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High resolution density pedestal measurements during edge
localized modes by short-pulse reflectometry in the TCV
tokamak
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Abstract. This publication presents high spatio-temporal resolution (mm/µs) density profile
measurements of the pedestal top during type I, III, and small edge localized mode (ELM)
H-mode plasmas in the Tokamak à Configuration Variable (TCV). These measurements were
performed using a novel short-pulse reflectometer. Average inter-ELM density profiles are
obtained via conditional averaging using the Dα trace as ELM indicator. Changes to the
pedestal density profile gradients prior to type-III ELMs reveal unique pedestal dynamics
leading to the ELM crash which can provide important experimental data for validation of
non-linear MHD ELM simulations. The small-ELM scenario is found to feature a∼25-35 kHz
quasi-coherent density fluctuation near the separatrix ρψ ∼0.993-1.05 not observed during a
similar type-I ELM discharge. This oscillation is also found in low-field-side magnetic pick-
up probes displaying a ballooning character and n=+1 toroidal mode number. This oscillation
could help explain the markedly different pedestal dynamics observed in the small-ELM
regime.
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High resolution density pedestal measurements by short pulse reflectometry in TCV 2

1. Introduction

The thermonuclear research reactor ITER [1] hopes to
achieve high fusion gain Q≥5-10 for 300-500 s (where Q is
the ratio of fusion power to external heating power) thanks
to the successful sustainment of a steady-state H-mode.
In H-mode [2], an energy and particle transport barrier
develops in the plasma edge thanks to a sheared ExB flow
that quenches turbulent fluctuations [3]. The large density
and temperature gradients resulting from the decrease in
radial transport raise the pressure performance of the core
plasma as if put on a ‘pedestal’. This pedestal region is
usually contained inside ρψ = 0.95-1.0 (where ρψ stands

for the normalized poloidal flux function ρψ =
√

ψ−ψa
ψs−ψa

[4]
, where ψ , s and a refer to the poloidal flux function,
separatrix, and magnetic axis respectively). Although
micro-instabilities are quenched by the shear flow, the large
pressure gradient in the pedestal region can drive MHD
instabilities. The most ubiquitous of these is the edge-
localized mode (ELM), which leads to a fast loss of energy
and particles from the plasma edge [5][6][7]. ELMs are
helpful to maintain a quasi-stationary H-mode by flushing
out impurities. However, they are also responsible for a
rapid release of plasma energy of roughly 5-10% in sub-
ms scales. This energy release can be problematic for
future reactor plasma-facing components. If unmitigated,
these large type-I ELMs can exceed the maximum peak
heat flux allowed by ITER plasma-facing components [8]
at ∼10 MWm−2.

Great progress has been made in predicting the
macroscopic stability limits of the pedestal. The EPED
model [9], for instance, is capable of predicting pedestal
pressure height and width within 20% over a wide range
of devices and experimental conditions, but it requires the
pedestal top density as an input. A robust and validated
model of the underlying physics behind the pedestal density
structure is still missing. The complex interplay of
divertor conditions, neutral and impurity penetration, as
well as electron turbulent transport remain active research
topics [10].

Beyond predictions of macroscopic pedestal quanti-
ties, a thorough theoretical description of the non-linear
phase of the ELM crash has also received recent at-
tention. Both analytical [11] and numerical approaches
(i.e. JOREK [12] [13]) are getting closer to describing the
non-linear ballooning precursor instabilities behind both
ELMs and disruptions. Experimental evidence of vari-
ous pedestal modes have been reported across many toka-

maks [14]. Non-linear interactions [15] between these
modes have been reported and encourage further studies
of the subject. A better understanding of the physics of
these precursors could lead to improved predictive capabil-
ities and mitigation insights.

