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ABSTRACT

ELMs have been observed by diagnostic systems with high spatial and temporal resolution in the
ASDEX and JET tokamaks. During the ELMs, substructures exist in the scrape-off layer with sizes
of 2-5cm and lifetimes in the order of 20-50ps. Their poloidal-temporal evolution is directly observed,
and the radial transport due to turbulent ExB drift in these substructures is estimated. A comparison
is made between “normal” fluctuations in between ELMs and these substructures in terms of poloidal
size and velocity and related radial transport. The increased radial transport during ELMs is shown
to be mainly due to these substructures. The observed uctuation amplitudes and velocities of the
substructures are found to be compatible with the model of radial transport by plasma “blobs” and
plasma potential gradients generated by the sheath boundary conditions. The transport due to turbulent
radial ExB flows is compared during and in between ELMs, and the observation of ELM
substructures in the main plasma scrape-off layer is put into context with the observation of

substructures on the target plates.

1. INTRODUCTION

Since the discovery of the state of improved con nement called H-mode in the ASDEX tokamak [1, 2],
many investigations of the phenomenon called ELMs (edge-localised modes) have been conducted
(for an overview, see [3,4,5]). ELMs are an instability associated with a rapid loss of particles and
energy from the edge plasma onto the target plates and possibly the wall of the device. It was soon
realised that a high temporal resolution in the s range is necessary to resolve the fast changes
during an ELM, which are observed, e. g., by Mirnov coils or reflectometry. Until recently, however,
hardly any investigation existed of the spatial ne structure (on the scale of a few millimetres) of
ELMs. It was then noted that a temporal substructure exists in the ion saturation current (I,,)
signals of Langmuir probes during ELMs in the main plasma Scrape-Off Layer (SOL) of the JET
and MAST tokamaks, i. e., in the signals of spatially highly localised measurements [6, 7, 8, 9].
The same was noted in a comparative analysis of I, electron temperature (T,) and floating potential
(@4 fluctuations during L-mode, ELMfree H-mode and during ELMs in DIII-D, where also the
turbulent radial ExB particle and energy transport was investigated [10]. T, fluctuations were also
taken into account in a recent analysis of particle and electron energy transport during ELMs to the
JET main chamber wall [11]. In measurements with multiple Langmuir probes with 0.5-1cm
separation it could be demonstrated, that the temporal ELM substructures are indeed related to
spatial substructures on the scale of 1-2cm [8, 9]. Such spatial substructures are also visible in
poloidally resolved H, emission measurements in the “old” ASDEX [9]. The analysis of JET
Langmuir probe measurements was then extended to the calculation of the radial ExB velocity
during ELMs [8, 9], and to a detailed statistical analysis of the relation between local radial gradients,
radial and poloidal electric fields and effective radial transport velocity during ELMs [12]. It was
soon realised that the spatial structures observed in the SOL during ELMs resemble the fluctuation

“events” or “blobs” suggested by Krasheninnikov et al. to explain the radial particle transport in the



SOL due to “ordinary” fluctuations [13, 14], and the observed properties of the ELM substructures
or “plasmoids” were compared with the predictions of this model ([10, 9] and, in detail, on a broad
statistical basis and extending the model to the case of hot ions, [15]). Recently, toroidally
non-symmetric substructures in the divertor plate power load were found 5-10cm outside the strike
line during type I ELMs in ASDEX Upgrade with a fast infrared camera [16], and the lamentary
structure of an ELM in the D light was made visible with a fast camera on MAST [17].

In this paper, we report on measurements during ELMs with a dedicated H,/D,, fluctuation
diagnostic system in the edge and SOL of the “old” ASDEX and with Langmuir probes in the SOL
of JET. After a description of the diagnostic systems in section 2, we shall present the results of the
ASDEX H, measurements, where the poloidal size and propagation velocity of the ELM
substructures is directly visible in addition to the temporal substructure (together with a comparison
with divertor signals) in section 3. In section 4, we shall estimate the radial EXB transport from the
JET Langmuir probe measurements and compare the transport during and in between type I ELMs.
We shall then in section 5 briefly recall the mechansims generating electric potential gradients in
the SOL, including the radial propagation mechanism in the model of SOL fluctuations as
high-pressure “blobs” in a low-pressure background plasma, which was introduced in [13, 14]. In
our discussion in section 6, we shall use these models to estimate propagation velocities for ELM
substructures and “normal” fluctuations and compare them with the observations in order to nd a
unified picture of ELM substructures and “normal” fluctuations. In addition, we shall compare the
measured increase in radial transport with the values from transport modelling. Our conclusions

will be presented in section 7.

