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Abstract

Large scale fluctuations in between edge localized modes (ELMs) are the
main source for the scatter in plasma edge H mode profiles of electron density
and temperature, as measured by high precision, high resolution Thomson
scattering. These large scale fluctuations are also observed with electron cy-
clotron emission. They are quantitatively analysed by 2D poloidal snapshots
of electron density and temperature, based on a 5 X 10 matrix of scattering
volumes provided by the Thomson scattering system. Fluctuations with a
quasi-periodic structure are found in a 2D snapshot with a frequency of about
61%. When interpreted as field-aligned helical structures toroidal quasi-mode
numbers of 6 to 48 are found. The amplitudes of the fluctuations decrease
with increasing quasi-mode number and edge profile gradient lengths. The
amplitudes of the large scale structures in the steep gradient region are anti-
correlated with the divertor D,-intensity. The particle loss during an ELM is
at least to a significant fraction due to the electron density ‘blobs’ observed in
the SOL. The large scale fluctuations also perturb the measurement of 1D ra-
dial profiles. In the middle of the steep gradient region the perturbations are
symmetric, but asymmetric both further inside (more minima), and further
outside (more maxima).



1 Introduction

In divertor tokamaks the plasma edge is crucial for the performance of the core
plasma. When the plasma changes from a low (L) to a high (H) confinement mode
[1], an edge barrier builds up, which is characterized by increased pressure gradients,
poloidal rotation and velocity shear at the plasma edge.

The large pressure gradients in H mode plasmas give rise to large scale magne-
tohydrodynamic (MHD) modes in the confinement zone inside the separatrix. One
such strong instability is the type-I edge localized mode (ELM) [2] exhausting heat
and particles in short (= 100 us) bursts at a repetition rate of a few 10s or 100s of
Hz. On ASDEX Upgrade the fluctuation structures during and in between type-I
ELMs [3] were investigated near the separatrix and in the scrape-off layer (SOL) by
2D Thomson scattering [4], on first wall and limiter structures by 2D thermography
[5] [6], in the far SOL by Langmuir probes [7] [8] and by magnetic probes [9]. The
mode dynamics at the plasma edge have been investigated by Electron Cyclotron
Emission (ECE) [9] and reflectometry [10] [11]. Precursors to ELMs were found on
ASDEX Upgrade and other experiments (see [9] and [12] and references therein).

Modes, which are localized at the edge but exist in inter-ELM phases, have been
observed in several machines: At JET the washboard modes [13][14] and at Alcator
C-Mod the quasi-coherent mode [15] exist. Large scale modes existing at the plasma
edge also in inter-ELM phases at ASDEX Upgrade have been found [3], but have
not yet been characterized further and in great detail.

In this paper, these large scale fluctuations of electron density and temperature
in the steep edge gradient region and the SOL in inter-ELM phases and during the
ELM are investigated quantitatively using mainly Thomson scattering data.

The paper is organized as follows: In section 2 the experimental setup including
the discharge parameters and the diagnostics are described. In section 3 the results
are presented, followed by a discussion of the results in section 4.

2 Experimental setup

The vertical Thomson scattering diagnostic on ASDEX Upgrade was designed and
built to allow great flexibility in the spatial locations and time schemes for the mea-
surement of electron density and temperature profiles while still providing a large
signal-to-noise ratio necessary for high accuracy [16]. The light source presently
consists of 5 vertically launched radially separated Nd-YAG laser beams. The scat-
tered light is imaged directly through air onto 16 polychromator channels on the low
field side of the torus, thus defining 16 vertically separated scattering volumes in the
plasma. The whole diagnostic can be shifted to measure either plasma core, or edge
profiles. At the plasma edge only the upper 10 spatial channels detect Thomson
scattered light (see figure 1). A single scattering volume has a length of 25 mm in
the vertical direction and a diameter of about 1.5 mm, which is the laser beam’s di-
ameter. The distance between the scattering volume centres in the vertical direction
is 60 mm, and the radial distance between adjacent lasers is 2.7 mm. At the plasma



1.4
0.7
E
N
0.0
0.7 scattering O
volumes \
I
» 30 /110
0.8 ) 26 2.10 2.18
R [m] R [m]

Figure 1: Poloidal cross section of the ASDEX Upgrade vessel with the DCN-
interferometer line integral H5 and the scattering volumes of the Thomson scat-
tering diagnostic. With the 5 radially separated lasers a 2D (R,z)-matriz of (5% 10)
scattering volumes is formed at the plasma edge (see zoomed-in detail).