High spatio-temporal resolution measurements of
plasma density can prove decisive to better understand
the physics of the pedestal. This paper presents new
measurements of plasma density profiles and fluctuations
performed with a broadband short-pulse reflectometer
(SPR) [16], recently made operational on the Tokamak
à Configuration Variable (TCV) [17]. The instrument
can access both equilibrium density profiles and long-
wavelength [18] (k⊥ <2.6 cm−1, k⊥ρs < 0.26, where k⊥
is the wavenumber of fluctuations perpendicular to the
main magnetic field and ρs = cs/Ωi is the ions sound
speed radius, cs =

√
Te/mi is the ion sound speed, and

Ωi = ZeffeB/mi is the ion cyclotron frequency) density
fluctuation information with sub-cm spatial resolution and
micro-second time resolution. This publication presents
the results of applying this new diagnostic to the study of
TCV’s density pedestal during three different ELMy H-
mode scenarios featuring type-III, type-I, and small ELMs.
The type-III ELM scenario addressed here is a diverted
ohmic H-mode first presented by Weisen et al. [19] and
further studied in [20] and [21]. The type-I and small-ELM
regimes were obtained using 1MW of external neutral-
beam injection heating and have been addressed in a recent
publication by Labit et al. [8] and Sheikh et al. [22]. The
small-ELM regime is of great interest to the community
since it features confinement properties similar to the type-I
ELM scenario but features significantly reduced heat loads
to plasma-facing components [8]. The dynamics of pedestal
stability during small ELMs is markedly different from
that of type-I ELMs described by EPED and remains to
be better understood theoretically [23][6] and characterized
experimentally. This publication will show that the SPR
diagnostic is capable of a detailed characterization of the
density pedestal evolution on the ELM time scale (sub ms),
and that it holds great potential for model validation.

The article is structured as follows. It begins with
an introduction to the SPR diagnostic and data analysis
methods in sections 2 and 3, respectively. A description
of the experimental scenarios follows in section 4. Average
inter-ELM density profile and density gradient evolution for
all three scenarios is then presented in section 5. Lastly,
inter-ELM density fluctuations are presented in section 6
followed by conclusions.
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High resolution density pedestal measurements by short pulse reflectometry in TCV 3

2. SPR diagnostic description

Reflectometry is an active diagnostic technique capa-
ble of inferring density profiles and fluctuations by
launching mm-scale electromagnetic waves that encounter
opaque (or ’cutoff’) layers in high-density tokamak plas-
mas [24][Ch.4] [25]. Once the density is large enough,
the refractive index of these waves approaches zero and the
wave is reflected back to the antenna for detection. By mea-
suring phase differences or the group-delay - defined as the
rate of change of phase with changing frequency ∂φ/∂ω

- over frequency, both density profile [26] and fluctuation
information [27] can be inferred.

Short pulse reflectometry (SPR) [25], [28] [29] [30]
consists of sending broadband pulses (∼1 ns) with a defined
carrier frequency and measuring their round-trip group-
delay using precise chronometers. SPR is a uniquely
attractive approach to reflectometry. First, assuming
negligible absorption and weak dispersion, the group-
delay of a pulse with a defined carrier frequency can be
measured directly. This stands in contrast to continuous-
wave frequency modulation (CW-FM) techniques [31]
where the linearity of frequency sweep is vital to measure
accurate group-delays. Second, pulse propagation through
the plasma occurs in the nanosecond-scale, at least 2
orders of magnitude under the typical sub-microsecond
turbulence time scales (ion gyrofrequency scale): the
plasma can be considered to be truly frozen during pulse
propagation. Finally, given the time-domain nature of
SPR measurements, spurious reflections in waveguides,
vacuum-windows, and in-plasma coherent back-scattering
can be separated from the plasma cutoff reflection and
easily filtered.

In TCV’s SPR, short (∼700 ps) pulses in the V-band
(50-75 GHz) are produced by using a fast arbitrary wave-
form generator (AWG) (25 GHz analog bandwidth) and
x6 varactor multipliers. The group-delay of these pulses
has been measured down to 17 ps(2.5 mm) resolution us-
ing both analog and direct sampling pulse timing techniques
against a mirror including 10 dB power variations [16]. The
analog timing circuit used in this publication consists of a
constant fraction discriminator (CFD), a time-to-amplitude
converter (TAC), and an analog to digital converter (ADC).
All these elements are found in the commercial SPC-150Nx
timing module from Becker and Hickl GmbH [32].