2. DIAGNOSTIC SYSTEMS USED FOR ELM OBSERVATION
2.1. H /D, DIAGNOSTICS IN ASDEX
In the midplane of ASDEX, an H, /D, Fluctuation Diagnostic (HFD) was used, which allowed to
record the H, /D, radiation from the plasma edge with photomultipliers at 16 positions, which
were spaced poloidally in steps of 6mm [18]. In order to increase the light intensity and to obtain a
well-defined and constant in flux of neutral gas, hydrogen or deuterium was puffed through a gas
valve into the observed edge region. EIRENE calculations showed that for the typical plasma
parameters in the edge of fusion experiments, the H, radiation originates mostly from a narrow
radial layer of 1-2cm width centred slightly outside the Last Closed Magnetic Surface (LCMS).
For the plasma temperatures found in this region, the effective rate coefficient for the emission
of H, /D, photons is only a weak function of plasma temperature, and the emission is proportional
to the product of neutral gas density and electron density. In contrast to the common belief that the
H,, intensity is a direct measure for the neutral gas influx only and is independent of the electron
density, which is true in the stationary case, it has been shown that for electron densities fluctuating
sufficiently fast, corresponding fluctuations of the H, radiation do ensue, and its fluctuations are

proportional to the local electron density, which was confirmed by comparison of fluctuation



measurements between the HFD and Langmuir probe and collective scattering measurements [19, 18].
In addition to the HFD, we use data from a photodiode observing the upper outer divertor plate
with low spatial resolution. This “FDKO” signal was one of the standard monitor signals for LH-

transitions and ELMs on ASDEX. The arrangement of both detector systems is shown in Fig. 1.

2.2. LANGMUIR PROBES IN JET

In the JET tokamak, a Reciprocating Langmuir Probe (RLP) system at the top of the plasma [20]
was used for ELM investigations. It was fitted with a head comprising six carbon tips of 1.5mm
diameter, arranged in two triples with 4.1 and 2.3mm poloidal separation between the tip centres

within each triple, measuring @, fluctuations with the two outer tips and I, fluctuations with the

sat
central tip (see Fig.2). The three tips of each triple were placed on the same flux surface, and the
centres of the triples were separated by 1.3cm in radial and 2.3cm in poloidal direction [21, 22].
The probe head was inserted into the edge plasma at the top of the machine with a vertical velocity
below 0.6m/s, corresponding to 0.45m/s in minor radius or 0.3m/s in midplane minor radius. The
arrangement of the RLP system on JET is shown in Fig. 3. The signals of the probes were digitised
at a rate of 250kHz.

The arrangement on the RLP system of two poloidally displaced Langmuir probe tips measuring
&)ﬂ and a third tip in between measuring Tsat can be used to calculate the fluctuation-induced radial
EXB transport, if the probe tips are close enough to each other to allow a reliable calculation of the
poloidal gradient of @y at the position of the intermediate probe tip, and if one neglects the effect of

temperature fluctuations on the quantities @ and 1

sar- Bven if electron temperature fluctuations

exist, their influence on the result is minimised, if they are in phase with the plasma density
fluctuations [23].

3.SPATIAL NE STRUCTURE OF ELMS IN H, /D, LIGHT IN ASDEX

3.1. MIDPLANE

The H, /D, fluctuation diagnostic described in section 2.1 was used to investigate the spatio-temporal
properties of the “normal” density fluctuations in the SOL of ASDEX[18]. In Fig. 4, an example for
this “normal” turbulence, which is always present, is given. The fluctuations can be characterised
by certain parameters like amplitude, spatial and temporal scales and poloidal velocity. These
parameters vary for different discharge conditions. Note in particular that the poloidal velocity of
the structures, as visible from their inclination in the poloidal-temporal representation of the raw
data in Fig.4, is rather constant for stationary discharge conditions - in the case depicted here, a
poloidal velocity of (1100 = 300) m/s can be calculated from the inclination of the structures. In
contrast, each ELM displays a different spatio-temporal structure when viewed with the same
resolution as the “normal” fluctuations, which is demonstrated by three examples in Fig. 5. The
spatial scale of the substructures seems to be comparable to that of “normal” fluctuations. However,

the poloidal velocity of the substructures is in general much higher during ELMs and exhibits a



much larger scatter; often even structures with opposite poloidal velocity occur during one single
ELM. In our examples, poloidal velocities between 14000m/s and +7500m/s occur (“+” denoting
the ion diamagnetic drift direction, which is, due to the radial electric field and the resulting
dominating ExB drift, the usual direction of propagation for the SOL fluctuations, see section 5).
Due to the high poloidal velocity of these substructures, it is diffcult to give values for their lifetime,
since the baselength of the array of observation is insufficient to follow them for a sufficiently long

time. Only a lower estimate of 10-20us can be given.

3.2. COMPARISON WITH DIVERTOR SIGNALS

Why have the strong and very short peaks in H, /D, intensity not been remarked in one of those H,, /D,
signals often used as monitors for ELM activity? For comparison, we display in Fig.6 several ELMs
recorded by the HFD together with the “FDKO” signal, an H, /D, monitor signal from a photodiode
observing the upper outer divertor plate with low spatial resolution (see section 2.1 and Fig.1). An
averaging over 8 channels of the HFD, corresponding to a poloidal average over 9cm (displayed in
blue), does hardly reduce the strong peaks and carries still much more similarity to the signal of one
single channel (displayed in black) than to the FDKO signal (displayed in red). The fast initial rise
of the FDKO intensity demonstrates that this diagnostic should be able to resolve peaks of 10-20us
duration. The principal difference between the two positions of observation is that the neutral gas in
the divertor is exclusively due to recycling. During an ELM, the plasma flux onto the target plates
and hence the neutral gas density increase strongly, whereas the neutral gas density in the observation
region of the HFD is dominated by the constant gas puffing and stays almost constant. This can also
explain why the peak intensity of the FDKO signal during an ELM is higher by a factor of 3-6 than
in between ELMs in these examples, whereas the increase during the sharp peaks in the HFD
signals is only by a factor 1.3-2. The substructure on top of the FDKO ELM signals, with an
amplitude of only 15-30% of the total ELM amplitude and a time scale of 50-100us, could then be
due to peaks like those dominating the signal of the HFD.

