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Abstract. The good confinement properties of the edge transport barrier (ETB) in H-mode plasmas
are lost by the periodic occurrence of type I edge localized modes (ELMs). It is found experimentally
that the impurity transport in-between ELMs comes down to neoclassical values. Especially, the drift
parameter v/D increases with the charge of the impurity ions (He2+ , C 6+ , N e10+ , Ar16+ ), in agreement
with neoclassical transport predictions. The electron heat diffusivity in the ETB is anomalously high
and is correlated with scale lengths down to the collisionless skin depth. Profiles of the radial electric
field Er in-between ELMs are inferred by analyzing the He II line radiation at the plasma edge. The first
results are according to neoclassical expectations. With dedicated edge diagnostics the time evolutions
of electron density, temperature, and pressure profiles in the ETB can now be observed during a type I
ELM cycle. During the ELM crash the electron density and temperature profiles flatten. The recovery
of the profiles shows some correlation: The re-steepening of the electron temperature profile stagnates
when the electron density profile steepens. After the electron density and temperature profiles have
gained their pre-ELM shape, no ELM appears then, but large scale fluctuations of the electron density
and temperature are observed. It cannot be confirmed that the delay in the recovery of the edge current
density due to current diffusion sets the time for the next ELM.
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Introduction

H-mode plasmas [1] are characterized by particle and temperature profiles, which have a
pedestal at the plasma edge. The generation of the pedestal is due to an edge transport
barrier (ETB), where turbulence and the transport associated with it, is reduced. The
~ ×B
~ flows at the plasma edge suppress the turbulence there.
paradigm is, that sheared E
The ETB is destroyed by the periodic occurrence of edge localized modes (ELMs). In
discharges with type-I ELMs [2], which are investigated in this paper, ELMs typically
last for about 200 µs and appear repetitively about every tens of ms. With the edge
diagnostics available at ASDEX Upgrade, which have sufficiently high temporal and
spatial resolution (section 2), an ELM-resolved investigation of the properties of the ETB
is possible [3]. Especially the transport of impurity ions in-between the ELMs (section
3.1), and first results of radial electric field profiles determined from passive He II line
radiation (section 3.2) are discussed. Additionally the recovery of the electron density
and temperature profiles after the ELM crash are investigated in detail (section 3.3).
When the electron pressure profile has reached its pre-ELM shape no ELM appears, but
large scale fluctuations are observed. Simulations of the edge current density, however,
show that the current diffusion is not the main candidate for delaying the time for the
occurrence of the next ELM.
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Diagnostics

On ASDEX Upgrade a dedicated set of diagnostics with high spatial and temporal resolution as well as high precision exists to study particle and heat transport in the ETB:
The electron temperature is determined by measuring the electron cyclotron emission
(ECE) of the plasma (radial resolution about 10 mm, sampling rate of the data acquisition system 31 kHz) and by Thomson scattering (TS) [4, 5] (radial resolution 3 mm,
repetition rate 120 Hz). The electron density is obtained by analyzing the emission profiles of a lithium diagnostic beam (radial resolution 5 mm, temporal resolution 50 µs)
[6], by Thomson scattering and by DCN laser interferometry. The data from the lithium
beam diagnostic and from interferometry are used to estimate a global electron density
profile in the frame work of integrated data analysis [7]. Impurity ion temperatures
and densities are measured with an edge charge exchange recombination spectroscopy
(CXRS) system (radial resolution 5 mm, temporal resolution 1.9 ms) [8]. With radial
sweeps of the plasma and the strong radial gradient of the emission intensity finally a
radial resolution of 3 mm is obtained.
The position of the magnetic separatrix has an accuracy of ±5 mm. This is not accurate
enough for pedestal studies. According to a parallel heat transport model [9] the electron
temperature at the separatrix is 80-120 eV. This defines the spatial position of the separatrix in the electron temperature profiles measured by TS. The electron temperature
profiles measured by ECE are aligned to the profiles measured by TS in the upper half
of the pedestal, where ECE emission is optically thick. Since electron density and temperature are measured in the same scattering volume by TS, the electron density profiles
measured by the lithium beam diagnostic are aligned to the profiles measured by TS.
3