Group-delays from pulses reflected against a plasma
cutoff show increased group-delay variations beyond 17 ps,
which are quantified through the standard-deviation (σ ).
L and H-mode plasmas show σs of ∼100 and ∼20 ps,
respectively, both above the diagnostic resolution [16].
Direct digital sampling of reflected pulses allowed the first
simultaneous measurement of pulse amplitude, width, and
group-delay. Direct digital sampling - performed with a
fast (45 GSamp/s, 13 GHz analog bandwidth) oscilloscope
- confirmed that while pulse-dispersion does occur in
turbulent L-mode plasmas, pulse widths increase only

by 4% on average [16]. Hence, pulse-dispersion can
occur [33], but it is not an obstacle to measuring average
group-delays with pulse reflectometry. Using the fits from
2700 pulses in an L-mode plasma, a standard-deviation in
the pulse width of ∼70ps was recorded. Thus, since analog
timing circuits are unable to quantify changes to group-
delays caused by pulse dispersion, the inherent uncertainty
of analog group-delay measurements was increased from 17
to 40 ps in L-mode plasmas [16].

When measuring inside the pedestal of H-mode
discharges, group-delay σs are about ∼20 ps- only 3 ps
above diagnostic limits. Thus, it is believed that very
little pulse dispersion takes place in the H-mode pedestal.
This is likely due to both the large density gradients
and the reduced fluctuation level due to well-documented
ExB shearing decorrelation of turbulent eddies [34]. This
reduced group-delay σ makes SPR an ideal diagnostic to
measure the H-mode pedestal since it features excellent
∼20 ps (3 mm) pulse-timing precision. Given the short
periods of time (<5 ms) that can currently be recorded with
the direct digital sampling technique, all data presented
here was taken using the analog SPC-150Nx pulse-timing
module which allows group-delay measurements of up to
2.4 s at 8.3 MHz pulse repetition rate (PRR).
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Figure 1. To scale drawing of the upper lateral diagnostic launcher antenna
directing a 60 GHz beam towards the H-mode pedestal of discharge 62744
at 0.9 s. Notice the refractive index decreasing towards zero where the
cutoff layer (N2=0) is found.

TCV’s SPR diagnostic uses a uniquely flexible quasi-
optical launcher antenna system inherited from TCV’s
second-harmonic electron cyclotron resonance heating
(ECRH) launcher antennas [35], shown in figure 1.
This antenna allows poloidal (5-50◦) and toroidal (-180-
180◦) steering of the beam with 0.2◦ accuracy. This
launcher system also features a pair of polariser miter
bends [36] housed inside an oversized corrugated circular
waveguide [37]. The polariser miter bends allow coupling
of the diagnostic output beam into either O or X-mode
polarisations in a wide range of plasma scenarios [38]. The
output polarization freedom allows coverage of 3-7 and

Page 3 of 15 AUTHOR SUBMITTED MANUSCRIPT - PPCF-103259.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



High resolution density pedestal measurements by short pulse reflectometry in TCV 4

0.8-4×1019 m−3 densities in O and X-mode, respectively.
Further diagnostic technical details can be found in a recent
publication [16].