edge this forms a vertically stretched (R, z) matrix of 5 x 10 scattering volumes (see
zoom in figure 1). This 2D resolution capability of the Thomson scattering diag-
nostic is available when the lasers are fired consecutively in time. With the use of
ultrafast transient recorders for data acquisition, it is possible to operate the lasers
in burst mode where the time delay between the lasers is as small as 500 ns. This
minimum delay time was used for the five lasers which were available for the exper-
iments described in this paper. They were fired within 2 ys, defining the ‘exposure
time’ for the measured 2D snapshots of electron density and temperature. Such 2D
snapshots are obtained every 50 ms, which is the repetition time of the lasers.
Recently the accuracy of the evaluated data has been improved considerably, even
beyond the status that is described in [17]. The statistical errors of the measured
electron densities and temperatures, which are due to photon statistics, and the
noise of the detector, the amplifier, and the plasma light, are estimated in the data
evaluation process. The resulting relative statistical errors for electron densities
ne > 5 x 10" m™ are now 0nesiar/ne < 10% and 67, s10t/T. < 15%. There are
examples (#18397/8) where at some centimetres inside the profile pedestal shoulder
the plasma fluctuations are so small that the scatter of the electron densities is indeed



within the estimated statistical error of measurement of in this case dne stat/ne = 3%.

Although the sources of all the still existing systematic errors are not yet known,
their relative size can be estimated from the channel-to-channel variation of assumed-
to-be smooth profiles. The estimated relative systematic errors are 0n, sys/ne & 7%
and 0T sys/Te = %.

Figure 2: Horizontal cut of the ASDEX Upgrade torus with the positions of Thomson
scattering, ECE, and the DCN-interferometers.

In this paper the Thomson scattering data are compared to ECE data (sampling
rate 31.25 kHz) and a selected DCN-interferometer line integral, H5 (see figure 1).
These diagnostics are distributed along the toroidal direction (see figure 2).

The parameters of the discharges which are investigated in this paper are summa-
rized in table 1. The data set includes variations in line-density 7., heating powers
(PnyBr, Prcrm), and equilibrium parameters (qos, %, 0,). In this paper, plasma
plateau phases with different parameters are studied within a single discharge or a
group of similar discharges.

3 Results

Before characterizing the large scale fluctuations in the plasma edge, the general
behaviour of the 1D radial electron density and temperature profiles in inter-ELM
and ELM phases is presented.



Table 1: Discharge parameters: toroidal magnetic field B;, plasma current I, safety
factor qos, line density T, power by neutral beam co-injection Pypgr, power by ion
cyclotron resonance heating Prcrm, elongation k, upper triangularity 6,, lower tri-
angularity ;.

shot numbers 19807 20414-20420 19046-19047 20647
Confinement mode | H H H L
B,[T] -2.5 -2.7 -3.0 -2.5
I,[MA] 1.00 1.00 0.80 0.80
995 4.4 5.5+0.1 7.5 5.4
Me[10"9m ™3] 8.7 6.4-8.4 4.7-5.5 6.0
Pnpr[MW] 7.5 5-10 7.5 1.4
Prcru[MW] 0 1.3-1.9 0 0

K 1.78 1.80 £ 0.04 1.83 1.72
Ou 0.17 0.155+0.025 0.24 -0.055
) 0.40 0.38 0.46 0.35

3.1 1D radial H mode profiles of electron density and tem-
perature

In H mode two extreme types of radial edge profiles of electron density and tem-
perature are observed: Profiles with steep gradients are found before and after an
ELM, and flatter profiles exist during the ELM due to the erosion of the pedestal.
This was already investigated by reflectometry [10].

The time averaged 1D radial electron density and temperature Thomson profiles
are plotted in figure 3 for phases before, during, and after the ELM. Such 1D radial
profiles are obtained by mapping the measured electron density and temperature
data along the poloidal flux surfaces to the equatorial plane of the plasma on the low
field side. The radial coordinate is the major radius R minus the outermost position
of the separatrix R,,;. The plasma equilibria were obtained from the equilibrium
code CLISTE [18]. The error in the radial position of the separatrix is 5 mm.

The divertor D,-intensity reaches a maximum during the ELM at the time g7 ;.
Directly after the maximum in the divertor D,-intensity, both electron density, and
temperature profiles have the flattest gradients in the ELM cycle. The electron den-
sity and temperature profiles are again as steep as before the ELM about 3 ms after
the maximum in the divertor D,-intensity. These steep edge profiles are maintained
until the next ELM, which occurs after about 10 ms.

3.2 Identification of inter-ELM fluctuations on the ECE di-
agnostic

Large inter-ELM fluctuations, as observed by 2D Thomson scattering, should be

visible also on the ECE diagnostic, if their spectra overlap with the video frequency

range (0 — 15 kHz on the system at ASDEX Upgrade). In order to check this an
example with large structures is chosen.



#20417,t=2-5s
t-teLm € [(1.4 ms,-1.0ms] ¢ , e [0.0 ms, 0.2 ms] ,€[3.1ms,3.3ms]o

10.0 1000 <o i
".Z 100 1
o > ; :
o 1.0 {2 H 9
A [y I
C" 10 é _E
b o
<&
0.1 .9 C 1 ° C
-2 0 2 4 6 -2 0 2 4 6
I:\)_Rc::ut [Cm] I-—\)_F\)out [Cm]

Figure 3: 1D radial electron density and temperature profiles before, during and after
ELMs in the plateau phase, t =2 — 5 s, of #20417. Before the ELM (red diamond
symbols), the profiles are steep. After the mazimum in the divertor Dg-intensity,
(green triangle symbols), the profiles have the flattest gradients in the ELM cycle.
The profiles are steep again about 3 ms after the mazimum in D, (blue square
symbols).