3.3. WITH/WITHOUT GAS PUFFING

In a similar manner as in the divertor H, /D, signals, the fast substructures of an ELM are hardly
visible in the HFD signals if we do not puff gas into the observed region. In this case, the light
intensity from the observed region of the main chamber SOL decays back to its inter-ELM level
even slower than the FDKO signal (see Fig. 7). As in the divertor, the increase in light intensity may
now be dominated by increased recycling from the main chamber walls rather than by changes in
the electron density. In addition, the light may originate in part from the torus inboard side, where

the HFD is out of focus and cannot resolve spatio-temporal fine structures anyway.



4. LANGMUIR PROBE MEASUREMENTS OF ELMS AND RELATED ExB
TRANSPORT IN JET
4.1. SPATIAL FINE STRUCTURE IN THE SOL OF THE MAIN PLASMA
During many ELMs, the tips of the RLP system described in section 2.2 started to emit due to the
high heat loads. A full analysis of the data from these probes was therefore only possible for a small
number of ELMs, especially for ELMs with smaller amplitude, for probe positions farther out in
the SOL, and for the outermost rather than the innermost triple of probe tips.
The results of the RLP system for one such ELM are displayed in Fig. 8. Like in the HFD signals
from the main chamber of ASDEX, strong peaks in the Isat signals occur with a duration of 10-50ps.

When comparing the signals on the two I, tips, which are separated by 2.7cm perpendicular to the

sat
magnetic field, most strong peaks can be identified in both signals, however, their amplitude and
the time lag between the two tips varies (even for substructures within the same ELM): It is not
always the innermost tip (the one closer to the separatrix) which detects the higher amplitude or on
which a peak occurs first. This indicates a spatial structure perpendicular to the magnetic field on a
scale smaller than the probe tip separation of 2.7cm. (For limiter probes with a larger radial separation
of several centimetres, a statistical delay of the ELM signal on the probes farther out in the limiter
shadow with respect to the probes closer to the limiter edge was found and used to determine a

radial propagation velocity of the substructures [15, Fig. 12].)

4.2. RADIAL EXB TRANSPORT DURING ELMS

The arrangement of the probe tip triples on the RLP system measuring ®; and I, fluctuations

sat
allows to calculate the fluctuation-induced radial transport due to fluctuating radial ExB drifts (see
section 2.2). As the neglect of temperature fluctuations in the case of ELMs may appear to be a very
bold assumption, we shall interpret the results of our analysis only as a rough estimate of the true
radial EXB transport during an ELM.

In the three lower panels of Fig. 8, the fluctuating radial ExB velocity U, the fluctuating radial
particle flux f‘r and the integrated radial EXB particle flux are depicted. The latter two quantities are
only known up to a factor V T, + T, from the transformation of I, into plasma density - here, we
assume an average temperature of 10eV." Whereas the traces of v, and f‘r only display strongly
increased fluctuation amplitudes, the trace of Jf‘rdt demonstrates that the net radial flux is indeed
directed outwards, and the distinct steps show that the dominating contributions to this transport
happen during those very brief intervals of 10-50us, which are marked by the peaks in the I
signals. The radial ExB velocity during these intervals can reach 1000-2000m/s, with the largest
amplitudes at the beginning of the ELM and the v, amplitude then decaying to its inter ELM value,

as noted in [11]. Since we cannot follow individual peaks longer than they are registered on a single

'The value of 10eV was extrapolated from inter-ELM target plate profiles and converted to the upstream position of the RLP at
the middle position during its reciprocation. There exist strong hints that T, can exceed T, by factors of up to 5-10 in JET
H-modes, in particular in a narrow layer outside the separatrix [24]. This must be kept in mind when trying to draw conclusions
based on the absolute values of I'; calculated in this article.



probe tip, the duration of 10-50us is a lower estimate of their lifetime, and together with the radial
EXB velocity we obtain a lower estimate of 1-10cm for the radial movement of plasma within these
structures. From Fig. 8(d) it is evident, that, locally, the radial transport in an ELM occurs mainly
concentrated within few (typically 1-3) short intervals of 10-50us, coinciding with the strong peaks
in the I, signals.

A closer inspection of these short intervals reveals that the peaks in I', are even shorter than in

~

I...: Typically, a &)ﬂ event is slightly phase shifted with respect to the I

sat’ peak. This is visible in the

sat
close-up view of the first peaks of Fig. 8, in Fig. 9, in particular around t = 15.1217s + 80s. The
spatial phase shift is transformed into a temporal shift as the structure passes the probe tips due to
the poloidal ExB drift. O, displays a nicely antisymmetric behaviour as a result of the poloidal Cf)ﬂ
gradients. However, since the Tsat peak is delayed with respect to the &)ﬂ peak, the outward component
of f‘r is larger than the inward component, and the duration of the 1:r peak is shorter than of the I,

peak.2

4.3. COMPARISON OF THE RADIAL TRANSPORT DURING AND IN BETWEEN ELMS
If it is true that, during ELMs, “blobs” (or filaments extended Il B) of high density and temperature
move radially through the SOL, it is interesting to calculate by what factor the local radial particle
and heat fluxes during type I ELMs increase in comparison to their values in between ELMs. This
is also of interest to estimate the local fluxes onto wall components which are close (of the order of
10cm) to the LCMS. ELM substructures (and also fluctuation events during L.-mode) have indeed
been observed to reach the radial position of the main chamber wall in DIII-D [25]. Here, we shall
restrict ourselves to the estimate of particle fluxes.