Results

In the following the transport of the impurity ions, the profiles of the radial electric field
in the ETB, and the re-steepening of the electron density and temperature profiles after
the ELM crash, are discussed.
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The high intensity of the C 6+
spectral line allows to model the FIG. 1: ELM synchronized time sequence of C 6+ density.
time evolution of the C 6+ density profiles during the ELM cycle
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[10]. The model assumes a constant influx of neutral C. The several ionization stages

v/D [m-1 ]

v [m s-1 ]

D [m2 s-1 ]

are then obtained by simulating the ionization and
recombination processes in the plasma with the
impurity transport code STRAHL (for details see
1.0
inter-ELM
[10]). The transport is modeled by radial profiles of
uncertainty of fit
during ELM
(scaled
down
by
10)
D
a diffusion coefficient D and a drift v. The effect
neo
(2ms before / 2ms after ELM)
of an ELM is taken into account by increasing the
0
diffusion to D = 10 m2 /s for 200 µs. Inside the
0
during ELM
inter-ELM
ETB the transport is again large due to turbulence
vneo
2
(D = 1 m /s). An outward pinch of v = 1 m/s is
(2ms before / 2ms after ELM)
assumed here. The results of the best fit for D and
-40
v are shown in FIG. 1. The obtained agreement be0
tween measured and modeled C 6+ density profiles
turbulent
is quite good for all phases during the ELM cycle,
steep
transport
gradients
except for the time 1 ms after the ELM where devidominant
(ETB)
-200
0.9
ations exist. These are most probably due to details
ρpol 0.98 1.0
of the time evolution of the ELM (filaments), which
are not taken into account in the model. The steep
gradients of the C 6+ density between the ELMs are FIG. 2: Transport coefficients for C 6+
only possible by including an inward drift. These ions.
simulated profiles of the C 6+ density were obtained
with radial profiles of D and v shown in FIG. 2. In the center of the ETB at the magnetic coordinate ρpol = 0.99 the transport coefficients, including their uncertainties are
0.1 − 0.6 m2 /s for D and 7 − 40 m/s for v, which is in agreement with expectations
from neoclassics. The neoclassical values Dneo, vneo in FIG. 2 were taken from the code
NEOART (for details see [10]).
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sity profiles do not considerably vary with time,
if taken long enough afFIG. 3: Impurity densities as measured in-between ELMs.
ter an ELM. So for comparison of the different
ions the data points from 5 ms after an ELM to 2 ms before the next ELM are accumulated in a phase (≈ 600 ms) of the discharge where the impurity pedestal density
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stays constant, see FIG. 3. The obtained profiles for the transport coefficients D and v,
are compared to the neoclassical predictions (just before, and just after an ELM) in FIG.
3, bottom. Within the error bars of the determined transport coefficients agreement is
found to the neoclassical predictions in the ETB. Especially the necessary inward pinch
increases with the charge number Z, as expected from neoclassics.
The ratios v/D at ρpol = 0.99 and
the pedestal peaking factors FI =
nI (ρpol = 0.97)/nI (ρpol = 1.0),
with nI as the impurity density,
are shown in FIG. 4. They agree
within their error bars with the
neoclassical predictions.
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When the pedestal of electron
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purity transport can be predicted.
What determines the shape of the
background profiles, is still not
FIG. 4: Obtained drift parameters v/D and pedestal peakexplained.
ing factors FI as compared to the neoclassical expectations

The electron heat diffusivity in H- (black).
mode plasmas was found to be
anomalously high. It scales with
a very small scale, the collisionless skin-depth [11]. This may indicate that fluctuations
on this scale exist at the plasma edge.
3.2

