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Abstract. New measurements of ion energies and currents in Type I and mitigated ELMs
have been carried out in the ASDEX Upgrade far scrape-off layer using a retarding field
analyzer (RFA). The ion temperature averaged over an ELM, T, ,, measured 35-60 mm
outside the separatrix (i.e. 15-25 mm in front of the outboard limiter) is in the range of 20—
200 eV, which is 5-50% of the ion temperature at the pedestal top. 7, ,, decreases with the
separatrix distance with the e-folding length of ~10 mm measured in the far SOL for a
particular set of conditions, and increases with the ELM energy Wy;,,. Lowest T, 1s

measured during mitigated Type I ELMs. Likewise, the ELM-averaged ion current e-folding

length 4

jsar ©10—20 mm increases with Wy, , similar to the e-folding length of the heat flux
density at the RFA probe head during an ELM, monitored by a fast IR camera. The most
plausible explanation of observed trends is that on average the filaments of larger ELMs
travel faster radially and have less time to dilute by parallel losses along field lines before

reaching the far SOL. These observations provide further evidence that the fraction of the

ELM energy deposited on the main chamber plasma facing components increases with Wy, ,, .

PACS: 52.25.Fi, 52.25.Xz, 52.40.Hf, 52.55.Fa, 52.65.-y, 52.70.Ds



1. Introduction

Type I Edge Localized Modes (ELMs) can carry a significant fraction of their energy,
Wy to main chamber plasma facing components (PFC) in divertor tokamaks and can be the
dominant source of the first wall thermal load and impurity sputtering (e.g. [1-10]). In ITER,
unmitigated Type I ELM energy losses will be an order of magnitude larger compared with
present tokamaks. The ELM-wall interaction will be an issue for the first wall lifetime and
tritium retention [11, 12] (in case of Be PFC) and impurity production [13, 14] (if Be will be

replaced by tungsten PFCs).

Recognized as a matter of concern for ITER, the ELM-wall interaction has been
intensively studied by a number of diagnostics (see references above). These measurements
agree that each ELM consists of a number of field aligned filaments, expelled at different
toroidal locations on the plasma low field side into the scrape-off layer (SOL). Qualitatively
similar ELM features have been reproduced by non-linear MHD simulations [15-17]. As they
propagate across the SOL, propelled by electrostatic interchange motions [18], some filaments
break into smaller fragments before hitting the first wall as observed in [5]. There, the
deposited fraction of the ELM energy increases with Wy;,, in exchange for smaller relative
divertor loading [2, 5, 19-21]. These observations are consistent with the predicted filament
radial propagation speed v, oc Wg;,, with @ =0.5 [18]. The measured v, follows similar
trends in some experiments (e.g. [20]), but there are cases in which it does not [22-24],

suggesting that the propagation mechanism is not fully understood.

In the SOL, data gathered by Langmuir probes (LPs) reveal the rich temporal structure
of ion current and electron temperature throughout an ELM (e.g. [4, 10, 23, 25-31] and
references therein). Ion current observed by LPs during ELMs is found to be significantly
higher compared to inter-ELM periods, with a somewhat lower increase of the electron
temperature [29]. The most obvious explanation is that fast transport parallel to field lines
cools the ELM electrons as filaments propagate into the far SOL (defined grossly as a region
~2-3 heat flux density e-folding lengths outside the separatrix). The intensity of the ELM-wall
interaction is thus determined mainly by the energies carried into the far SOL by less mobile

ions in the ELM filaments.



One of the major drawbacks of a LP is that it does not provide information on the ion
energy. Sparse but clear evidence that ELM ions carry a significant fraction of the pedestal
energy into the far SOL has been obtained by infrared (IR) thermography combined with LP
data [30], and by retarding field analyzers (RFAs) [4, 10, 32]. So far, such measurements
were available only for an extremely limited range of plasma conditions. Nonetheless, a
similar range of far SOL ELM ion energies has been predicted by simple models of the

parallel ELM filament transport [4, 7, 10, 33].

New measurements of ion energy and current in ELMs have been obtained in the
ASDEX Upgrade (AUG) far SOL using a RFA and are reported in this paper. Type I ELMs
and, for the first time, ELMs mitigated by magnetic perturbations are studied for a range of
separatrix distances and W, ,, . RFA measurements are compared with visible and IR camera
observations and interpreted by means of a fluid parallel transport model [33] in a manner
similar to that presented in [4, 22, 33]. These measurements help to constrain the models of
the ELM transport in the SOL [7, 33-35] and ELM-induced impurity release from the non-

divertor PFCs [36], making predictions towards ITER less uncertain.

Plasma pulses in which the RFA measurements were obtained are described in section
2. Following a brief description of the RFA technique in section 3.1, typical time traces
acquired by the RFA during ELMs are illustrated and qualitatively compared to fast visible-
light camera observations in section 3.2. In section 4, the RFA-inferred ELM-averaged ion
current density and temperature in the far SOL are studied as a function of the separatrix
distance and Wp,;,,. In the same section, v, averaged over an ELM is estimated from these
measurements. RFA data are compared with the thermographic observations of the ELM heat
load to the probe head in section 5 and interpreted by a simple fluid model of the parallel

ELM filament transport in section 6. Section 7 provides summary and conclusions.

2. Discharge conditions

AUG is a divertor tokamak operated with full tungsten coated PFCs [37]. New in-

vessel saddle coils for ELM mitigation (four coils above and four coils below the outer



midplane) were operational in the present experiment [38, 39]. RFA measurements were
obtained in lower single null H-mode discharges in deuterium with the edge plasma
parameters compiled in Table 1. A representative magnetic equilibrium is shown in Fig. 1.
Type 1 ELMs were measured at a neutral beam heating power P, =2.5MW (with
additional electron cyclotron resonant heating of P, = 0.8 MW in discharge series #5). The
ELM size in the plasma pulses #26160-4 was varied by changing the gas fuelling rate during
the flat top phase of the discharge. The ELM mitigation was obtained in discharges with
Pyg; =5MW and n =2 odd parity resonant magnetic perturbations at a coil current of 900 A.
The small ELMs observed in discharge series 6 will be referred to as ‘mitigated” ELMs
throughout this paper. In all discharges the ion BxVB drift points downwards, plasma
current /, =1MA, toroidal field B, =-2.5T, edge safety factor at 95% flux surface
=14m’. The

lasma

dys =4.6-4.8, major radius R=1.66-1.69m, and plasma volume V,

plasma stored energy prior to the ELM was W, =280 —-490kJ. Throughout this paper, the

lasma

ELM energy W, corresponds to the drop of W, during an ELM. The parallel

lasma
collisionality at the pedestal top v, =~ gos7R/A,, =1.5—3 where A, = 1016Tezped g peq (1,
eV, m™) is the electron—electron collisional mean free path evaluated at the pedestal top. All

discharges have similar magnetic equilibria which will be discussed later in relation to the

parallel magnetic connection lengths in the SOL.
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Series  Discharge Tipea Teped  Mepea Wern Wen! Woiasma Wern! Woea  Teim A¥ i