In the following the 2D snapshots of electron density and temperature, are vi-
sualized in contour plots. The radial coordinate is the major radius R minus the
outermost radial position R,,; of the separatrix on the low field side. In the 2D plots
of electron density and temperature contour lines of the poloidal flux are overlaid.

To make fluctuation structures of the electron density and temperature clearly
visible, an averaged snapshot is subtracted from each single snapshot, resulting in
the relative electron densities An, and temperatures AT,. The fluctuation structures
change completely from one single snapshot to the other. When adding up several
snapshots the maxima and minima in the single snapshots are partially compensated
and the structures visible in the averaged snapshot have quite small amplitudes.
Averaging over 20 snapshots is sufficient to reduce the relative fluctuation amplitudes
in the averaged snapshots to about 5%. Such an analysis can only be done in plateau
phases of the discharge, where the plasma parameters are constant.

A typical example for the large scale fluctuations observed by 2D Thomson scat-
tering in the steep gradient region is shown in figure 4(a) (a more extreme case
can be found in [3]). In this case two maxima and one minimum in the electron
density and temperature are visible in the relative amplitudes An, and AT,. These
fluctuations should stay constant for times much greater than the ‘exposure’ time
of the snapshots, of 2 us. Otherwise the structure would be smeared out and would
become invisible to the Thomson scattering diagnostic.

With the ECE diagnostic also signal spikes in inter-ELM phases are typically
observed in three to five channels in the steep gradient region near the separatrix.
In the example, which is shown in figure 4(b), positive, and negative spikes in the
electron temperature are observed in the innermost and the outermost channel of a
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Figure 4: In the steep gradient region near the separatriz two mazima and one
minimum, marked by the symbols ‘x’ and ‘o’ respectively, are visible in the relative
electron density and temperature amplitudes An, and AT, in the 2D snapshots (a).
In the steep gradient region near the separatriz a spatial structure is observed in the
electron temperature in three adjacent ECE channels. The inner- and outermost
channels show positive, and negative spikes respectively, before an ELM, and again
3.5 ms after the mazimum in the D,-intensity (b).



group of three adjacent channels. The duration of these spikes is about 100 us and
the relative amplitudes are AT ;40/T% raa < 0.5.

Due to present limitations in the sampling frequency of 31.25 kHz the true du-
ration of the signal spikes might be shorter and their amplitudes larger. One should
notice that the absolute value of the electron radiation temperature 7, ,,4 derived
from ECE near the separatrix is typically larger than the electron temperature mea-
sured by Thomson scattering, T¢,qq > T¢, and shows a parasitic maximum there.
This effect is well known and attributed to a small non-thermal electron population
at high electron temperature gradients and low electron density values resulting
in insufficient optical thickness [19]. It has been argued [3] that the spikes might
be due to island-type perturbations, but the (apparent) ECE temperature profile
modulation in #19807 would indicate a profile steepening rather than the expected
flattening over an island. However, since there are also counter examples (#19438)
indeed exhibiting plateau formation, and in view of the optical thickness problem
mentioned above, this question remains still open.

The spatial structure in the electron temperature, as observed by ECE, has a
diameter of about 0.9 cm and is located in the steep gradient region near the separa-
trix. This is in agreement with the location of the fluctuations seen by 2D Thomson
scattering (figure 4(a)). The signal spikes in ECE reach their maximum amplitude
about 0.2 ms later, than they were observed by Thomson scattering, indicated by
the line in figure 4(b). If the same fluctuation structure is observed by both diagnos-
tics, then two things can be concluded: (a) The lifetime of this fluctuation structure
must be at least 0.2 ms. (b) This fluctuation structure apparently moves both in
the poloidal, and/or toroidal direction, crossing the different locations of the two
diagnostics (see figure 2) at different times. The signal spikes in ECE occur very
often before an ELM, but after an ELM only with a delay of some milliseconds (see
figure 4(b)). In the phases directly after an ELM, where these signal spikes do not
occur, the edge gradient region is just steepening again, as can be seen in figure
4(b).

Phases of different mode activity can be found in the ECE signals (figure 4):
The low activity after the ELM is followed by a phase of strong activity, lasting for
about 5 ms, after which the mode activity is low. About 3 ms before an ELM the
mode activity rises again.