3. Data analysis procedure

In reflectometry, the plasma electron density can be inferred
from measurements of the round-trip group-delay of waves
reflected in perpendicular incidence to a cutoff layer over a
number of frequencies. In contrast to conventional radar
where the pulse group-delay (or time-of-flight) can be
trivially transformed into a distance to a target by taking
a constant speed of light, in fusion plasmas the refractive
index of the wave varies between 1 in vacuum down to 0
at the cutoff layer according to the density profile leading
to the cutoff (see figure 1). Thus, inferring density profiles
from reflectometry requires information about the plasma
density and magnetic field reconstruction leading to the first
cutoff layer as well as an inversion algorithm to interpret
group-delays as distances from the antenna. In TCV,
group-delay initialization is obtained using a 2D ray-tracing
code: PrefGeom [38] shown in figure 1. It takes density
information from the Thomson-scattering diagnostic and
average reciprocating-probe profiles for the scrape-off-layer
(SOL) [39]. LIUQE magnetic reconstruction is used to
provide magnetic field information through the Psi-toolbox
package [40]. These two are combined to obtain two
important initialization variables to the inversion algorithm:
group-delay curves under the first sampling frequency [26]
and the physical location of the cutoff layer of the first
frequency - f0 =50GHz in our case. The analytical Abel
transform [24, Ch. 4.5] is then used to transform group-
delays into physically meaningful distances to cutoff layers:

(1)

xc(ω) = a− c
π

∫
ω

0

∂φ

∂ω ′
dω ′√

ω2 − ω ′2

= a− c
π

(∫ 2π f0

0

∂φ

∂ω ′
(PG)

dω ′√
ω2 − ω ′2

+
∫

ω

2π f0

∂φ

∂ω ′
(SPR)

dω ′√
ω2 − ω ′2

)

where PG stands for group delay curves obtained with
PrefGeom, f0 is the first (lowest) reflectometer frequency,
xc is the distance to the cutoff layer, a is the distance from
the antenna to the start of the plasma, ω is the angular
frequency, ω ′ is the angular frequency integration variable,
and φ is the phase.

TCV’s SPR diagnostic undergoes an independent
calibration procedure to ensure group-delay changes over
frequency are exclusively due to the plasma density profile.
Firstly, group-delay variations over frequency produced by
mm-wave and transmission-line hardware are eliminated
by obtaining a common group-delay from a mirror at the
entrance of the launcher antenna. Secondly, variations

of group-delay over frequency due to the quartz vacuum
window at the entrance of the launcher antenna are applied
to the data a posteriori based on VNA [30, ap. 1](vector
network analyzer) measurements of the window properties.

SPR raw group-delay data acquired during the L-H
transition and the first two ELMs in shot 62744 is shown
in figure 2(a). Group-delays from pulses with carriers
inside 51-67GHz are shown. These were launched in O-
mode polarization and are reflected when reaching densities
between 3.2 and 5.6×1019 m−3. The pulse repetition rate
was 8.33 MHz, permitting a scan through all frequencies in
1.68 µs.

Group-delay data from the L-mode section between
0.66 and 0.68 seconds features several characteristics
different from the H-mode phase after ∼0.68 s. First, the
group-delay differences between frequencies in L-mode are
larger since the profile gradient is less steep than in H-mode
(see gradients in the profiles in figure 2(c)). Second, the
standard deviation of the reflected pulses is larger during L
than H-mode at ∼100 ps versus ∼20 ps. Figure 2(b) shows
the SPR raw data immediately before and after the ELM
event. In figure 2(b) group-delays have been arbitrarily
separated by 100 ps in order to allow better visibility of
how individual group-delays change over time. Figure 2(c)
shows the results of inverting group-delays from figure 2(a)
into a density profile. Raw group-delays are averaged over
8.75 µs to produce each profile, which averages about 5
pulses in each frequency. It agrees within error bars with TS
in both L and H-mode phases. The sources of uncertainty
shown in the bottom of figure 2(c) include the limited beam
size, reflection layer (Airy) width, TS magnitude errors,
and TS mapping errors due to the magnetic reconstruction
uncertainties [16].

The TS profile at 0.684 s (red profile in figure 2(c))
features a slightly hollow profile at ρψ ∼0.9 which is
not reproduced by SPR. Assuming density to be a flux
function, this illustrates the drawback that a reflectometer
launching from the low-field-side in O-mode polarization
cannot distinguish between linear and hollow profiles
since increasing frequencies sample exclusively high
densities. Direct sampling may show evidence of wave
tunneling, but an analog timing system sampling pulse
group-delay exclusively cannot distinguish hollow profiles.
Nonetheless, it must be noted that the TS profile shown
is a fast snapshot which does not average over density
fluctuations; average, steady-state, hollow profiles are not
expected in the pedestal of H-modes.