[eV] [eV] [10“m?] [KJ] [%] [%] [Hz] [mm]
1 26208&9 350 250 7.6-7.8 276  7+2 19 40+8 20-25
2 26164 300 250 6.9-7.1  28+10 10+4 22 45+16 15
3 26160&2 400 350 6.8-7.0  34+12 1043 22 46£19 15
4 26160&2&4 350 300 7.3 367 1142 23 46+7 15
5 26164 400 400 6.8-7.1  56x7 1542 31 49+14 15
6* 26208&9 450 350 7.6-7.8  *x ok ok 2454123 20-25

* mitigated ELMs
** unmeasurable

Table 1. From left to right: index of the discharge series preserved throughout the paper,
discharge number, ion and electron temperatures (CXRS, ECE and Thomson scattering
diagnostics) and plasma density (interferometer, lithium beam, Thomson scattering) at the
pedestal top (~1.5 cm inside the separatrix), plasma energy lost per ELM (absolute, relative
to Wpyusme and the pedestal energy normalized to the plasma volume
W ped :%ne ped (L pea + T ped )V plasma  USTNg the usual convention [40]) and the approximate

ELM frequency fg;,, . Also indicated is the radial distance in front of the outboard limiter,

Ary,, at which the RFA sensor was maintained during the reciprocation.

3. RFA set up and typical ELM signals

3.1. RFA set up

A bidirectional RFA used in this experiment is shown in Fig. 2. The probe is mounted
on the horizontal scanning drive located on the plasma outboard side, 31 cm above the
machine equatorial plane as indicated in Fig. 1. The RFA axis is aligned with the local
magnetic field, meaning that the probe is sensitive to the ion velocity component parallel to B.
The “i-side” RFA faces in the direction towards the outer divertor and the “e-side” RFA is
looking along field lines into the inner divertor, referring to the ion and electron BxVB drift
directions. As shown in Fig. 3, each of the two analysers consists of a set of semi-permeable
grids and a collector, separated from the plasma by a thin plate in which a narrow slit is cut.
The slit plate serves to protect the delicate grids from intense plasma irradiation, while

admitting enough ions to produce a measurable current on the collector (/,.). The slit plate is



perpendicular to the magnetic field direction so that the RFA is sensitive to the parallel
velocity of incident ions. The slit plate is biased negatively (V;,) to repel most incident

electrons back into the plasma and to measure the ion current density /., . A fraction of the

sat *
incident ions are transmitted through the slit into the analyzer where they encounter the first
grid, labelled as “grid 17, to which a positive voltage V,, is applied. The ions that have
enough kinetic energy to overcome ¥, then proceed to a second grid, labelled as “grid 27,
biased to high negative voltage (V,,), and placed between grid 1 and the collector. Grid 2 is
used to repel any remaining incident electrons that are energetic enough to penetrate V,,, as

well as to suppress secondary electrons emitted inside the analyzer.

Figure 2. Photograph of the RFA probe
slit plate NS d & collector head covered by a grounded copper cage.

\ <™ - The cage (inset panel) is used to reduce the
. pick-up noise during ELMs. Half of the
cage is removed, showing one of the two
identical analyzers mounted in a Mach
probe arrangement. The entire probe head

is protected by a graphite housing.

Bias voltages applied to RFA electrodes are compiled in Table 2. The same voltages
were applied to both analyzers. The voltage V,, is set to repel most ELM electrons (in the
AUG far SOL the ELM-averaged electron temperature 7,;,,, =15eV [31]). All RFA signals

are measured at an acquisition frequency of 2 MHz. The ion current density j ., =/

sat / Asp >
where 4, =16 mm” is the slit plate collecting area. The entire probe head is protected by a
graphite housing with the outer diameter d = 6.2 cm. The leading edge of the housing is about

15 mm closer to separatrix compared with the RFA sensors.



slitplate grid1 grid 2 collector Figure 3. Schematic of the RFA and the bias
Debye g
sheath = ; , voltages applied to the electrodes. All

voltages refer to torus ground.

Discharge  V,,[V] Vg [V] Ve[V] fu[Hz]

26160 -90 50-300 -150 10
26162 -100 80-400 -160 5
26164 -100 80-400 -160 4
26208 -150 70-230 -190 7
26209 -150 60-180 -190 10

Table 2. Bias voltages applied to RFA slit plate, grid 1 and grid 2. All voltages refer to torus

ground. f,, is the sweeping frequency of V.

Up to four reciprocations were performed in each shot. For each reciprocation the

RFA was maintained at fixed outboard midplane separatrix distance Ar,,, (and Ar,, from

ep

Table 1) for ¢ =100-200ms and about 5-10 Type-I ELMs or 25-50 mitigated ELMs

target

were captured randomly at different V,, . The measurements were obtained for Ar;,, ~35-60
mm. The voltage V,; was swept at a few Hz to make at least one full voltage ramp while
holding the probe at the target position, but to keep V,, approximately constant during an

ELM which typically lasts a few ms.