A second question of interest is, whether the turbulent radial EXB transport is sufficient to account
for the increased radial transport inferred from transport modelling of ELMs.

In order to answer the above questions, we have subdivided the measurement intervals of the
RLP system during three JET discharges into “ELM” time intervals and “inter-ELM” time intervals.
We analysed 28 ELM intervals of 0.3-4.5ms length (using either one or both probe tip triples) and
108 inter-ELM intervals of 2-20ms length (using both the innermost and outermost probe tip triples).
The end of the ELM intervals was chosen such that either the probe signals had returned to their
inter-ELM behaviour or a new ELM started. The length of the inter-ELM intervals is restricted by
the requirement that the probes should only move a few millimetres radially within one analysis
interval.

For our comparison we use averages over time intervals T of the radial particle flux fr = ﬁfie/B

(where fi is estimated from I

sat DY neglecting temperature fluctuations and assuming T; =T, = 10eV

and Ee is calculated from two tips measuring &Dﬂ, as described in section 2.2),

’Even if Nsat peak and ¥, peak were of equal size, the equivalent width of the product peak would be reduced by a factor depending
on the precise shape of the peaks.



+T)2

<1:‘r>TE J f)‘dt,a
t+71/2

and the “effective radial velocity”

Vo) 7= Y
reft) T= "3

Isat dt’ ( 1)
t+T/2

which has the advantage of being independent of the average temperature [18].

As a measure for the turbulent radial EXB transport in between ELMs we use the averages over
the entire analysis intervals (denoted by the subscript ‘tot’), <1:r>t0t and (v, gptot. In addition, we
calculate running averages over 50us and 500us both for ELM and inter-ELM intervals, 50us
being the typical time scale of the individual peaks during an ELM and 500us being a time scale
comparable with the duration of ELMs themselves, as observed on other divertor diagnostics (see,
e.g.the ASDEX FDKO signals in section 3). From each analysis interval, we use the maxima of the
running averages, max(<f‘r>50/500us), max((Ureff)SO/SOOMS), and the corresponding minima. These
values are represented in Fig. 10 together with <f‘r>t0t and (V,.¢);; fOr the analysis intervals in
between ELMs. The radial probe position in this gure is expressed as distance from the separatrix
which the corresponding field line has in the torus midplane.

In order to perform a direct comparison between ELM and inter-ELM intervals, we normalise
the maxima and minima of the running averages to the averages of the entire interval (for inter-
ELM intervals) or to the average of an adjacent inter-ELLM interval (for ELM intervals), <f‘r>t0t and

(Vrefpior- In this manner we obtain “enhancement factors”

_ m"x((l:r >5 Ous)

Fso+ = =
(T Dor @
_ min <~r >50us)
Frso= = (3)
<Fr >t0t
F1)50+ = maX(<Ur eff >50LLS) (4)
<Dr eff >t0t
Fyso= Min((V, opr)sous) )
<Ur eff >t0t

and, likewise, F500..» Frs00_» Fys004 and Fy 500 for the 500us averages (see Fig. 11). We find that,
in between ELMs, the maximum outward particle transport in S00ps intervals is higher by a factor
of O(10) than on the average and in 50ys intervals by a factor of O(50). In contrast, during ELMs,
we find maximum enhancements of O(300) for the 500us intervals and of O(2000) for the 50us



intervals (the factors stated here in the text are geometric averages for the corresponding sets of
intervals, to reduce the impact of outliers). Hence the peak radial particle fluxes during ELMs are,
on a geometric average, higher by factors of 30-40 than the corresponding peak values in between
ELMs.

The enhancement factors of the effective radial velocity during ELMs are lower than for the
particle flux. This indicates, that the high radial particle fluxes during ELMs are not only due to
higher turbulent radial EXB velocities but also due to peaks in the local density (which were already
visible in the I, raw data, see Fig. 8). This is consistent with the observation in [11] that in larger

ELMs (in the sense that <Isat> is larger) also higher effective radial velocities are measured.

5.PLASMA POTENTIAL AND BEHAVIOUR OF “BLOBS” IN THE SCRAPE-OFF LAYER
In this section we shall briefly recall the effects generating electric fields LB in the SOL, in order to
discuss the observed floating potential fluctuation amplitudes and velocities of ELM substructures
and “normal” fluctuation events in section 6.1.

In the SOL, the plasma potential in a flux tube can be largely determined by the sheath boundary
conditions at the target plates at the ends of that flux tube. The current density onto a target plate

can be modeled, in a simple sheath model, as

Jj=en (Cs % exp (2_2)7%)) (6)

(see,e. g.,[26]). Here, ¢, is the ion sound velocity, ¢, = \ kg(T; + T,)/(2m,), and C, is the electron
thermal velocity, ¢, = \ 8kgT./(mm,). The target plate potential, as the common reference for all
flux tubes, is set = 0. If we calculate the plasma potential from eq. (6), we obtain

d¢cy— Jy/ (en
Oy = B 7, ST WED) )
e Ce

We shall not discuss the range of validity of eq. (6), which is at least limited by the conditions
CI)pl > 0 and j, < encg. For j, = 0, the target is at floating potential, i. e.,

oy=-8.1 Ti+Te |, 2Tt
2 Te mj

with o = 2.8kp/e for deuterium and under the assumption that T; = T,. This value may be corrected

) TGE OCTe’

by an additional (0.5...1)(kg/e)T,, depending on the presheath model. The dependence on the ratio
T, =T, is comparatively weak, with T; = 10 T, only reducing the numerical factor in o from 2.8 to
2. An electron temperature gradient VT, L B in the SOL therefore generates an electric field (oV
T,), which is pointing radially outward for the usual temperature gradient in the plasma edge and
hence generates a poloidal ExB drift.

