ions deposit
most of the power on the ion time scale i.e. there is no evidence
of a large conducted component.

4. Modelling the structure of ELM power loads

Based on the observations presented in this paper the most
probable ELM energy loss process is as follows: for the first 50—
100 ps, filaments remain near to the LCFS. During this time the fil-
aments enhance losses with an e-folding length that is determined
by their radial size. This could either be because the filaments com-
press the flux surfaces at the edge, and hence increase the radial
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Fig. 3. Mid-plane temperature e-folding (/r.) length versus (a) machine major
radius, (b) radial size of the filament and (c) the power e-folding length.

transport, or that a reconnection occurs of one end of the filament
into the SOL near the x-point leading to a direct path from the core
plasma. In either case the radial size of the losses would be corre-

lated with the filament size. After this time the filaments move
radially away from the LCFS with each filament containing up to
2.5 % of ANgy and AWgpy which is subsequently lost by parallel
transport along open field lines to the targets. This representation
of the ELM event has been incorporated into a Monte Carlo code in
order to simulate the target power profiles assuming that the pro-
cess is dominated by ion parallel transport. The simulation starts
by creating a filament in which 1 million particles are distributed
according to a Gaussian (with a machine dependent ¢ as deter-
mined from Fig. 1) in the radial and perpendicular directions and
uniformly along a distance *L. Each particle has a velocity as de-
rived from a Maxwellian velocity distribution according to an ini-
tial temperature (taken to be half of the pedestal height) and N
such filaments are created. There are two stages of the process:
(1) the stage during which the filaments are assumed to be con-
nected to the core of the plasma and (2) the stage in which the fil-
aments have separated from the core and travel radially. During
the first stage each filament, and hence each particle within the fil-
ament, starts off with zero radial velocity and a toroidal velocity
compatible with that of the pedestal. At the time of separation
the toroidal velocity has been reduced to zero and the radial veloc-
ity is increased either to a constant or increasing velocity. At the
time of separation it is ensured (by adjusting the number of parti-
cles) that the energy content of each filament is 2.5% of the total
amount of energy simulated. Each particle within each filament
is tracked along the relevant field line until it arrives at either
the divertor target or intersects the wall. The number of particles
and the mean absolute velocity of each particle are recorded as a
function of time and position and are used to represent the density
and ion temperature. Such a simulation has previously been able to
successfully describe the target profiles and the fraction of power
arriving at the targets on MAST [13] and AUG [25] and here it is
used to predict the values for ITER. It should be noted that although
the simulation predicts the target profile in AUG it would not pre-
dict the in-out target load asymmetries observed [17]. To explain
the large fraction of ELM energy arriving at the high field side tar-
get an additional loss process, for example the fast ion loss mech-
anism described in [26], would be required.

The simulation for ITER starts off with 12 filaments each param-
eterised to have a Gaussian profile with ¢, =1.6 cm and ¢, =5 cm,
based on the extrapolations obtained from Fig. 1 and by defining
the full width obtained as being 5¢. The initial ion temperature
in the filament is assumed to be half of the pedestal top, i.e.,
1.5 keV. For a period of 50 ps half of the filament protrudes from
the LCFS and the filaments rotate with the pedestal velocity and re-
lease particles into the SOL. After this time individual filaments
decelerate toroidally and move away radially, each carrying up to
2.5% of the total number of particles lost. In both the connected
and separated stage the particles are traced along the local field
line to the divertor target. As was discussed above, determining
the radial velocity of the filaments on current devices is difficult
and relies on several assumptions, which makes extrapolations
prone to error. To demonstrate the sensitivity of the results to
the radial velocity used, two simulations have been performed
using values of V,=0.5 and 1kms~'. These values are at the ex-
tremes of the extrapolations found in [5], which were made using
the parallel loss limit of a sheath resistive model.

The resulting mid-plane density and ion temperature profiles
are shown in Fig. 4(a) and (b). Typically between 15 and 40% of
the initial particle content of the filaments reaches the wall with
ion temperatures in the range of 200-500 eV. The profiles have
been fitted with an exponential in the region 0.02 < Arcgs < 0.06
and yield e-folding lengths of A, =2.8 (5.6) cm and /1 =3.6 (5.7)
cm for V,=0.5kms™' (V.=1kms'). These values are similar to
those found using a fluid based model where the parallel losses
are treated with diffusive and advective removal times [27].
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Fig. 4. Results of a simulation for ITER of the mid-plane (a) density and (b) ion
temperature profiles as a function of distance from the LCFS for filaments with two
radial velocities.

The simulation can also be used to predict the divertor target
profile and the fraction of power arriving at the limiter, which is lo-
cated 6 cm from the LCFS at the mid-plane and in the tail of the tar-
get profile. The resulting target profiles at a particular toroidal
location are shown in Fig. 5(a) and integrated over all toroidal an-
gles in Fig. 5(b). Significant structure can be observed in the remote
region of the target. The target sheath transmission coefficient is
assumed to be constant in time; this assumption could affect the
ratio of the power at the separatrix to that at the remote regions
of the target.

In order to calculate the amount of energy arriving at the limiter
a 2D profile of the ITER limiter has been incorporated into the mod-
el. If a particle in the filament intercepts with the limiter before
arriving at the target its energy is assumed to have been deposited
at the limiter. The fraction of the ELM energy deposited on the lim-
iter is 4.0 (15.5)% for V.= 0.5 kms~! (V. =1 kms™'). The fraction of
energy arriving in the tail of the target profile, defined as
Z>-42m,is 17.7 (10.9)%.

5. Summary

In this paper a summary of the results on the size and motion of
filaments observed during type-l1 ELMs has been presented. The
size of the filaments has been studied on a variety of devices and
there is evidence that the filaments do not have a circular cross
section instead they are elongated in the perpendicular (poloidal)

Power (arb)

T

Power (arb)

Fig. 5. The predicted target distributions on ITER (a) at a given toroidal location and
(b) toroidally averaged for filaments with two radial velocities.

direction. The results from all the tokamaks presented are consis-
tent with the perpendicular size increasing linearly with the minor
radius of the machine giving an estimate for their size on ITER as
6, =23-30 cm. Obtaining a scaling for the radial size is more diffi-
cult, but the best estimate for ITER, again assuming this scales with
the size of the machine, is §, = 7-10 cm. The radial size of the fila-
ment is correlated with the mid-plane temperature e-folding
length, which suggests that they are both determined by the same
physical process. Although, the physics behind this process is not
yet known, the fact that there is a difference in the widths between
large and small aspect ratio machines will allow future models to
be tested.

Turning now to the motion of the filaments, the filaments start
off rotating toroidally/poloidally with velocities close to that of the
pedestal. This velocity then decreases as the filaments propagate
radially. It is most likely that the radial velocity of the filaments
does not decrease substantially when far out into the SOL and typ-
ical velocities are in the range 0.5-2 kms~'. The rate limiting loss
mechanism is through ion parallel transport and the transport to
the wall is through the radial propagation of these filaments. Mea-
surements of the filament energy content show that each filament
contains up to 2.5% of the energy released by the ELM at the time it
separates from the LCFS and it would appear that the dominant en-
ergy loss has occurred while the filaments are still attached to the
LCFS. This information has been combined in a Monte Carlo simu-
lation, which is able to describe the target profiles on AUG and
MAST and to make predictions for ITER.
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