3.2. RFA time traces during ELMs
Typical RFA signals measured during Type I ELMs (discharge series #4) at
Ar,,, =35mm are illustrated in Fig. 4. Also plotted is W,,,,, as well as the current to the

inner divertor 7, (standard ELM marker in AUG) measured by the series of shunt resistors

embedded in the tile mountings [41]. [, is the sum of currents measured by a complete array



of four inner divertor tiles (Fig. 1) located at two toroidal sectors and multiplied by a number
of tiles in a given row, resulting in a total effective collecting (i.e. the inner divertor) area of
3.9 m”. The RFA collector current is effectively zero in the inter-ELM periods meaning that
Ve 1s large enough to repel background ions. The current to the collector measured during an
ELM decreases with increasing V,,. At V,; =325V the ELM ions are almost completely
suppressed from the i-side collector. The e-folding voltage of the i-side collector current is

approximately 100 V, meaning that the ELM ions reach Ar, =35mm with the typical

ep
energies of about 100 eV. This would correspond to about 30% of the ion temperature at the

pedestal top (see Table 1).
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Figure 4. Time evolution of the current to the inner divertor 1;,, W and the currents

plasma

measured by the RFA during three similar Type I ELMs. Measurements were obtained at
Ar,, =35 mm (#26162, discharge series #4). i-side / e-side indicates the side of the RFA

sep

(Fig. 1). Also indicated is V,, applied at the ELM.

The time evolution of j, and /, measured during an ELM have a rich dynamic

structure (partially smeared out in the 7, signal because of the large collecting surface

8



involved) which is well known from earlier probe measurements ([4, 10, 23, 25-31] and
references therein). Such filamentary structure has previously been observed on the AUG
divertor target plates using the thermographic diagnostics [42, 43]. Each ELM time trace seen
in Fig. 4 consists of a number of bursts lasting several tens of ps, separated by up to several
hundred ps, interwoven with smaller spikes. In most ELMs, the large current bursts are not
clearly separated, indicating that any filament statistics (e.g. number of filaments per ELM,
filament duration at half maximum and filament separation) would strongly depend on the
filament detection thresholds. Fig. 4 also illustrates a general observation that even in similar
ELMs, the time evolution of j , does not follow a universal pattern throughout an ELM. In
some ELMs the amplitude of the current bursts decreases during the ELM, whilst in many
events the amplitude changes randomly throughout, as already pointed out for example in
[30]. The first observation would indicate that more intense filaments travel faster radially and
are less depleted by parallel losses before reaching the probe as suggested e.g. in [24]. The
latter observation would reflect the stochastic nature of an ELM: each filament may be ejected
into the SOL at slightly different radial position, some filaments may disintegrate before
reaching the far SOL [5, 18] (which in turn may affect their time of flight to the probe) or

overlap when striking the RFA, producing a time trace unique to each ELM.
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Figure 5. Composite similar to Fig. 4, showing the RFA signals measured at Ar,,, =49 mm

during three similar mitigated ELMs (#26209, discharge series #6). The change of W, is

below the detection limit. Also plotted is the signal from the fast visible camera, at the ROI

centred at the RFA probe (Fig. 6).

In Fig. 5, characteristic features observed by the RFA in mitigated ELMs at Ar,, =49

ep =
mm are shown. The bursts of /,, are almost an order of magnitude smaller, with the duration

a factor of ~2 shorter compared with Type I ELMs. The change of W, due to an ELM is

plasma
at most a few kJ. The filamentary structure of j , in mitigated ELMs is qualitatively similar
to Type I ELMs. In contrast to Type I ELMs, however, large bursts of j , are observed
throughout the ELM cycle (including the inter-ELM periods), though, in common with Type I
ELMs, the largest bursts are typically correlated with those of 7,,. In mitigated ELMs,
almost all ions are repelled from the collector already at V,; =100V. This can be explained

by the combination of larger Ar,,, in Fig. 5 compared with Fig. 4, and, as will be shown in

7
Sec. 4.2, by lower characteristic ELM ion energies in the far SOL in the case of mitigated

ELMs.

10



One can notice from figures 4 and 5 that very small currents are measured during
ELMs by the e-side RFA. As can be seen from Fig. 1, in the present experiment, the magnetic
flux surfaces were not perfectly aligned with the edge of the outboard limiter (OL). As a
consequence, the upper edge of the OL casts a shadow on the e-side RFA and shortens the
magnetic connection length between the probe and the nearest surface to L, ~1-2m, even
though the RFA sensors are radially further in than the limiter edge (table 1). As a result, the
ELM particles entering the flux tube between the probe and the OL get quickly depleted by
parallel losses oc ¢,/ L, with ¢, the ion sound speed, making the measurements by the e-side
RFA effectively useless. In what follows we focus on the measurements by the i-side RFA
with “i-side” dropped for brevity.

Measurements from a visible-light camera viewing the RFA were acquired in
discharge #26209 in which the time traces of mitigated ELMs plotted in Fig. 5 were obtained.
Images (256256 pixels) were taken with an exposure time of 29 ps and 33 kHz framing rate.
Typical background-subtracted snapshots taken during a Type | ELMy phase of the discharge
number #26209 are illustrated in Fig. 6. Frames 1-3 feature multiple field-aligned filaments of
light near the outer wall in front of the viewport and at the inner divertor region. Also shown
in Fig. 6 are the time traces of the light intensity averaged over the region of interest (ROI) at
the RFA probe and j, measured simultaneously by the RFA. The ROI (5x5 pixels
corresponding to ~2x2 cm” at the RFA probe) coincides with the center of the bottom part of
the RFA housing, which is seen as a bright spot in images 1 and 3. The light emission at the
ROI originates from the deuterium recycling and the ionization of carbon eroded from the
probe housing, so that the intensity of the light emission can be linked to that of an ELM
filament ion current density. Although the filament fine structure is smeared out on the
camera signal due to insufficient time resolution, current bursts are well reproduced by the
camera signals. Interestingly, even when the visible light emission in the ROI is strongest, no
filaments are observed along the field line intersecting the leading edge of the RFA at
Ar,,, =30mm which is most likely because of the low neutral density on the flux tubes in that

sep

region.

11
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Figure 6. Top left: time evolution of j, measured by the RFA at Ar,,, =45 mm and the
visible light intensity at the RFA probe housing monitored by the fast camera during a single
Type I ELM in discharge #26209. The camera view is shown at top right. The leading edge of

the RFA housing is at Ar,,, =30 mm corresponding to 41 mm in front of the OL. Vertical

ep
dashed lines indicate the times when the background-subtracted images shown below were

acquired. Also shown is the field line intercepting the RFA.