If we now consider fluctuations which are elongated Il B, the above sheath mechanism still links

Te and @_;, which would be in phase, such that (without, for the moment, regarding density

pl’



fluctuations) no net energy transport results when averaging over the fluctuation structures. However,
in addition, the fluctuations cause current densities L B like polarisation currents and fluctuating
diamagnetic currents. For illustration, we consider the perturbations of the diamagnetic current 3 1
due to pressure perturbations p:

- VpxB

JL=- B2

In a non-uniform magnetic field, the divergence of 5 | does not vanish:
R 1
V-JL—Vp-(V(F)xB)
if the local current density is su ciently low for V x B to be neglected. Hence, V - jNJ_ depends on the

component of V5 which is perpendicular to the magnetic field and to its gradient. In a tokamak

magnetic field, IBI%< 1/R, where R is the major radius. Therefore,
N ap 2

where y = VR x B/B is the direction perpendicular to the major radius and the magnetic field.?

(8)

In the SOL, V ] | must be balanced by a current density between plasma and target plates. If we

assume symmetric current densities onto the target plates j” at both ends, we obtain

D = -7 9)
2y =]V isds,

where the integration is Il B from one target plate to the other. Using the observation that the SOL
fluctuations are highly correlated and of almost constant amplitude along the magnetic eld ([27]
and references therein, [28,29]), and restricting ourselves to a region where V 5 | does not vary too

much along the magnetic field, like the torus outboard side in a double null divertor configuration,

. op 2
fv.jldsz_p.—L’

we can set

where L is the length of the flux tube Il B. With 3” from eq. (9) in (7), we obtain

k L 0p
Opy=|o-Bmn|1+ —— .2 ||T..
e encRB 0y
If, for the moment, we assume T = const, the potential perturbation is out of phase by ®/2 with
respect to the pressure perturbation (&)pl is largest where dp / dy is largest). This mechanism can

therefore generate instability in the region of unfavourable magnetic curvature, as was pointed out

3Note that eq. (8) is the same expression which results from VB and curvature drifts in a single particle picture.



in [30,31, 32,33] and, in comparison with experimental data, in [18]. In that investigations, small
fluctuations were assumed in order to perform a linear stability analysis.

In contrast, even “normal” SOL fluctuations exhibit considerable relative fluctuation levels,
typically > 20-40%. In many observations, the “spikiness” of SOL fluctuations has been noted.
They seem to consist of individual “events” [34] or “blobs”. This is particularly notable in Langmuir
probe measurements of the radial ExB transport, where it has been shown that most of the transport
occurs within a comparatively small fraction of time, i.e., due to concentrated “transport events”
(see, e.g., [18, 35, 8]), which are also spatially localized [36, 37].

In addition, very at density profiles have been observed several centimetres outside the LCMS
in several tokamaks [38, 39], which would imply huge radial transport coeffcients in a diffusive
ansatz. Krasheninnikov has pointed out that a blob of plasma with higher pressure than its
surroundings and elongated along the magnetic field would indeed start moving radially outward,
once it is placed into the SOL in a region of unfavourable magnetic curvature [13], because, as
outlined above, the poloidal pressure gradients generate a plasma potential perturbation and hence
a radial ExB drift in the centre of the blob.

This model was then extended to include electron temperature [14] and ion temperature
perturbations [15], and a detailed comparison between several model predictions and the observed
amplitude and radial propagation velocity of ELM substructures for a large sample of ELMs was
performed [15]. We shall here only give a brief estimate for the potential perturbation related to the
diamagnetic current perturbation in the SOL and the corresponding ExXB velocity. We assume a
high-pressure blob in a low-pressure background plasma of density Npo and temperature Tbg’ with
0y, and Ty, . in the centre of the blob, a blob size L B of dy;;,, and evaluate q>p1 at the edges of the
blob, using n = (g + Npjop) =2, T = (Tyyg + Tpjop) = 2 and (0p / 00) = H(Ppop Pbe) = dpiob-

This yields
l+a
1-a’ (10)

- k
|Dpl| = 7B - Te In

with oL = (pyop Pbg) L/(encRBdy;,;,)- We shall use the estimate (10) for an approximate comparison
of the relations between SOL plasma parameters and potential fluctuation amplitude between this

model and the observation in section 6.1.
kB

e

T
encs)

6. DISCUSSION

6.1. ORIGIN OF THE FINE STRUCTURE AND COMPARISON WITH “NORMAL” SOL
FLUCTUATIONS

The use of diagnostics with a resolution of a few millimetres L B has revealed that ELMs indeed display

substructures on this scale in the SOL of tokamaks. As long as observations with similar spatial resolution

10



are not available for the edge gradient region inside the LCMS, where ELMs are believed to originate, it
is difficult to say whether the observed fine structure is inherent to the instability underlying an ELM, or
if it is generated as a secondary effect once plasma from the confinement region is injected into the SOL.