3.3 Scaling of the large scale fluctuations with plasma pa-
rameters

Using the discharges #20414 — 20 the large scale fluctuations in the steep gradient
region can be investigated statistically. In these discharges mainly the line density
7. and heating powers (Pypgr, Procry) were varied from shot to shot (see table 1).
The data are taken during the plateau phases of the discharges, where the plasma
parameters were constant. A number of 527 2D snapshots were investigated and
321 of them, or a fraction of 61%, showed clearly quasi-periodic structures. From
these 321 snapshots the properties of the large scale fluctuations are extracted and
collected in a database. A typical example for inter-ELM fluctuation structures
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Figure 5: Inter-ELM fluctuation structures in electron density and temperature, n,
and T,, and in the relative amplitudes An,, AT,. The mazrima and minima are
marked by the symbols ‘x’ and ‘o’ respectively. The toroidal quasi-mode number is
here nyr = 13.2. The mazima in the Dgy-intensity during the ELMs at the times
term are indicated by the ‘+ symbols.

observed by 2D Thomson scattering is shown in figure 5. For this group of discharges
the divertor D, radiation shows a double structure with the main D, peak followed
by a smaller, second maximum.

The structure of the large scale fluctuations in the 2D snapshots of electron
density and temperature comes out clearly in the 2D plots of the relative amplitudes
Ane and AT,. In both the relative electron density and temperature, one maximum
and two minima are observed at about -1.3 cm inside the separatrix. The maxima
and minima are at the same positions and in phase for both the electron density,
and temperature. The absolute fluctuation amplitudes are 71, = 1.1 x 10'%mn =2 and
T, = 79 eV. When compared to the poloidally averaged background electron density
(ne)po and temperature (T¢),, relative fluctuation amplitudes of 7ie/(ne)por = 51%
and T,/ (Te)por = 73% are found in this case.

Although the maxima and minima in the electron density and temperature are at
the same positions, the distances between the two minima and the maximum in the
poloidal plane are not equal. This can be due to both the limited spatial resolution
of the matrix of scattering volumes, and the transient nature of these fluctuations,
which are not necessarily coherent modes. The poloidal wavelength of the fluctua-



tions is estimated by determining the largest possible poloidal distance between two
extrema of the fluctuation structure, and then dividing it by the number of enclosed
periods (in general a multiple of 1/2). With this method errors originating from the
limited spatial resolution of the diagnostic are minimized. Taking into account the
local pitch angle of the magnetic field and making the assumption that the mode
structures are aligned to the magnetic field, a toroidal quasi-mode number can then
be estimated [4]. For the discharges #20414 — 20 toroidal mode numbers in the
range 6 < ngr < 55 can be determined. The toroidal quasi-mode number for the
fluctuation structure in figure 5 is ny,, = 13.2.

The mode structures observed in the electron density profiles can be parametrized
in the poloidal direction by n.(6*) = (ne)po + 7e sin[n4r ¢ (0* +6)] and analogously
for the electron temperature. * is the straight field line angle, 6 is the poloidal
phase of the electron density and temperature structures, which are in phase with
each other, and ¢ is the safety factor.

To follow the variation of the fluctuation amplitudes with time relative to an
ELM, the divertor D,-intensities and the fluctuation amplitudes of electron density
and temperature in the steep gradient region, i, and 7,, taken from the database
for the shots #20414 — 20, are plotted versus the time ¢ — tgpy in figure 6. To
emphasize the dynamics in the D,-light and to compare the D,-intensities for the
shots #20414 — 20, which have different D,-background light levels D, i, between
the ELMs, the relative intensities ADy, = Dy — Dy min are used here. When plotting
all data points of the database (figure 6(a)), corresponding to fluctuation structures
with quasi-mode numbers ny, < 48, an average D,-light signal analogous to the
non-averaged D,-signal in figure 5 (outer divertor) results: After the maximum in
the D,-intensity during the ELM at the time ¢z, another smaller maximum exists
between ¢t — tgpn ~ 2.5 — 5.7 ms. The onset of the rise in the D,-light signal
marking the beginning of the ELM is here about 0.4 ms before the maximum in
the D,-intensity. The fluctuations in electron density and temperature show in-
creased amplitudes before the ELM, where the D,-intensity is still low, and reduced
amplitudes for a time interval of about 2.5 ms after the ELM onset, where the D,-
intensity is high. For these phases the fluctuation amplitudes in the steep gradient
region and the divertor D,-intensities are anti-correlated. In the phase where the
amplitudes 7, and Te of the fluctuations in electron density and temperature are
reduced, the profiles of electron density and temperature are flatter than before the
ELM and start to recover again (see figure 3). In the phase of the second maximum
in the D,-intensity at ¢t — tgry = 2.5 — 5.7 ms the fluctuation amplitudes in the
electron density seem to increase also (figure 6(a)). When plotting only the data
belonging to the large scale structures with 74, < 10 (figure 6(b)), which are mainly
responsible for the dynamics in the amplitudes of electron density and temperature
fluctuations, a rise in the fluctuation amplitudes is observed before the ELM and
around t — tgy ~ 2.5 — 5.7 ms. The accordingly selected D,-intensities, however,
no longer show the second maximum after the ELM (see figure 6(b)). This means
again that large D,-intensities correlate with low amplitudes in the fluctuations of
electron density and temperature.