Radial Electric Field Profiles

Radial profiles of the radial electric field Er are determined with a spectroscopic method [12]: The di50
agnostic consists of 18 lines of sight, which are oriradial electric field
[kV/m]
ented almost completely in the poloidal direction at
0
the plasma edge, collecting the light of passive He
II emission. A forward model is used to determine
-50
radial profiles of the radial electric field Er , the tem#23227
perature THe+ , and density nHe+ of He+ ions from
-100
1.6
s 5.0 MW
the line-integrated measurements within the frame
3.6 s 7.5 MW
work of integrated data analysis. All three param- -150 4.4 s 10.0 MW
1.00
0.94
1.02
0.98
0.96
eters determine the observed shape of the line radiNormalized poloidal flux (ρ )
ation: The intensity of the line emission is proportional to the He+ density nHe+ . The width of the
emitted line is due to Doppler broadening, because FIG. 5: Scan of the heating power.
of the thermal motion of the He+ ions with temperature THe+ . The central wavelength is Doppler shifted, because of the projection of
~ ×B
~ velocity,
the toroidal velocity to the line of sight, the diamagnetic velocity and the E
which is dominating over the other contributions.
pol
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When increasing the NBI heating power the radial
electric field Er in the ETB becomes more negative
(FIG. 5). Note that uncertainties exist in the spatial
position of the equilibrium (grey zone in FIG. 5),
and the spatial position of the radial profiles, which
are mapped from poloidally and toroidally different
positions onto magnetic coordinates. Within these
spatial uncertainties the Er profiles are shifted outwards, so that the zero crossings are localized at
the separatrix, or the area, where the radial electric
field is positive again, is localized in the scrape-off
layer. This is also observed in the radial electric
field profiles measured by Doppler reflectometry on
ASDEX Upgrade [13].
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The obtained radial and temporal resolutions are
below 7 mm, and 4 ms respectively. For discharges
where the distance in time between the ELMs is
larger than 4 ms, ELM synchronized evaluations of
the radial electric field can be done. Especially the
phase in-between ELMs can be investigated and dependencies on plasma parameters can be studied.

n

0

-50
23226 no fuelling
∇p
Er
n

-100

1.02
0.98
0.94
Increasing the deuterium fueling rate, the negative
amplitude of the radial electric field Er is reduced
(FIG. 6). The width and the amplitude of the radial
FIG. 7: Er follows ∇p/n.
electric field Er scales in the ETB with the width
and amplitude of ∇p/n (p, n: pressure, density of
main (deuterium) ions respectively) as expected from neoclassical theory (FIG. 7). Note
that in FIG. 7 the radial positions of the ∇p/n profiles are not shifted.