Furthermore, it should be noted that data immediately
at the ELM crash - a period of 0.5-0.7 ms when the Dα

peak is observed in figure 2(a) - should be interpreted
with caution. Group-delay data is interrupted by increased
fluctuations at the ELM crash starting at 0.741 s: group-
delay values appear quite scattered during this time. The
analog pulse-timing system only records pulse group-delay
and does not record any information on pulse width or
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High resolution density pedestal measurements by short pulse reflectometry in TCV 5

(a)

(b)

(c)

Figure 2. (a) SPR raw data in O-mode polarization across the L-H
transition and the first two type-III ELMs in shot 62744. Frequencies
51-61GHz are being reflected from ρψ = 0.97-0.955 with k⊥ <15 m−1.
Pulse return rates are ∼95%; (b) Zoom-in of raw-group delay data in
(a) across the first ELM event. An arbitrary spacing of 100ps has been
introduced between frequencies to improve visibility; (c) Sample density
profile inversions compared with TS at three instances during the L-H
transition.

amplitude. It cannot be ruled out that significant pulse
dispersion occurs at these highly turbulent instances. In
such cases, the reflected pulse group-delay is not well
defined.

The conditional averaging (or conditional expecta-

tion [41]) procedure leading to mean inter-ELM density
profiles is explained below. A peak in the Dα (656.3 nm
filter) photodiode signal is used to identify the occurrence
of an ELM: it provides the conditional probability for the
ELM occurrence around which SPR data is averaged. The
Dα signal responds to photons emitted by collisional ex-
citation of neutral deuterium atoms in the divertor region
which are excited by the energetic particles expelled by the
ELM. A discharge with an almost steady ELM frequency
is chosen and a period containing a large number of ELMs
is taken for the conditional average. The first step is to ob-
tain sound SPR group-delay data. Individual group-delays
from a number of frequency sweeps (5-30 sweeps) are av-
eraged to arrive at an unambiguous group-delay over fre-
quency curve. This is required since, as seen in figure 2(b),
there are instances where conditions at the cutoff layer can
lead to ’missing’ pulses. This occurs when the reflected
pulse power is too low and the analog timing circuit cannot
trigger into the reflected pulse power. Low reflected pow-
ers can occur in reflectometry due to scattering from the 2D
nature of fluctuations at the reflection layer. Conway [42]
showed that power variations between -2dB and -45dB can
occur depending on the average size of the poloidal fluctua-
tion correlation lengths and their radial amplitudes. During
the peak of the Dα signal, pulse return rates are significantly
affected; this provides a direct indication of the increased
stochasticity of the cutoff layer at the ELM onset.

The second step proceeds to invert the group-delay
curves over frequency into distances to the cutoff over
frequency using the Abel inversion equation 1 shown above.
The initialization ∂φ/∂ω (PG) curve in equation 1 above
uses TS density profiles available at a 16 ms repetition rate.
Hence, the group-delay curve under f0 = 50 GHz is static
in between TS sampling times. TS profiles measured 1 ms
before and after the Dα peak are ignored because these
can feature vastly different profiles that can result in erratic
initialization curves. After applying the Abel inversion
formula 1, the inverted distance-frequency information is
then transformed into a density profile over ρψ using the
LIUQE magnetic reconstruction. The third and last step is
to average the instantaneous density profiles obtained to get
a mean inter-ELM profile. This is done by taking the Dα

peak as the ELM indicator to find a mean ELM frequency.
Profile SPR data is then split into ELMs based on the
mean inter-ELM period. The average of these profiles is
presented and discussed in section 5 below.