4. ELM-averaged ion current density and temperature
Although the filamentary structure is unique to each ELM, as seen from figures 4 and

5, similar ELMs (i.e. similar Wg,,,, W,

lasma » Laiv» €tC.) are on average characterized by very

similar ion currents. Therefore, the aspects of the radial transport of ions and their typical
energies in the ELM filaments can be obtained from the ELM-averaged ion current density

< jsa[> o1y and collector currents <Ic> This approach is particularly useful for estimating

ELM *

the ELM-averaged ion temperature 7, ;,, (obtained with the RFA in less transient conditions

12



from the variation of /., with V), since the collector current measured during an ELM
changes on a much faster timescale than V,, can be swept. (An estimate of 7;;,, on the
filament time scale could be obtained by comparing /. with the fraction of j , transmitted
through the RFA slit [10]. However, the peculiar dependence of the ion slit transmission
factor on the sheath potential and the incident ion energy [44] make such estimates very
uncertain.) The particle and energy content can strongly differ in consecutive filaments of a
single ELM, raising the question of how meaningful the assignment of average quantities to
such a dynamic structure can be. However, given the stochastic nature of ELM wall loading
[45], it is the average current and energy carried by ELM ions across the SOL which is of
practical interest when addressing the ELM-wall interaction issues.
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Figure 7. From top to bottom: time evolution of 1,,, j,, and I, during a single Type I
ELM (#26164, Ar,,= 48 mm) by the i-side analyzer. j,, is scanned over
—2ms < t—tg,, <3 ms (with tg,, atthe maximum of the smoothed 1,, signal). Shaded

areas indicate the portions of j,, and I, above the ELM ion current detection threshold

(dashed) for at least 10 us (see text). The “ELM ion current” is averaged from t to t,.
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The ELM-averaged quantities < jsm> and <IC> are obtained using the procedure

ELM ELM

illustrated in Fig. 7. The ELMs are identified from the peaks of /,,, smoothed with the span
of 100 ps to leave out the isolated current bursts due to particular filaments. For each ELM,
the time when such a peak is detected is labeled as t,,,,. j,, 1s scanned over an arbitrarily
chosen time window —2ms <t —1,,, <3ms for Type | ELMs and —1ms<?¢—t,;,, <1.5ms
for mitigated ELMs. The time when j, exceeds the detection threshold
< Jsat >back +3-std < Jsar >back (with < Jsar >back the average inter-ELM ion current density) for more
than 10 ps, containing at least one data point larger than j ;... + 65t (J,ypaer) Within that
sequence, 1s labeled as ¢,. The end of the last such burst within the time window is labeled as
4. < jmt> sy 18 given by the mean of all data points within ¢, — ¢, (excluding portions of the

signal with j , < < Jsat >back +3-std< jsat>back for more than 10 ps), reduced by < jm>back. The

mean of the collector signal for the same time points equals to <Ic> B

4.1. ELM-averaged ion current density

Fig. 8 illustrates for selected discharge series the radial profiles of < jm> Each

ELM *

data point corresponds to a single ELM. Note that < jsa,> sy Obtained for similar ELMs

measured at the same Ar,,, is well reproducible. Also plotted are the corresponding profiles

of L, between the RFA and outer divertor obtained from the magnetic field lines tracing.
Note that L, is roughly constant for all discharge series. Despite the variation of the radial e-

folding length 4.

‘Jsat >

Fig. 9, the values of < jsa,> measured for different discharge series are

ELM

surprisingly similar.

In Fig. 9, A,

s Measured in the discharge series #1-#6 is plotted against Wy, . In this

figure (as well as in the following figures) mitigated ELMs are plotted as full symbols to
highlight that they are different type of ELM-like events compared with unmitigated Type I
ELMs [39]. If the mitigated ELMs are ignored in Fig. 9, there is a tendency for 4, to

increase with Wy, . A simple balance between the characteristic filament parallel sink rate

¢,/ L, and perpendicular transport time A

/v, [21, 23, 24],

jsat

14



can be used to relate 4

v. = A

r jsa

‘jsat

<Ly

(1)

and v, . Fig. 9 thus suggests that on average the radial speed

with which the ELM filaments travel across the SOL increases with the ELM size. The same

conclusion was reached from experimental observations in DIII-D [46] and JET [21]. We

return to this point in the following sections.
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4.2. ELM ion temperature

Figure 8. ELM-averaged ion current density
measured by RFA in the selected discharge
series from Table 1, plotted against Ar,,,.
Guide lines correspond to the ion current
density e-folding lengths Jjs.. Also shown are
the corresponding profiles of the parallel

connection length between the i-side RFA and

the outer divertor.

Figure 9. Radial e-folding length of the ELM
ion saturation current density A, plotted
against the energy lost per ELM. Full symbol:

mitigated ELMs.

It is a standard practice when interpreting RFA signals ([47] and references therein) to

assume that SOL ions have drifting Maxwellian distribution of parallel speeds and to equate

15



the RFA e-folding voltage to ion temperature 7; = —(d Inl./d Vng. Given the high v, in the
present discharges stated in Sec. 2, this assumption is used here for ELM ions. Gathering

<Ic> 5y Mmeasured for similar ELMs at constant Ar, T . can be obtained from the

sep s T

exponential fit to the filament current-voltage (/-V) characteristic (<IC> #y Plotted against
V1) This procedure is illustrated in Fig. 10 where T, is obtained for three different

groups of ELMs measured at Ar,,, =48 mm; Type I ELMs characterized by different Wy,

and mitigated ELMs. For this particular set of conditions, 7;,,,, varies from 28 to 155 eV.
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Figure 10. Measurements of T,p;,, for three different groups of ELMs at Ar,, =48 mm.

ep

From left to right: Type I ELMs characterized by different Wy, ,, and mitigated ELMs. From

top to bottom: coherent average of 1,,, W, with the reference time tg;,,, and the ELM

plasma
ion I-V characteristics. Each data point on the I-V characteristic corresponds to a single
ELM. The exponential fit to the I-V characteristics gives Tigyy . The drop of W g, IS

unmeasurable in mitigated ELMs. Note the different scale of 1, for mitigated ELMs.
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Figure 11. Time evolution of 1, and the RFA signals measured at Arseps 48 mm in the

discharge #26209 (series #1). The signals comprise a single ELM at t = 2.51 s. Inset pannels

show details of selected bursts of js, and 1. observed between ELM:s.