To characterize these quasi-periodic fluctuations their spatial localizations, fluc-
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Figure 6: Statistical analysis (#20414-20) of the time evolution of the relative D, -
intensity, AD,, and of the fluctuation amplitudes fi. and T, for the mode numbers
Nior < 48 (a), and nyr < 10 (b). The averaged D,-intensity in (a) corresponds to
the non-averaged Dg-activity in figure 5. The onset of the rise of the D,-intensity
marking the beginning of the ELM 1is indicated by vertical lines. At the times tgru
the D,-intensity has mazxima during the ELMs. The fluctuation amplitudes are
reduced for about 2.5 ms after the ELM onset. The increased fluctuation amplitudes
Ne and Te for times t —tgp =~ 2.5 — 5.7 ms are mainly due to large scale structures
with Ny < 10, which are not correlated with an increase in Dy-intensity (b). The
relative errors of the data points are 6(f.)/fe < 10%, 6(T.)/T, < 10% and 6(t —

term) =1 ps.
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tuation amplitudes and quasi-mode numbers are investigated for different profile
gradients in the following.

Typically used parameters describing the steep gradient region at the plasma
edge are the pressure gradient length, or the pedestal width. Here we determine these
parameters for the electron pressure and density profiles. The local electron pressure
gradient length [, = p./(dp./dR) is determined for each evaluated time point from
the electron pressure p., and its gradient dp./dR with the electron density and
temperature data measured by Thomson scattering. The local gradients of electron
density and temperature, dn./dR and dT,/dR, were determined over a radial width
dR ~ 1 ¢m in the poloidally averaged 1D radial profiles. The pedestal width of the
electron density profile, d,,, is estimated by dp. = (ne)gs/(dne/dR). (n.)gs is a line
integral of the electron density at the plasma edge including the pedestal shoulder
(see figure 1) and divided by the integration path length. Both the pressure gradient
length [,. and the pedestal width d,. are evaluated for single time points when the
background profiles are perturbed by large scale fluctuations. Thus variations in
both the pressure gradient length /,. and the pedestal width dy in inter-ELM phases
are found which are at least as large as the differences in gradient lengths between
typical unperturbed pre-ELM and crashed profiles during the ELM (figures 7(a) and
(b)). The strong variation of the gradient lengths and pedestal widths correlate with
a variation in the amplitudes of the large scale fluctuations: The relative amplitudes
of the fluctuations, 7. /(ne)po and T./ (Te)po for the electron density and temperature
respectively, are plotted versus the electron pressure gradient length /,. in figures
7(c) and (e), and versus the pedestal width of the electron density d,. in figures
7(d) and (f). The trend of the data in figures 7(c) - (f) shows that with smaller
electron pressure gradient length /,., or smaller electron density pedestal width d,,,
the relative fluctuation amplitudes of both the electron density, and temperature
are increasing.

The relative fluctuation amplitudes of the electron density and temperature,
Ne/(Ne)por and T, /{Te)por, are plotted versus the toroidal quasi-mode number 7, in
figure 8. The largest relative fluctuation amplitudes both in electron density, and
temperature are found for the smallest toroidal mode numbers n;,.. So on average
with the spatial scale of the mode also its relative amplitude is increasing.

The radial profiles of the relative fluctuation amplitudes of the electron density
and temperature, 7./(n.)poa and Te/ (Te)poi, are shown in figure 9. For the time
points excluding the ELM (figure 9(a)) the maxima of the mean relative fluctuation
amplitudes are located in the steep gradient region between —1.5 cm < R — R, <
—0.5 em. The relative fluctuation amplitudes decrease towards the pedestal shoul-
der, and towards the separatrix. It is interesting to note that also relative fluctuation
amplitudes up to 100% are found both for the electron density and temperature in
the steep gradient region (see figure 9). These strong modulations appear then as
‘holes’ in the electron density and temperature with nearly zero density and tem-
perature, as described earlier [4]. The relative fluctuation amplitudes of electron
density and temperature, 7./(ne)ps and T, /{Te)pa for time points including the
ELM (figure 9(b)) show the same radial profile towards the pedestal shoulder, as
for the inter-ELM phases (figure 9(a)). Towards the separatrix and in the SOL the
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Figure 7: Plots of the time evolution of the electron pressure gradient length l,. (a)
and electron density profile pedestal width d,. (b), and of fie/(Nne)par and T, [ {Te)pol
versus lye (c), (e) and dpe (d), (f) respectively. The typical variations of lpe and dp.
between ELM and inter-ELM phases are indicated in figures (a) - (b). Note the small
variation of lye and dy. during the ELM, for 1 ms < t—tgrm < 2 ms, after the profile
crash. The errors of the data points are §(7ie/(ne)por) < 14%, 8(To/{T0)pot) < 15%
and 6(lpe)/lpe < 14%, 6(dne)/dne < 7%.
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relative fluctuation amplitudes, however, are larger than in the inter-ELM phases.