If we compare these substructures to the “events” observed in ohmic or L-mode plasmas or in
H-mode between ELMs, the lifetime and poloidal size is rather similar (see section 3.1). The
phase shift between &Dﬂ and Tsat substructures, as described in section 4.2, is also reminiscent of that
in “normal” SOL fluctuations [18], and the result that the duration of the f‘r peaks is shorter than
that of the I, peaks was already found in the SOL of ASDEX and Wendelstein 7-AS [40, 41] (in
these investigations with poloidal arrays of probe tips it was shown that also the poloidal size of T’

r

events is smaller than that of T, and ﬁ)ﬂ events).

sat

What differs from “normal” SOL turbulence certainly is the amplitude of the substructures relative
to the average values of density and temperature: The relative fluctuation level of I, in “normal”
turbulence does usually not exceed 20-40% in the first few centimetres outside the LCMS. In this
respect, the ELM substructures appear to be a prime example for the blobs of high-pressure plasma
in a low-pressure background, which were suggested by Krasheninnikov et al. to explain the at
gradients in the outer SOL observed in various tokamaks [13, 14].

A further difference between the ELM substructures and “normal” fluctuation events is the
uniformity of the poloidal propagation velocity in the latter (see section 3.1). It should be noted
here that the poloidal propagation velocity observed by the ASDEX HFD is a velocity of the structures,
integrated radially. That method cannot distinguish between a plasma drift velocity and the propagation
of a structure (e.g., a wave or a blob) relative to the plasma particles. In contrast, with the JET RLP
system, only radial EXB velocities were investigated in section 4. Nevertheless, we can discuss the
differences of both velocities between ELM substructures and “normal” fluctuation events: The poloidal
velocity of “normal” fluctuations is dominated by the poloidal ExB flow due to the radial electric field,
which is generated in the SOL as a result of the radial temperature gradient. 1-3cm outside the separatrix,
where the peak intensity contributing to the H,/D,, signals originates, the radial electron temperature
gradient is typically of the order of 10eV/cm, which corresponds, according to section 5, to a poloidal ExB
velocity of the order of 1000m/s for B=2.5T. This is indeed the observed poloidal velocity of “normal”
fluctuation structures in ASDEX (see Fig.4). For JET discharges, similar values of the poloidal phase
velocity have been reported before [42 43], although in H-mode and closer to the separatrix the conditions
may be more complex due to the existence of energetic ions [24].

The poloidal velocity of the ELM substructures in Fig.5 is higher by a factor of 5-10, with the
propagation still dominantly in the direction corresponding to a radially outwards directed electric
field during the strongest peaks of H,/D emission. A tendency of the poloidal velocity to decrease
within the first 100-200s of the ELM is also visible in Fig.5. This behaviour could be explained by
a layer of hotter plasma coming into contact with the target plates and thus temporarily increasing
the radial electron temperature gradient by a factor of 5-10, however with poloidal inhomogeneities

explaining the observed variation in poloidal velocities of the substructures during a single ELM.
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Before discussing radial velocities, we should note that a Langmuir probe measuring floating potential
is not sensitive to potential perturbations &)pl = &Te, as long as the electron temperature
uctuations are uniform along the magnetic eld between probe tip and target plate, since the same
potential drop &Te is generated in both sheaths at the probe tip and at the target plate. The probe tip
therefore measures only the component of (IN)pl due to fluctuating currents parallel to the magnetic
field onto the target plates

kp ji
®, =@, of,= — In(l -)T,

e enc,
(see section 5). For the case of perturbed diamagnetic currents, this corresponds to expression (10)
for the perturbed plasma potential (I)pl'

If we consider the case B = 2.5T, deuterium ions, a background density Ny = 5. 1018m_3,
background temperature Tbg = 20eV, L = 20m (comparable with the correlation length parallel to
the magnetic field of “normal” SOL fluctuations), R = 3m, and a blob size of 2cm, we obtain for
T, =T, and a typical large “normal” fluctuation event with ny; ,, = 2nbg, Thiob = 2Tbg a potential
difference between the blob edges of Ad)pl ~ 12V and a resulting radial EXB velocity of v = 240m/s.
If we keep these values except for ny; ,, = Snbg, Thiob = STbg for the case of an ELM substructure,
we obtain Ad)pl ~ 75V and v, = 1500m/s. The case of ny; ,, = 5nbg, Te, blob = 2Tbg, Ti, blob = 10Tbg
yields only Ad)pl ~40V and v, = 860m/s, since the factor T has a larger influence on the result than
T, in the argument of the logarithm in eq. (10). Radial velocities of 1000-2000m/s for ELM
substructures have consistently been observed by calculating the radial ExB velocity [9, 12] and
the time delay between the peaks on radially displaced probe tips [12, 15].

From the similarity in the relative phase between and Isat fluctuations between “normal” SOL
fluctuations and ELM substructures (see section 4.2) and from the fact that the amplitude of measured
floating potential fluctuations can in both cases be described in the framework of the same model,
we conclude that the same mechanism is underlying the behaviour of the ELM substructures in the
SOL and the “normal” SOL fluctuations.

Concerning the phase between density and electron temperature fluctuations during the ELM
substructures, different results were found in the measurements at JET (n and :Fe in phase [11]) and at
DIII-D (hardly any correlation between n and fe from conditional averagingduring ELMs, in contrast to
events during “normal” fluctuations [10]), however with different techniques for the measurement of :Fe.