It would have been interesting to compare 7 ;,, with the ion temperature measured at
the same radial position between ELMs. Unfortunately, as seen from Fig. 11 (which shows the

RFA time traces measured in the discharge number #26209, series #1, Ar,, =48 mm), even

sep
the lowest range of V,, repels most inter-ELM ions from the collector, indicating that the
inter-ELM ion temperature in the far SOL is much lower compared with T;,,,,. This is
consistent with the results reported in Ref. [10], which showed initial RFA measurements in
AUG in the Type-I ELMy H-mode discharge similar to those in the present experiment. In
Ref. [10], V,, was varied in the range of 0-200 V, which allowed an estimate of the inter-
ELM ion temperature ~10 eV at Ar,,, =48 mm. Interestingly, as can be seen from Fig. 11, the
collector current measured between ELMs features intermittent positive bursts which are
synchronized with the bursts of j_,. These current bursts can be associated with turbulent

plasma filaments passing the probe, as observed earlier e.g. in Ref. [48]. The fact that the

bursts of /, are observed at V,; when the collector current is normally absent indicates that
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the turbulent filaments carry ions which are more energetic than those of the surrounding
background plasma. Investigating the generation rate of and the ion energies in these turbulent
inter-ELM filaments using the same approach as in Ref. [49] for the L-mode discharges in

AUG would be a good subject for future work.
The procedure illustrated in Fig. 10 is applied for all plasma pulses from Table 1. The

resulting 7;;;,, 1s plotted against Ar, in Fig. 12. The error bars

i lasma

Wiy and Wy /W,

ep >

on Ar,, account for the typical uncertainty of 5 mm in the probe-separatrix distance. In the

far SOL, Tz, 1s in the range 20-200 eV, which is 5-50% if the ion temperature at the

pedestal top. As can be seen from Fig. 12, 7,4, decreases with Ar,, (e-folding length

Ay #10mm in the far SOL for Wy, =27-35 kJ) and increases with Wy, . Note that

T gy at Ar,, =58 mm has been measured in the discharge with the OL shadow shifted by 5

12 mm outward. This was achieved by shifting both, the outboard midplane separatrix and
RFA target position, inward. As a result L, at Ar,,, =58 mm is longer and, therefore, the
parallel energy dissipation in the ELM filaments can be somewhat weaker compared with
other measurements at Wy, ,, ~35kJ. This might explain the “flattening” of 7, ,,, profile for
AWy, =35Kk]. Because of a different magnetic equilibrium in the discharge in question, the

measurement of 7, ;,, at Ar,,, =58 mm is excluded from the fit of 4.

ep
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200 200 200 O 35
S O 38-41
QO, 150 ' 150 150} A 45-49
= \ Al gp (MM < 53-58
o 100 . 100 035 | 100
=" N % 0 38-41
50 - 50 A45-49| g
 Raoy S Vv 53-58 i v
- v v

0 0 0
30 40 50 60 70 0 20 40 60 80 100 0 5 10 15 20

At [mm] kJ] W_ /W [%]

WELM ELM plasma

Figure 12. Dependence of T, on Ar,, and the energy lost per ELM (absolute and

relative to W ., ). Dashed line is the exponential fit to T, gy, measured for Wy, = 27 and

lasma

35 kJ with the e-folding length A,~ 10 mm (for the reason described in the text, the

measurement of T, z;,, atAr,,, =58 mm is excluded from the fit). Color coding is preserved in

Ksep

the following figures.
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The decrease of T;,;,, with increasing Ar,,, 1is easily explained by the energy losses

ep
along the magnetic field lines to the solid surface as the ELM filaments propagate across the
SOL. Strong dependence of T, on W, might have two possible interpretations:
filaments of larger ELMs (i) are spilled into the SOL with higher initial temperatures so that
they simply arrive hotter into the far SOL or (ii) they propagate faster radially and have less
time to lose their energy along the field lines (or (ii1) the combination of both).

Interpretation (i) is highly unlikely, because the variation of 7, is too small to
account for the observed dependence of 7., on Wy, (Table 1). Moreover, the filaments
with higher initial temperatures are also subject to stronger parallel energy loss since the
characteristic parallel transport time L, /c; oc L, //T, +T, . Therefore, large variation of the
initial ELM filament ion temperature should actually result in small changes in the far SOL
T, g1y - For the same reason, 7;,,,, would vary only little if the filaments were coming from
different positions (and thus different initial temperatures) within the pedestal, as will be
demonstrated in Sec. 6.

Eq. (1) can be used to estimate the approximate average radial propagation speed of

ELM filaments, v,, from the RFA measurements. The values of A4,, and Ty, are
respectively from Figs. 9 and 12. It can be assumed that 7., > T,z (e.g. [10, 17,33, 50]
and Sec. 6) so that ¢, can be approximated by the ELM ion thermal speed \/m . In
Eq. (1), ¢, /L, represents the particle sink rate of a filament along the flux tube connected at
each end to a solid surface. Therefore, L, is evaluated as one half of the harmonic mean of

the lengths of the field lines between the outer midplane and the nearest surface for both

directions along the field lines, i.e.
(Ly)=LyLj)/ (L), +L7). 2)

The values of L), and L] are obtained from the magnetic field lines tracing. Fig. 13 shows
<L//> as a function of Ar,,, evaluated for the field lines passing the RFA. It was verified by
making a 5° scan of <L//> as a function of the toroidal angle that the effect of the stochastic

fields due to magnetic perturbations on <L//> in the discharge series #6 does not need to be
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considered. As can be seen from Fig. 13, <L//> is at most a few meters for Ar,,, ¥35-60 mm
where the present RFA measurements have been obtained. Two effects might influence the
effective <L//>. First, in the frame of a toroidally rotating filament <L//> can vary due to
toroidally discrete OLs in AUG. To account for this effect one would need to perform for
each equilibrium a computationally demanding calculation of the toroidally averaged <L//>.
Second, in Eq.(2) the filament is viewed as a packet located at a single position along the flux
tube, namely the one corresponding to the outer midplane. However, as routinely observed by
the fast visible cameras (e.g. [6, 48, 51]) and seen clearly from Fig. 6, the filaments extend
over long parallel distances as they propagate outwards. This, in turn, might influence the

effective filament <L//> given that some parts of the filament are closer to the end of the flux

tube. In view of these uncertainties, we assume in Eq.(1) <L//> =1 m for simplicity.
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sep

Figure 13. Parallel connection length given by Eq. (2) for individual discharges from Table
1. Dashed line: average <L//> for all plasma pulses.