3.4 Histograms of the large scale fluctuations in 1D radial
H mode profiles of electron density and temperature

In the previous section only quasi-periodic fluctuations with relative amplitudes
above about 5% were analysed. This was possible for a fraction of 61% of all
measured time points. We now look at the perturbation of the 1D radial profiles
by all inter-ELM fluctuations. These include additionally small amplitude quasi-
periodic, and non-periodic fluctuations.

1D radial profiles of electron density and temperature at the plasma edge ex-
cluding the ELM are shown in figure 10 and figure 11 respectively. The histograms
h of the electron densities and temperatures, which are normalized to the arithmetic
means (n.) and (7.), are plotted for several radial positions. The arithmetic mean
values (n.) and (T,) were determined for each scattering volume within the inves-
tigated radial range individually over a time interval where the plasma parameters
were constant. Thus systematic calibration errors do not appear as fluctuations in
the histograms. The intervals of the histograms have sizes of twice the mean sta-
tistical relative errors of measurement, dn./n. and 67, /T,. The scatter of the data,
indicated by Var'/? with Var as the variance of the normalized electron densities,
or temperatures, is wider than the statistical errors of measurement (see figures 10
and 11). Thus mainly plasma fluctuations broaden the histograms. The symmetry,
or asymmetry of the histograms can be quantified by the skewness v; = p3/ Vars/?
with p3 as the third central moment of the normalized electron densities, or tem-
peratures. Symmetric histograms (skewness 7; & 0) for the electron density and
temperature are found in the middle of the steep gradient region. Here the effect of
maxima and minima, which perturb the background profiles, is equally strong. Fur-
ther inwards the histograms are asymmetric and the skewness v, is negative: The
background profiles are on average more perturbed by the minima, or ‘dips’, than
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Figure 9: Radial profiles of fie/(ne)por and Te/ (Te)por for inter-ELM time points
(a) and time points during an ELM (b). The approzimate position of the pedestal
shoulder is indicated in (a). The errors of the data points are 0(fe/(Ne)por) < 14%,
§(T./(T.)pot) < 15% and §(R — Roy) = 0.5 cm.

by the maxima, visible by the tail of the histogram at smaller values of the electron
densities and temperatures. Further outwards the histograms are also asymmetric
with positive skewness ;: Here the background profile is mostly perturbed by the
maxima, or ‘blobs’. In the SOL the perturbations to the electron temperature are,
however, again symmetric.

Because of similarities between the large scale fluctuations observed during the
ELM, or in the inter-ELM phases, the histograms of figures 10 and 11 practically
do not change when including the data during the ELM.

3.5 Filamentary transport in the SOL

The large scale fluctuations in the steep edge gradient region were analysed in the
previous sections. We now look at the large scale fluctuations in the SOL. The
plasmas of the discharges #19046 — 47 were shifted to the high field side, so that
with 2D Thomson scattering the plasma at the separatrix and in the SOL could
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Figure 10: For H mode the histograms h of the electron densities n., normalized
to the arithmetic mean (n.), at different radial positions, were taken in the time
interval 2 s < t < 5 s, excluding the ELM, t ¢ [tgry — 0.5 ms,tgry + 3 ms).
The intervals of the histograms have a size of twice the statistical relative errors of
measurement, dne/ne. The scatter of the normalized electron densities is Varl/?,
Around R — Ry ~ —0.6 cm the histogram is nearly symmetric (skewness v; = 0).
Further inwards the background profile is more often perturbed by minima, than by
mazima. Further outwards it is vice versa.
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Figure 11: For H mode the histograms h of the electron temperatures T,, normalized
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The intervals of the histograms have a size of twice the statistical relative errors of
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be observed. For the discharge parameters see table 1. Two typical 2D plots of
the electron density and temperature for an inter-ELM and an ELM phase are
shown in figure 12. In an inter-ELM phase there is only one filament visible in
the electron density (red circle in figure 12(a)). It has only slightly higher density
than the background plasma. In a phase including the ELM 3 filaments in the
electron density are observed (see the 3 circles in figure 12(b)), which have a much
larger density than the background plasma. No filamentary structures are seen in
the electron temperature in the SOL. Note that also symmetric histograms for the
electron temperatures in the SOL are observed (figure 11). This can mean that
as soon as a filament is visible in the SOL, it is no longer attached to the main
plasma, but is already connected to wall structures like the divertor. Due to fast
electron heat conduction the energy of the electrons is lost very quickly to first wall
structures, and the electrons are cold.

inner divertor a inner divertor b
% |
S 40F S 60F
S, 30F o, 40f
. 20 o
A & 20F
8 0
3.035 3.040 3.045 3.050 3.055 3.060 3.065 3.070 3.135 3.140 3.145 3.150 3.155 3.160
t [s] t [s]
#19047, dtgy= —0.00683990 s, t= 3.04896 s #19047, dtgy= 0.000646670 s, t= 3.14895 s

0.3 fT™ T S T S T

R=Rqy [cm] R=Roy [cm]

Figure 12: Filamentary transport in an inter-ELM phase (a) and during an ELM

(b).