Since plasma of unusually high density and temperature is present in the SOL during ELMs,
they might also serve as a “laboratory” to investigate the turbulence dynamics typical for the SOL
over a wider range of parameters than under normal SOL conditions. This could include a more

detailed investigation of the changes in relative phase between n, T, and &)pl'

6.2. RADIAL TRANSPORT DURING AND IN BETWEEN ELMS
As we have discussed in section 6.1, our computation of the turbulent radial particle flux can be

taken as a realistic estimate in spite of the neglect of temperature fluctuations. We then find local
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transport enhancement factors of O(300) (geometric average) for 500us ELM intervals relative to
the average inter-ELM transport, however with a large scatter between di erent ELMs (see section
4.3) and slightly decreasing close to the separatrix (which could be a selection effect, since a larger
fraction of ELMs had to be excluded from the analysis due to probe tip emission when the probe
head was close to the LCMS). For transport modelling of type | ELMs in ASDEX Upgrade with the
B2-EIRENE package, Coster et al. had to increase the transport coeffcients around the separatrix
by a factor of 50 for Ims to describe the transport effect of an ELM [44]. Similarly, Kallenbach et
al. find in EDGE2D/NIMBUS modelling of type I ELMs in JET that they have to increase the
particle diffusion coeffcients by a factor of 20 for Ims [45]. No transport modeling for ELMs exists
for the far SOL several centimetres outside the separatrix to compare with. We can conclude, however,
that the increase in turbulent radial EXB transport during ELMs in comparison with the inter-ELM
level is at least sufficient to explain the transport increase which is modeled in transport codes by
increased transport coeffcients to describe the effect of ELMs. This is also consistent with the
conclusion of Counsell et al. from the evolution of edge Thomson density and electron temperature

profiles that the energy loss from the pedestal region of MAST during ELMs is purely convective [6].

6.3. FOOTPRINTS OF SUBSTRUCTURES ON THE DIVERTOR PLATES

Recently, fast infrared camera observations of the divertor plates in ASDEX Upgrade showed the
existence of a spatial substructure of the power flux onto the plates significantly outside the strike
line marking the intersection of the separatrix with the target plate during type I ELMs [16]. While
two or three radial peaks had been observed in target plate power flux measurements during ELMs
in JT-60U before [46], it was now demonstrated in [16], that the radial positions and number of
these substructures vary between individual ELMs, they are not toroidally symmetric but display a
pattern which would result from a blob with approximately circular shape in the midplane due to
the magnetic shear. For the case of “normal” fluctuations, it has been demonstrated that magnetic
shear can indeed distort the poloidal-radial cross section (and thus also the toroidal-radial cross
section) of the fluctuation structures due to their large correlation length parallel to the magnetic
field [29,47]. We would therefore interpret the thermographically observed ELM substructures on
target plates with lifetimes below 100us as the footprints of structures like those observed in the
SOL of the main plasma with the ASDEX HFD and the JET RLP systems.

Models assessing the impact of ELMs on the lifetime of divertor target materials, like that
presented in [48], should therefore consider that the ELM thermal load to the divertor plates can
locally also have a temporal substructure within the total ELM duration of the order of 500us. This
can be seen on divertor Langmuir probe signals with sufficiently high sampling rate (see, e.g., [49,
Fig.7]). Qualitatively, the erosion threshold for tungsten and carbon plates was shown to be lowered

if the duration of model ELMs consisting of a single peak with given shape and energy deposition
was reduced [48, Figs.9 and 10].
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CONCLUSIONS

We have directly observed the poloidal ne structure of ELMs in the edge and SOL of ASDEX with
a resolution of 6mm and a baselength fo 4.5 cm. An ELM usually consists of substructures or
“blobs” with a poloidal size of few centimetres, similar to the “events” observed in the “normal”
fluctuations in between ELMs. However, the poloidal velocity of the ELM substructures is higher
by a factor of 10-20 and less uniform than during “normal” SOL turbulence.

The comparison of poloidal and radial propagation velocities of ELM substructures and “normal”
SOL fluctuations with the values of stationary and fluctuating plasma potentials estimated from a
simple sheath model and the common behaviour of relative phase between I, and @ led us to
conclude that these phenomena can be described in a unified picture based on the target plate
instability/blob propagation model.

For ELMs on MAST it was shown on fast camera snapshots that the ELM substructures are arranged
rather parallel to the magnetic field [17]. Conducting the comparison with “normal” fluctuations further
could include an investigation, to which precision this is the case and whether the correlation is as high
as it was found for the “normal” SOL turbulence (for ASDEX, see [18], for JET, see [28]).

We have estimated the local turbulent radial E B transport during type I ELMs from ion saturation
and floating potential measurements in the JET SOL. This transport is concentrated on scales of a
few centimetres (derived from the differences in the signals of two sets of probe tips), i.e. on similar
scales as the peaks in I, signals, and locally in time intervals of 10-50ps.