In Fig. 14, v, evaluated from Eq.(1) is plotted against W,,,,. The error bars account

for uncertainties in A,

isar @nd Ti gy, , and are large as is common with any v, measurements.

v, = 400—-2500 m/s which, given the uncertainty in <L//>, is in a surprisingly good
agreement with earlier measurements of v, in the AUG far SOL [24, 25]. v, tends to increase

with W,,,, suggesting that on average the filaments in large ELMs might propagate faster
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radially and have less time to cool before reaching the far SOL. The increase of v, with
Wy could explain the inverse scaling of the JET divertor ELM energy fraction [19, 50] as
well as the increase of the JET limiter ELM loading with W,,, [5, 20] (in [22], however, the
energy deposited on the main wall limiters in JET by ELMs was found to be independent of

Wein ). v, seems to be roughly independent of Ar,,,, at least for the range of radii covered

ep >

by RFA and within the uncertainty of the measurements.

3000
Ar,, [mm] Figure 14. Dependence of the ELM-averaged
2500 . 55
radial filament propagation speed estimated
— 2000]| O 3841
~ A 45-49 from the RFA measurements on the energy lost
£, 1500 v 53-58 1

>L1000 per ELM. Also plotted is v, obtained from the
+ . , .
500| A&+ = | measurements of the poloidal electric field (+)
[24].
0 20 40 60 80
W K]

A note is required regarding the comparison with earlier measurements of v, in Type I
ELMs in the AUG far SOL [24, 25]. In earlier experiments v, was obtained in individual
ELM filaments from the time difference in the signals between two separated probes [25], and
from the probe measurements of the poloidal electric field [24]. This is in contrast to the
present ELM-averaged quantities which are determined by the most intense filaments of a
given ELM and thus might be more relevant when addressing the issues of the ELM-wall
interaction. In order to allow for consistent comparison with the present experiment, the
values of v, obtained earlier in the AUG far SOL [24] were averaged over the six first
filaments of each ELM with the negative values of v, excluded. As can be seen in Fig. 14,
average radial filament propagation speed obtained in this way shows a dependence on W,,,,

albeit much weaker than that estimated from the RFA measurements.
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5. Thermography-RFA comparison
Measurements of the heat flux on the leading edge of the RFA housing by a two-
dimensional IR camera are available for discharge #26164. The camera has a 56x24 pixel
array, integration time of 5.4 us and time resolution of 80 ps / frame. As shown in Fig. 15, the
camera views the i-side RFA which is aligned within <1° with the magnetic field lines. The
vertical axis of the pixel array is approximately tangential to the local flux surfaces. The IR-
IR

inferred heat flux density, ¢ 1is calculated from the jitter-corrected temperature

measurements using the THEODOR code [52].

®oB ( RFA housing
Figure 15. The IR camera view of the RFA

housing. Machine coordinates (R, z) are tilted by
~7° with respect to the frame coordinates (r, z’). z’
is approximately tangential to the local flux

surfaces.

Typical camera images taken during and just after a Type I ELM (W, =50KkJ) are
illustrated in Fig. 16. The blurred edge of the probe housing results from the imperfections in
the camera focusing combined with the edge chamfering (to prevent excessive thermal
loading). The bright spot observed during an ELM at Ar,,, ~48mm is the orifice in the
housing, behind which the RFA slit plate is located (Fig. 2), and at which ¢’® is falsely high
because of a different materials involved. The horizontal dashed line indicates the region
along which the e-folding length 4, is obtained from the exponential fit to the parallel heat

flux density q/I/R plotted against A as illustrated in Fig. 16, right. During an ELM q/I/R isa

rsep H
factor of 2-4 higher and the heat flux density profile flattens compared to the inter-ELM
period, which can be related to enhanced radial transport of particles and energy during an

ELM.
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In the far SOL, the length of the field lines between the OL and the RFA is a factor of
~10 shorter compared with L, between RFA and the outer divertor. Because of the short
parallel distance between the RFA and the OL, the length of the field lines between the RFA
and the outer divertor is almost the same as the one between the OL and the outer divertor in
the absence of the probe. Note also that the effective disturbance length [53] of both, the OL
and the RFA (up to several tens of meters), is longer than L, between the OL and the outer
divertor (up to 10 meters, Fig. 8). Therefore, 4, monitored along the probe head is likely the

same as the one that would be measured along the OL in the absence of the probe.

Z’ [mm]

Z’ [mm]

10 0 10 : :
20 30 40 50 _60 70 3.308  3.31 3.312 40 50 60 70

Ar_,. (mm] time [s] Ar__, (mm]

Figure 16. Lefi: IR camera images of q'% during (1) and just after (2) a Type I ELM
(Wery =50 kJ) as indicated on the time trace of 1y, (middle panel). The bright spot seen in
the top image is the orifice of the RFA housing. The white square indicates the ROI from
which ¢™ is taken in figures 17 and 18. The horizontal dashed line indicates the region along
which the radial profiles of the parallel heat flux density (right panel) are read and the

corresponding e-folding lengths A, obtained.