The radial velocity of the filaments can be estimated from the radial decay
of the number of electrons N./Lj = n.; x Az x AR contained in the filaments
of length L;, where n,; is the electron density in the filament, and Az, AR are
its vertical and radial dimensions respectively. According to a simple fluid model
the particles confined in a filament are lost to the divertor with the plasma sound
speed cs. When neglecting the effects due to neutral particles in this model, an
exponential decay in time is expected for the number of electrons confined in a
filament, N,(t) = N,(0) exp(—2c,t/Lj). When assuming a mean radial velocity up
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for all filaments, the exponential decay in time is transferred to an exponential decay
in space, Ne(Rf) = No(Rout) exp|— (R — Rouwt)/AR], with AR = Ljug/(2¢c,) and Ry
as the radial position of a filament. Fits of the expression N,(Ry) to the experimental
data (figure 13) are possible for decay constants AR;gry = 2.2 em in inter-ELM
phases and ARgry = 8 ¢em during the ELM. They resemble the gradient lengths of
the usually plotted 1D electron density profiles for inter-ELM and ELM phases. The
exponential decays found confirm the results obtained recently by Langmuir probes
and Thermography in the far SOL [20]: The radial decay of both heat and particle
flux is exponential with the same radial e-folding lengths. This is observed here
again with Thomson scattering data, but now in the SOL near to the separatrix.
Using the plasma parameters at the separatrix and L = gg5 R,y the mean ve-
locities of the filaments, ug, are determined from the radial e-folding lengths AR.
The mean velocity during ELMs, ug gy = 800 ms~ !, is larger than in inter-ELM
phases, ug gLy = 200 ms 1. These indirectly determined filament velocities in the
SOL near the separatrix compare quite well to the radial velocity of the filaments
during ELMs, ug p = 500 ms™!, as measured by Langmuir probes in the far SOL

[20).
4 E T T T T
— .
£ St - ;
F ¢ during ELM
A ICRH
o F AR =8 ]
= 2F ELM=©cm guard
<= §ARiELM limiter
= 1 - 3
inter-ELM
O : 1 1 O% 1 1 Oé
-2 0 2 4 6 8
Ri—Rout [cm]

Figure 13: Plot of the number of electrons N, confined in the filaments of length L
versus position Ry relative to the position of the separatriz Roy for both ELM, and
inter-ELM phases, indicated by triangle and diamond symbols. Fxponential decay

functions, Ne(Ry) = Ne(Rout) exp[(Ry — Rout)/AR]| are fitted to the data points.

In the following we will look at the particle transport during ELMs. A number
of 20 snapshots were analysed for the discharges #19046 — 47: The resulting mean
number of filaments, which are observed in a snapshot during an ELM, (N grv) =
2.3 + 0.5, is larger than for the inter-ELM phase, (Nf;prm) = 0.9 £ 0.3. The
additional loss of electrons during an ELM can be estimated from the radial flux,
ANe,ELM ~ 3 (Nf,ELM>uR,ELM Ne(Rout) AtELM/ARTS- The duration of the ELM,
as seen in the D,-light in the divertor, is Atgry &= 1 ms, the number of electrons
confined in a filament at the separatrix, is N(Rou) ~ 2.5 x 10®m L) (see figure
13), and the radial range of observation, which is covered by Thomson scattering,
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is ARrg = 1.1 e¢m. The factor 3 is used here because the filaments exist in a wider
poloidal area than is covered by Thomson scattering. With these parameters it is
estimated that a fraction of AN, grar/Nep = 4% of the number of electrons in the
main plasma, N, is lost during the ELM. This fraction is in the correct order of
magnitude, indicating that the particle transport during an ELM can at least to a
significant part be carried by filaments. This result is in agreement, with the results
obtained by Langmuir probes and H,/D,-diagnostics, summarized in [21] and with
the results obtained recently on MAST [22].

3.6 Fluctuations in LL mode
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Figure 14: In L mode there are large scale, or closely packed small scale fluctuation
structures. A periodicity is not clearly visible.

After the detailed analysis of the large scale fluctuations in the plasma edge of
an H mode plasma, we now look at the fluctuations of a L. mode plasma.

In 2D snapshots the L mode fluctuation structures, which are observed in electron
density and temperature, have either a large scale, or are closely packed smaller
scale structures (see figure 14). They are mainly localized in the steep edge gradient
region of the pressure profile. With the limited resolution of the Thomson scattering
diagnostic it was, however, not yet possible to resolve periodic structures.

