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Introduction
This paper studies the behaviour of the H-mode edge density profiles in ASDEX Up-
grade for type I ELMs. The density profiles analyzed in these studies are measured
by simultaneous high-field side (HFS) and low-field side (LFS) swept frequency re-
flectometry, with high temporal (35µs) and spatial resolution (≤ 1cm)[1]. This di-
agnostic allows the determination of the density evolution during the edge localized
mode (ELM) crash as well in the inter-ELM period. This study concentrates on the
comparative analysis of the density profile evolution at the inboard and outboard side
of the plasma and its relation with the time needed for ions to stream (with ion sound
speed) from HFS to the LFS. Preliminary results are also shown for type III ELMs.

Profile dynamics: HFS/LFS delays at the onset of the ELM
From the density profile dynamics study, three phases of the ELM are identified:
precursor, MHD and recovery phases [2]. During the ELM event, a crash in the
pedestal density and a rapid rise in the scrape-off layer (SOL) is observed at both HFS
and LFS at the onset of the ELM. HFS/LFS density profile comparison shows a smaller
effect of the ELM at the HFS where the affected depth, and particle losses are smaller
than at LFS [3]. Although a symmetric behaviour is observed on the dynamics of the
density profiles after the MHD phase of the ELM, a delay (∆tLFS/HFS), is measured
between the start of the density profile perturbation at the LFS and the HFS, at the
onset of the ELM. Here we will show that this delay is consistent with the crash of the
density profiles being initiated at the low-field side and propagating to the high-field
side along the field lines. The observed ∆tLFS/HFS is comparable with the time, τ||
needed for the ions to stream with the ion sound speed, cs from LFS to HFS. The

streaming time is given by τ|| = πRq/cs,ped where cs,ped ≈

√

((Te,ped + Ti,ped)/mi) and

(πRq) is the connection length from the LFS to HFS midplane across the plasma top
(opposite to the X-point, figure 5). Here, q is approximated by q95, the safety factor at
95% of the last closed flux surface. Therefore, τ|| depends on the pedestal temperature
and on the connection length. To study the dependence of the observed delay with
τ||, several discharges with different plasma parameters were analyzed. At the onset of
the ELM, the signal measured by the reflectometer is highly perturbed, as shown in
figure 1, where a series of density profiles during the three phases of the ELM event for
both HFS and LFS are shown. The delay of the ELM onset between LFS and HFS is
defined as the time lag between the start of the profile perturbation at LFS and HFS as
shown in figure 2. The minimum time interval between successive reflectometry profiles
sweeps is 35µs, hence there is a degree of uncertainty in determining ∆tLFS/HFS for
short delays. This is particularly evident for ∆tLFS/HFS < 70µs where a large scatter
is observed. In figure 2 two contour plots with the time evolution of the density
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Figure 1: Density profiles before (full red), during (dash green) and after (dot blue) the ELM
for HFS and LFS. The onset of the ELM is considered to be at t = 0s.
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Figure 2: Contour plot of the gradient of the
group delay curves showing the different on-
set of the density profile perturbation

perturbation for discharge #17437(2)1

are shown. The perturbation is in-
ferred from the change on the local
gradient of the group delay, τg curve
calculated for each instant, where the
colors show the value of the gradi-
ent. Before the ELM event, one ob-
serves that below the pedestal den-
sity (≈5.5×1019m−3) there is almost no
change in the local gradient. Above
this density the density profile flattens
which explains the change of value of
the local gradient. At the onset of
the ELM the density profiles show a
highly perturbed curve (for example, for
∆tELM = +120µs, as shown in fig-
ure 1) and changes on the gradient
values are observed for all the densi-
ties. This perturbation is clearly ob-
served to start first at the LFS and
only ≈165µs after at the HFS (figure
2).