3.3

Recovery of Electron Density and Temperature Profiles after an ELM

The evolution of the electron density and temperature profiles during an ELM cycle is
investigated with ECE, lithium beam, and interferometric measurements, which have
sufficiently high resolution in time. Of interest here is the recovery phase after the ELM
crash, which is characterized by determining the maximal radial gradients of the electron
temperature, ∇Te , and density, ∇ne . Different phases during the re-steepening of the
profiles are found [14]. In FIG. 8 the profile data for 105 ELMs are plotted synchronized
to the start of each ELM. Five phases can be discerned in the recovery of the Te profiles in
FIG. 8: (i) There is nearly no pedestal for around 1.5 ms, FIG. 8(c). (ii) A small pedestal
develops in the next 1 ms, FIG. 8(d). (iii) Between 2.5 ms and 4 ms after the ELM crash
∇Te stays constant. (iv) The Te gradient enters a fast recovery phase, where it increases
by more than half over 2.5 ms, FIG. 8(e). (v) The gradient of Te increases further, but
slowly, and shows a lot of scatter, FIG. 8(f). The gradient of ne also recovers in different
phases: After the loss of the pedestal after the ELM crash, FIG. 8(g), it recovers within
the next 3 ms, FIG. 8(h). At around 3.5 ms after the ELM the data suggest a peaking
of the ne gradient, FIG. 8(b) and (i). This phase ends when the Te gradient enters phase
(iv). The pedestal of ne is fully developed at later times, and shows a smooth profile,
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FIG. 8(j). The apparent fluctuations of the gradient of ne are here due to slight shifts of
the pedestal top, or bottom in the steep ETB. With higher resolution Thomson scattering
measurements, correlated fluctuations of ne and Te were found in this phase [11, 15].
In four discharges with the same
plasma parameters, Ip = 1 MA,
Bt = −2.5 T , 7.5 MW neutral
beam and 1.3 MW electron cyclotron heating power, the fueling rate was varied: from no
fueling for discharge #23226,
to 4.0 × 1021 s−1 for #23219,
5.8 × 1021 s−1 for #23221, to
9.0 × 1021 s−1 for #23225. A
slight variation of the recovery
phase is observed with the fueling rate [14]: (i) The time interval of small ne and Te gradients increases from 1 ms to
2 ms with increasing fueling rate
(see FIG. 9). (ii) The phase FIG. 8: ELM-synchronized maximal ∇Te (a) and ∇ne (b),
of roughly constant Te gradient, Te profiles (c-f ) and ne profiles (g-h) for the indicated times
where the ne gradient steepens relative to the ELM.
gets slightly shorter with increasing fueling rate (see vertical dotted lines in FIG. 9).
According to the peeling-ballooning model the occurrence
of an ELM is set by a sufficiently large edge current density, which drives the peeling
mode instability. The recovery
of the edge current was therefore modeled with a current diffusion equation. The total current does not change on the
time scales of interest, because
the inductivity of the plasma is
so large. Only the bootstrap
current, which is driven by the
electron density and temperature gradients and the ion temperature gradients, and which
is delayed by current diffusion,
can play a role (for details see FIG. 9: ELM-synchronized maximal ∇Te and ∇ne for several fueling rates.
[14]).
Since the profiles have become flat (FIG. 10(a), (b)) during the ELM crash, the bootstrap
current also collapses (FIG. 10(c), red). The total current density changes much more
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FIG. 10: Time traces of maximal ∇Te (a) and ∇ne (b) and the maximal bootstrap current (red)
and the maximal total current density for two different starting times (green, blue) (c) at the
position ρpol (d), as well as radial profiles of the current densities at different times in the ELM
cycle (e-g).

slowly due to current diffusion (FIG. 10(c), green). The recovery of the total current
density follows the bootstrap current with a delay of only about 1 ms, which is not
enough to explain the long delay to the next ELM. Even when assuming that during the
ELM crash the total edge current density is lost by current carrying filaments, the total
current density (FIG. 10(c), blue) recovers nearly as fast as ∇ne and ∇Te , and the delay
until the occurrence of the next ELM is not yet explained.
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Summary and Conclusions

On ASDEX Upgrade a dedicated set of diagnostics with sufficiently high temporal and
spatial resolution exists, to characterize the transport of ions and electrons in the ETB.
It is found experimentally that for the impurity ions He2+ , C 6+ , Ne10+ , Ar 16+ the transport in the ETB comes down to values expected from neoclassics. This includes the
observation that the drift parameter v/D increases with the charge of the impurity ions.
The determination of the transport coefficients at the pedestal with various impurity ions
at the same plasma conditions has been done for the first time. The obtained transport
results are used as input for a transport model for tungsten, which cannot be investigated
directly [10]. The transport of the electrons remains anomalous in the ETB.
The radial electric field profiles, determined from passive He II emission in-between ELMs,
scale with ∇p/n of the main ions (deuterium) according to neoclassical expectations. The
amplitude of the radial electric field increases with NBI heating power and decreasing
fueling rate.
The evolution of the electron density and temperature profiles after an ELM are followed
with the ECE and lithium beam diagnostics. The electron density and temperature
profiles recover in several stages, which are correlated: The electron density profile has
recovered to its pre-ELM shape after 3.5 ms after the ELM. The re-steepening of the
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electron temperature profile has several phases: Especially when the electron density
profile steepens with the fastest rate during the ELM cycle, no increase of the electron
temperature gradient is observed. After the electron pressure profile has reached its preELM shape in general no ELM appears, but large scale fluctuations are observed. It
could not be confirmed that a delay in the build-up of the edge current density due to
current diffusion plays a significant role in setting the time for the next ELM.
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