Typical 1D radial electron density and temperature profiles for L mode show a
strong scatter of the data points (see figure 15). The histograms of the electron
density and temperature values, normalized to the arithmetic means (n.), (T.) were
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determined analogously to the histograms for the H mode data (see section 3.4).
The histograms have different shapes, depending on the radial position. The mean
statistical relative errors of measurement of the electron densities and temperatures,
indicated by 0n./n. and T, /T, are smaller than the scatter of the data, indicated by
Var'/? (see figure 15). This means that mainly plasma fluctuations are responsible
for broadening the distribution functions: In the gradient region inside the separatrix
on average more maxima than minima perturb the background profile. This is also
seen in the positive values of the skewness ;. In the SOL the histograms become
more symmetric.

4 Discussion

The large scale fluctuations, which are observed by 2D Thomson scattering and
ECE, are located in the steep gradient region of the plasma edge. Their ampli-
tudes are increasing with decreasing local pressure gradient lengths and the electron
density pedestal width. The same trend is observed for both electron density and
pressure gradients, because both these quantities are correlated. There can also be
correlations between the electron pressure gradient and gradients of other quantities
like e. g. the gradient of the plasma current density at the edge, which was not
investigated in this paper. Thus concerning the cause of these fluctuations one can
only conclude that these large scale fluctuations are driven by the edge pressure
gradient or by quantities correlated with this.

It was found that the amplitudes of the fluctuations in the steep gradient region
are anti-correlated with the D,-intensity in the divertor. This does not necessarily
mean that there is no loss of particles and heat associated with the fluctuations: For
this correlation study the fluctuation amplitudes and D,-intensities were evaluated
at the same time point. A time delay between a fluctuating structure in the steep
gradient region and the occurrence of expelled heat and particles in the divertor is
expected, because of finite parallel transport. This time delay, however, is much
shorter than the time resolution of the stroboscopic Thomson scattering diagnostic
of 50 ms. No cross-correlation techniques can be applied to the Thomson scattering
and D, data to determine this time delay. The observed anti-correlation between
the D,-intensity and the amplitudes of the fluctuations may be understood when
considering that flat edge gradients, due to the erosion of the pedestal, are correlated
with high D,-intensities.

For the occurrence of MHD modes the plasma edge should be near marginal
stability. The pressure profile includes both electron, and ion pressure, of which only
the electron part is known here. So there is some experimental uncertainty about the
real pressure profile both before and after the ELM. If the pressure profiles before
the ELM crash are marginally stable so that the ELM crash, a MHD instability, can
occur, then also the pressure profiles about 3 ms after the ELM crash, should be
marginally stable again, because here the electron density and temperature profiles
are as steep as before the ELM (see figure 3). But no ELM crash occurs at this time,
only large scale fluctuations are observed as described in the previous sections.
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The large scale fluctuations are seen as increased scatter in the poloidally aver-
aged 1D radial profiles of electron density and temperature, measured by Thomson
scattering. For H mode the positive and negative perturbations to the background
profile are equally strong in the middle of the steep edge gradient region, result-
ing in symmetric histograms of the measured electron densities and temperatures
(figures 10 and 11). Further inwards more minima and further outwards up to the
separatrix more maxima perturb the background profiles. It is observed with the
2D snapshots of the relative electron densities and temperatures that fluctuation
structures with both positive and negative perturbations are generated in the steep
gradient region on the same magnetic flux surface at poloidally different positions
(see figure 5). These perturbations of electron density and temperature are in phase.
Thus filamentary structures with larger, or smaller pressure than the background
plasma (‘blobs’, or ‘dips’) are generated. The dynamics of these filaments cannot
be followed because of restrictions in the time resolution. Therefore the transport
associated with these fluctuations is unclear and open questions remain: Do the
fluctuations inherently have different positive and negative amplitudes, depending
on the radial position of their generation? Are the large scale fluctuations mainly
generated in the middle of the steep gradient region with equal positive and negative
amplitudes, and the ‘dips’ are separated from the ‘blobs’ by radial drifts, leading
to an accumulation of the ‘dips’ towards the pedestal shoulder, and of the ‘blobs’
towards the separatrix?

5 Conclusion

Large scale fluctuations are found to exist in the steep edge gradient region in inter-
ELM phases. They are observed both with Thomson scattering and ECE. The
amplitudes of these fluctuations increase with decreasing electron pressure gradient
length and pedestal width of the electron density profile. Thus these modes are
likely driven by the edge pressure, or electron density gradient, or other gradients
correlated with these quantities. In 61% of the cases these fluctuations clearly have
a quasi-periodic structure with toroidal quasi-mode numbers between 6 and 48.
The relative amplitudes of these fluctuations can be up to 100%. The particle loss
during an ELM is at least to a significant fraction due to the electron density ‘blobs’
observed in the SOL.

In the poloidally averaged 1D radial H mode profiles of electron density and
temperature, measured by Thomson scattering, these large scale fluctuations are
the main source for the observed scatter. In the middle of the steep gradient region
the scatter is symmetric with respect to the background profile, and asymmetric
both further inwards (more minima), and further outwards (more maxima). This
must be taken into account when determining the background profiles of electron
density and temperature from the measured data.

Theoretical work is necessary to understand the nature of these fluctuations.
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