In Fig. 17, ¢/° at the ROI at Ar,, ~48 mm (highlighted in Fig. 16) is compared with

sep
the parallel heat flux density ¢/ " estimated from the RFA measurements obtained at similar
separatrix distance. It is well known that such thermography-probe comparison is a complex
task because of the lack of knowledge of many parameters needed to evaluate absolutely
calibrated parallel heat flux density from the probe data ([54, 55] and references therein).
RFA
/

Nevertheless, we evaluate ¢g," in the usual way as
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foFA =¥ Jsarlo Erm » (3)

with the heat transmission coefficient y given by Eq. (25.46) in [56]:
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Figure 17. Evolution of the IR-camera and RFA signals during two Type I ELMs
characterized by different Wy;,,. From top to bottom: 1,,, j, measured at Ar,,, ~46 — 48
mm, parallel heat flux densities measured by the IR camera at the ROI indicated in Fig. 16
and estimated from the RFA measurements of j,, and Tz, (Eq. 3). Bottom panels: e-

folding length of q/[/R obtained from the thermographic measurements along the ROI

indicated by dashed line in Fig. 16, left.
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In Eq. (4) it is assumed that the net current through the sheath is zero and the secondary
electron emission from the slit plate can be neglected, so that the equation gives the lower

estimate of y . The values T, =71eV (for Wy, =26k]) and T, =155eV

1

(Wgy =56K]) are taken from the RFA measurements at Ar,,, = 46 —48 mm, described in

ep
Sec. 4.2. We assume 7, ,,,, =15¢eV which corresponds approximately to the ELM-averaged
electron temperature observed previously in the AUG far SOL [31], albeit for different

plasma parameters. Equation (4) gives y =16 for Wy,,, = 26kJ and y= 30 for W;,,, =56Kkl.
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Figure 18. From top to bottom: time dependence 1,,, W and q/I/R (measured at

plasma » Jsat

Ar,,, 46 mm in the discharge #26164) and A, along the RF'A housing. The signals comprise

Jfour Type I ELMs each with different Wy;,, .

As seen from Fig. 17, ¢/} is up to a factor of 2 higher compared to ¢/, which is a
fairly good agreement in view of simplifying assumptions in equations (3) and (4).
Additionally, we have not taken into account the attenuation of the incident ion current on the
RFA housing due to ion deflection in the magnetic pre-sheath [57]. This effect might reduce
the collecting area of the slit plate and lead underestimation of j_, measured by the RFA by a

factor of ~2.5. If this effect was taken into account, ¢, would agree better with ¢/ . In the
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smaller of the two ELMs plotted in Fig. 17, the duration of the filaments is too short
compared to the IR camera time resolution. On the other hand, for the larger ELM, which
seems to contain fewer but more intense current bursts, the largest filaments are somewhat
better resolved by the IR camera.

Independently of the RFA measurements of the ELM ion energy in Sec. 4.2, two
important pieces of information about far SOL ELM ion energies can be extracted from the
comparison of j,, and ¢/°. First, if the RFA measurements of 7},,,, were not taken into
account and T}, = T,z = 15€V was assumed in equations (3) and (4), the computed ¢, "
would be up to an order of magnitude lower than ¢ /[/R . This indicates that ELM ions reach the
far SOL with relatively large energies, consistent with the observations from sections 3.2 and
4.2. Second, ¢/ observed during the ELM increases by up to ~50% as W,,,, increases from
26 to 56 kJ. The same observation is obtained from Fig. 18. Curiously, while q/]/R increases
with ELM size, j,, seems to be independent of W,,,, as already observed in Fig. 8 and seen
also in figures 17 and 18. The fact that g, increases with W,,, whilst j , does not indicates
that the characteristic ELM ion energy increases with W, ,, which is again consistent with
the observations from Sec. 4.2.

The bottom panels in Fig. 17 show the time evolution of 4, obtained from q/I/R in the
same way as in Fig. 16. As already seen in Fig. 16, 4, increases during an ELM compared to
the inter-ELM period. Fig. 18 shows the values of 4, measured in a single time sequence
which features four Type I ELMs with different W, =23-39 kJ. The values of 4,
assembled from figures 17 and 18, sampled +0.5 ms around the maximum q/I/R for each ELM,
are plotted against Wy, in Fig. 19. In order to look for trends, the mean value and the
standard deviation of 4, from each ELM are also shown. 4, tends to increase with Wg,,,,

from Fig. 9, though the trend is marginal within the scatter of the data.

similar to 4,

Nevertheless, recalling a balance between the characteristic parallel and perpendicular ELM

transport times in the SOL from Sec. 4.1,

1 1
WA T 5)
2) T 42 2 >
AT\ TE
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as well as a relatively strong increase of 7, z;,, with Wy, , Fig. 19 suggests that v, increases

with W, ,, , consistent with the observation from Fig. 14.

25
. Figure 19. ELM heat flux density e-folding
_ 20 length measured along the RFA housing by
E, 15 * + % ] the fast IR camera plotted against the energy
< é E N lost per ELM. Also plotted is the mean and
" é n . the standard deviation for each ELM.
520 30 40 50 60
WELM [kJ]

The values of 4, from Fig. 19 can be compared to 4, from Fig. 9 measured during

similar ELMs. The RFA measures A,

‘Jsat

=1141 mm for Wy, =26kJ and 4, =21+2 mm
Wy =56k), 1e. A, = (1—1.5)/1q. Although the measurements suggest that 4, /4, might

‘Jsat ‘jsat

increase with AWy, , given the sparseness of the simultaneous measurements of 4,,, and

4, one cannot make reliable conclusions about the evolution of 4., /4, with the ELM size.
Nonetheless, a similar relation between the heat flux density and the ion current e-folding

lengths was previously observed in the AUG far SOL in [30]. Comparable values of A

jsat
and /1(1 was taken as an indication that the convection dominates the far SOL ELM heat

transport.

6. v, : comparison with the parallel loss model

Previous sections suggest that the measured v, tends to increase with Wy, . This
evidence is reconciled here with the predictions of a simple fluid model of the parallel ELM
transport developed in [33] and used to interpret earlier RFA and IR camera observations in
JET [4, 5, 22, 33, 49, 58] and AUG [10]. In the model, the ELM filament transport is
described in the filament frame of reference by the temporal evolution of a Gaussian wave

packet in which the initial particle and energy content decreases due to parallel losses to the
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divertor targets (oc ¢ /<L//>). Ion and electron fluids are coupled through the equipartition
term. v,, an arbitrary input parameter, relates the time of the filament propagation and the
radial distance from the filament birth location. The latter can be assumed to be at the pedestal
top, i.e. Ar,,,=—15 mm in the discharges described here. The values of 7; ,,, and n, ,,, from
Tab. 1 determine the filament initial temperatures and density, assuming 7, ., =T; ., for
simplicity. Although this is not strictly true (see Table 1), thermal coupling of ions and
electrons has almost no effect on filament 7, ,,. Moreover, as will be shown in Fig. 23, the
filament temperatures in the far SOL predicted by the model are only weakly correlated with
those at the filament birth location, meaning that this assumption does not affect strongly far
SOL T,;,, obtained from the model. <L//> is given by the average connection length profile
from Fig. 13. Note that the energies with which the ELM filaments arrive in the far SOL are
determined by the filament evolution first few cm outside the separatrix, where <L//> is very
similar for all discharges. For each measured 7 ;,,, v, is adjusted to bring the simulated and
the measured T..,,, into agreement, as illustrated in Fig. 20. In Fig. 20 the filament is