LFS/HFS delay dependence on the
ion parallel transport time

Figure 3 shows the delay on the density profile crash as a function of τ|| for several dis-
charges. It is found that the delay of the crash of the density profile for these discharges
is increasing linearly with τ||. Pedestal temperature and connection length dependence
were analyzed separately. To test the temperature dependence, two discharges #16201
and #16164 with Ip = 1MA, BT = 2T, δ = 0.15, q95 = 3.25 and a pedestal temper-
ature of 750 and 1150 eV were analyzed. The τ|| for a pedestal temperature of 750

1Index 1 and 2 mean that this discharge has two different levels of gas
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eV is 67 µs and 50µs for 1150 eV, respectively, and the observed LFS/HFS delay is
in most cases 70µs. A change of ≈ 400eV in the pedestal temperature leads only
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Figure 3: Observed time delay of the density
profiles as a function of the ion parallel trans-
port time where a line was draw to guide the
eye.
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Figure 4: Dα signals at the divertor showing
a delay of 167 µs and soft X-ray signals at the
midplane where no delay is observed.

to a change of τ|| of 3µs and hence the
scaling with Te is weak. For the connec-
tion length dependence study, three simi-
lar discharges of a current scan (#14834,
#17437(1) and #16702 with BT = 2T and
Ip = 1, 0.8, 0.55 MA and q95 = 3.14, 4.85,
7.09 respectively), where the pedestal tem-
perature for the three discharges is be-
tween 600 and 700 eV, were analyzed. It
is found that the delay of the crash of the
density profile for these discharges is in-
creasing linearly with πRq95, showing that
the dominant factor of the τ|| is the connec-
tion length while the dependence of Te is
less significant. Figure 3 also includes sev-
eral other ASDEX Upgrade plasma ELMy
H-modes, randomly selected. Globally, a
linear dependence of the LFS/HFS delay
with estimated τ|| is observed, and one
can conclude that the measured time de-
lays are correlated with the ion parallel
transport. It should be noted that, for
some cases, in consecutive ELMs, a zero
delay on the density profiles crash is ob-
served, although these ELMs have similar
pedestal parameters and Dα signatures to
those having a finite delay. The under-
standing of these particular cases requires
further study. The results from reflec-
tometry are compared with measurements
from the inboard and outboard divertor
Dα and the soft X-ray emission, with sight
lines intersecting LFS and HFS as shown
in figure 5. Figure 4 shows both signals for
the discharge #17437(2) (case with higher

τ||). The dynamic of the particle flow during an ELM event occurs in two phases: first,
fast electrons are ejected establishing a new sheath at the SOL [4]. During this phase
the flux to the divertor remains unchanged because of the characteristic time for ions
to flow along the field lines from the midplane to the divertor (>100µs). In the second
phase a flux of ions starts to arrive onto the divertor target which leads to an increase
of the Dα signal [5,6]. The soft X-rays measure the radiated emission from the interac-
tion of the fast electrons with the wall and hence show no delay between LFS and HFS,
since this happens in a very fast time scale (few µs) [7]. On the other hand, the Dα
measuring the ion flux arriving onto the divertor show assymmetries between inboard
and outboard divertor due to the different connection length from the pedestal to the
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Figure 5: Schematic of the
connection length for the di-
agnostics here compared.

divertor target. In the given example, the delay be-
tween outboard and inboard divertor is of ≈167µs, close
to ∆tLFS/HFS = 165µs measured by the reflectometer.
Note that for the Dα signals, the connection length from
LFS midplane to the inboard divertor is (3/4)πRq and to
the outboard divertor is (1/4)πRq, while the reflectome-
ter is placed at both LFS, HFS midplane where the con-
nection length is πRq on the plasma top (see figure 5).

Figure 6 shows the time evolution of the density profile
gradient for two type III low q95 case. An in/out delay
of the ELM density crash is also observed, about ≈110µs
which is in good agreement with τ|| (115µs). Further study
is necessary in order to assess the behaviour of the type III
ELM pedestal density crash for a wider range of plasma
parameters. The study of the LFS/HFS delays for type III
ELMs has so far been limited to a few cases, due to the
lack of available data with high q95.
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Figure 6: Density profile gradients
for a type III ELM discharge where
a very clear delay between LFS/HFS
is observed.

Summary and Discussion
Clear evidence of the ELM particle losses start-
ing at the outboard and propagating to the
inboard side is shown by the delay observed
at the density profile crash. In this pa-
per it has been shown that for type I ELMs
the observed delay of the density profile crash
from LFS to HFS is consistent with the par-
allel transport time. The analysis of sev-
eral discharges with different plasma parame-
ters shows a good agreement between mea-
sured delays and calculated ion parallel trans-
port time. This phenomenon is consistent with
a ballooning character for type I ELMs. In
the case of type III ELMs, more experimen-
tal results are needed to asses if a depen-
dence with the connection length is also ob-
served.
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