The radial distance traveled by the plasma while such a blob is detected by the probe tips can
reach 10cm, and the lifetime of the blob may be longer due to its propagation past the probe tips, as
itis observed in the ASDEX H /D, fluctuation data. These directly measured radial ExB velocities
(see also [12]) are therefore consistent with the observation of increased density 10cm outside the
separatrix, e.g. in MAST [6] or ASDEX Upgrade [50], with the phenomenon that only half of the
ELM energy loss is found on the targets in many discharges in JET and ASDEX Upgrade [49, Fig. 4]
or, for an overview, [51], and with the values of v, expected in the context of the target plate instability/

blob model (see section 6.1 and [10, 15]) and also found from the average delay of the I_,. peak at

sat
different radial positions of JET limiter probes [15]. In addition, the order of magnitude of turbulent
radial ExB transport increase during ELMs as compared with inter-ELM intervals is consistent
with the transport increase used in transport models to describe the effect of ELMs.

There exist different results about the relative phase between density and electron temperature
fluctuations during ELM substructures [10, 11]. A more detailed investigation of this topic, including
a comparison with the behaviour of “normal” fluctuations, would be interesting, in order to compare
the results with SOL turbulence models in a parameter regime not normally found in the SOL.
However, a more detailed investigation of Langmuir probes under non-stationary conditions may
also be required to interpret such measurements correctly [15].

Taking into account the indications that the ion temperature may significantly exceed the electron
temperature [24], a time-resolved measurement of the ion temperature during ELMs would be

important in order not to possibly miss the major fraction of radial heat transport.
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In order to decide experimentally whether the observed fine structure is based on the instability
underlying the ELM and hence already exists during the birth of ELMs, or whether this fine structure
is only generated in the SOL by those mechanisms also responsible for the “normal” SOL turbulence,
diagnostics with comparable spatial and temporal resolution would be required for the steep gradient

region inside the LCMS, where ELMs originate.
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Figure 1: Arrangement of the H, /D, fluctuation diagnostic in the midplane and of the FDKO photodiode in the
divertor of the ASDEX tokamak. The two diagnostics shown here in the same poloidal cross section were not located
at the same toroidal position.
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Figure 2: Probe head used for fluctuation measurements on a reciprocating drive in the JET tokamak. Two groups of
three probe tips were arranged at two radial positions. The tips of each triple were approximatly at the same radial
position and at different poloidal positions. They were arranged in triangles to avoid shadowing. The tips were
cylindrical and manufactured from graphite with 1.5mm diameter. All lengths in this figure are given in millimetres.
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Figure 3: Arrangement of the reciprocating Langmuir probe (RLP) system on JET.
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Figure4: Grey scale image of the 16 poloidally displaced
channels of the HFD at ASDEX for a time interval in
between ELMs, showing the “normal” fluctuations and
their typical poloidal size, lifetime and poloidal
propagation (bottom). The time trace from one of the 16
channels is depicted in the top panel.

Figure 5: Same as in Fig. 4, but during three ELMs. The
ELMs exhibit substructures on a time scale of 20s, and
their poloidal velocity is much higher than for “normal”
fluctuations. In addition, not all of the substructures move
in the same direction.
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Figure 6. Comparison between signals of the H,, /D, fluctuation diagnostic in the midplane of ASDEX (black: single
channel; blue: average over 8 channels, corresponding to a poloidal region of 9cm) and the “FDKO” H , /D , monitor
in the upper divertor (red) for four different ELMs in one discharge.
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Figure 7. Comparison between signals of the H ,, /D , fluctuation diagnostic in the midplane of ASDEX without puffing
in gas into the observed region (black) and the “FDKO” H /D , monitor in the upper divertor (red) for four different
ELMs in one discharge. Without the constant gas puffing, the midplane signal is dominated by the change in recycling
during the ELM. Fast substructures like those visible in Fig. 6 are in this case hardly discernible.
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Figure 8. Measurements of the two Langmuir probe tip
triples on the RLP system during one ELM in a JET 12MW
NBl discharge. (a)l,,,; (b) radial EXB velocity (calculated
from the poloidal difference in floating potential,
neglecting temperature flucutations); (c) resulting
fluctuating radial particle transport I, (assuming T; =T,
10eV for the calculation of n from 1,,); (d) time integral
of I',. The vertical grey and rose bars are intended to help
relating the behaviour of the different quantities for the
strongest radial transport events. The innermost probe
tips are approximately 3.5 midplane-cm outside the LCMS,
the outermost probe tips 0.7 midplane-cm farther out.

Figure 9: Enlarged view of the first peaks in Fig. 8. In
contrast to Fig. 8, the (1~5ﬂ signals are displayed in the
second panel, and /fr dt is omitted. The sequence of probe
tips in poloidal EXB drift direction is (orange, red,
magenta, green, black, cyan).
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Figure 10: Maximum and minimum values for running averages of the radial particle transport <F,>T (left) and the

effective radial velocity (V,,)T as defined in eq. I (right) during ELMs and between ELMs as a function of the probe
position in the JET SOL (the separatrix location and its uncertainty is indicated by the grey bar). The symbols/colours
are for xX/red: ELM intervals, 50Us averages; +/orange: ELM intervals, 500us averages;</blue: inter-ELM intervals,
50us averages;Q/cyan: inter- ELM intervals, 500Us averages; Ol/grey: inter-ELM intervals, entire analysis interval

(i. e., 2-20ms averages).
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Figure 11: “Enhancement factors” F rry (left) and F . (right) with T = 50, 500us, as defined in eqgs. (2)-(5). The
symbols/colours are the same as in Fig. 10. The factors indicate how much larger the maximum values of turbulent
radial particle flux I, or effective radial velocity v,,q, averaged over 50us or 500s intervals, are as compared with
averages over longer inter-ELM time intervals (2-20ms) at the same probe position.
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