1

launched with T,

iped = Lo pea =350 eV and n, ,,, =7.7x10" m™. The error bar in v, 1is

eped e pe

obtained by matching the confidence interval of the measured 7., . The general trend
T g > T, g1y Observed in the simulations can be explained by higher parallel conductivity
of electrons compared to that of ions, and agrees with earlier experimental observations [10,
31] as well as kinetic ELM simulations [50]. Also shown in Fig. 20 are the characteristic
radial decay lengths of ion and electron temperatures, (4, , = —[(d]}’e / dr)/ Tl.’e]‘1 as a function

of Ar,

wp - I the far SOL, /; is on average a factor of 2 higher compared with A;; ~ 10 mm

estimated from Fig. 12.
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Figure 20. Top: Filament ion and electron

temperatures as a function of Ar,, obtained

10°F from the parallel loss model. The radial

filament propagation speeds v, are adjusted to

—— —— 539m/s match T, g, = 53+7 eV measured by the RFA

— 476 M /S
1 - _Ti;LMA';?:X” S at Ar,,= 48 mm. Bottom: characteristic
10 [mm] "\ ' ' radial decay lengths of ion and electron
ol L
30 ' N N temperatures.
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In Fig. 21, v, obtained from the model are plotted against W,;,, using the same color
code for Ar,,, as in Fig. 14. In agreement with the RFA measurements, the predicted v, tends
to increase with Wy, ,, , though the trend should be treated with some caution because of large
uncertainties. Unconstrained non-linear least-squares fit gives v, oc Wa0*"* which is
stronger dependence compared with the interchange scaling (v, oc Wi 2,). Surprisingly (in

view of the applied approximations and uncertainties), as seen from Fig. 22, the range of v,

predicted by the model is in good agreement with v, estimated from RFA measurements.
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Figure 21. Radial ELM filament Figure 22. Radial ELM filament
propagation speed required in the propagation speed from Fig. 21 plotted
parallel filament loss model to bring against v, estimated from the RFA
simulated T, ;,, into agreement with RFA measurements.
measurements.  The  filaments  are

launched from the pedestal top.

For reasons mentioned in Sec. 4.2 and as illustrated in Fig. 23, the filament
temperatures in the far SOL predicted from the simulations are only weakly sensitive to the
filament birth location (which translates into the filament initial temperatures and density). In
Fig. 23, the filament temperatures predicted from Fig. 20 are compared with those obtained by
launching the filament from the separatrix (n,, =2x 10”m> from the lithium beam

diagnostic, 7.

isep

=200 from CXRS) assuming v, =476m/s as in Fig. 20. Fig. 23 shows that
different assumptions about the initial filament conditions leads to a slight (~10 eV) but not
decisive difference in the predicted filament temperatures in the far SOL. Therefore, the
values of v, similar to those in Fig. 21 would be obtained if the filaments were launched from
different positions between the pedestal top and the separatrix. This is very practical result,
given the uncertainty in the position at which the ELM filaments observed in the SOL
originate. Additionally, it is worth noticing that v, would vary at most by 11% if all

T

simulations were reproduced for fixed 7; ,,; =T, .4

=350¢V. On the other hand, as shown in
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Fig. 24, the pedestal temperatures required to match 7., would disagree with the

1

spectroscopic measurements if all simulations were reproduced assuming constant v, =500,

1000 or 1500 m s™ (note that the values T pea > 1 keV obtained from the simulations for

intermediate and large ELMs assuming v, =500 and 1000 m/s are not shown in Fig. 24).

Again, this is due to the coupling of the local filament temperature and the parallel losses

which makes 7;,,, in the far SOL only weakly sensitive to the initial filament ion

temperature.
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Figure 23. Filament ion and electron

temperatures as a function of Ar,,,, obtained

ep’
from the parallel loss model assuming

v, =476 m/s. ELM filament is launched from
the pedestal top (full) and from the
separatrix (dashed) with the corresponding

temperatures and electron density.

Figure 24. Pedestal temperatures required in
the filament loss model to match the measured

T gy, assuming v, = 500, 1000 and 1500

1

m/s in all simulations. Note that T, ,> 1 keV

i ped
from the simulations are not shown. Also
plotted is T, ,,, measured by the edge CXRS

diagnostic.
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7. Summary and conclusions

The thermal load during ELMs is recognized as a concern for the ITER first wall
lifetime and has been addressed in a number of studies. New measurements of the ion
energies and current in Type I and, for the first time, in mitigated Type I ELMs, were carried
out in the AUG SOL using an RFA. ELM-averaged ion temperatures 7., = 20—-200 ¢V,
1.e. 5-50% of the pedestal top ion temperature, are observed in the far SOL, 35-60 mm
outside the separatrix, corresponding to 15-25 mm in front of the outboard limiter. 7;,;,, in
this region decreases with the separatrix distance with an e-folding length of ~10 mm and
increases with the ELM energy Wy, ,,. The lowest T, ,, 1s measured during mitigated ELMs.
The increase of Wy;,, is associated with the flattening of the radial profile of the ELM-
averaged ion current density in Type I ELMs. RFA observations, substantiated by the fast IR
camera measurements, as well as the predictions of a simple fluid model of parallel ELM
transport, indicate that on average the filaments of large ELMs propagate faster radially. RFA
data suggest a somewhat stronger than linear dependence of the ELM-averaged radial
filament propagation speed v, on W, , though the experimental uncertainties are large.

Nevertheless, the trend is consistent with earlier thermographic measurements (i.e. the

fraction of W,;,, deposited outside the divertor increases with the ELM energy) [2, 5, 19-21].
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