4. Plasma scenario overview

This section briefly presents an overview of the ELMy
H-mode scenarios studied with SPR in this publication.
Three different scenarios have been chosen to compare and
contrast different types of ELMs. All scenarios feature
lower single-null (LSN) diverted plasmas with a B×∇B
drift in the favourable configuration towards the X-point.
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High resolution density pedestal measurements by short pulse reflectometry in TCV 6

Figure 3. Pedestal density profile composite plot. In red are shown
TS density raw data inside 75-90% of the ELM cycle period. In blue
are shown profile fits using a 5-parameter modified hyperbolic tangent
function [43][8]. Fit parameters are shown in table 1. Separatrix and
pedestal locations are shown with black solid and black dotted lines,
respectively.

Figure 4. Comparison of plasma shape and time-traces of selected
discharge parameters from the three ELM scenarios analyzed in this
publication. (a) Wstored is the total stored energy calculated from
integrating the pressure profile from the LIUQE magnetic reconstruction;
(b) ne,I is the average plasma density measured with a vertical
interferometer channel that travels across the plasma core; (c) Ptot is
the total input power to the plasma both from internal ohmic heating
and external neutral-beam heating; (d) δ refers to the edge plasma
triangularity; (e) fG = ne,av/nG is the ratio between the volume averaged
density and the Greenwald density limit (see [45]); (f) Dα is a vertical
photodiode signal filtering 656.3nm radiation.

Table 1 presents common discharge parameters. Pedestal
collisionality is defined as νe,ped ≈ 0.1ZeffRone,pedT−2

e,ped
where pedestal values come from modified hyperbolic
tangent [43] fits of TS profiles seen in figure 3.

Table 1 and figure 4 compare and contrast the three

different scenarios presented in this publication. The first
scenario is an ohmic ELMy H-mode, first addressed in
Weisen et al. [19]. It is a highly-reproducible H-mode
scenario in TCV where 0.4 MW of ohmic power from a
plasma current of 365 kA is sufficient to enter and maintain
an ELMy H-mode. Its proximity to the upper lateral
launcher antenna shown in figure 1 makes it ideally suited
to study with the SPR diagnostic. The discharge studied
features large average density and a relatively low pedestal
collisionality. Each ELM releases about 8% of the stored
energy. It is believed that this scenario features type-
III ELMs because upon increasing the input power the
plasma transitions into an ELM-free H-mode [20]. This
type of ohmic H-mode ELMs have been termed ’large
ELMs’ [19] because of their relatively large energy losses at
low pedestal collisitionality. Pitzchke [46][ch. 6] has found
that the pressure gradient of this scenario is ideally MHD
unstable, mainly limited by large-n numbers.

The second and third scenarios feature type-I and
small ELMs, respectively. These are achieved by applying
1 MW of external heating by neutral-beam injection (NBI)
at a relatively low plasma current of 168 kA. These two
scenarios have been studied in a recent publication by
Labit et al. [8]. In these plasmas a transition from type-
I ELM to the small ELM scenario is possible if and only
if the separatrix density is large enough, ne,sep/nG ∼ 0.3,
and the plasma triangularity is large enough, δ ≥ 0.4,
(see figure 4). nG = IP/(πa2) refers to the Greenwald
density limit, where nG is the line-average density in
units of 1020m−3, IP is the toroidal plasma current in
mega Amperes, and a is the minor radius in meters [45].
As can be seen in table 1, the small ELM scenario
features similar stored energy and normalized beta while
releasing much less energy per ELM than its type-I ELM
counterpart. Heat loads on the divertor target plates have
been shown to decrease by a factor of six [8]. This
relatively new TCV small ELM scenario has not been
throughly experimentally characterized nor understood yet.
Neverthless, it is speculated that the ballooning transport
is increased at the bottom of the pedestal because of the
reduced shear (see [8] and [47]). Energy release per ELM
is computed from the plasma stored energy derived from
diamagnetic loop measurements, see Moret et al. [48]
for details. The difference between plasma stored energy
before and after the ELM is found and the average between
ELMs during the steady-state ELMy phase of each shot is
shown in table 1.

Note that the type-III ELM scenario studied here
features higher energy confinement time and stored energy
than the type-I and small-ELM scenarios. This is particular
to the scenarios chosen for this study. The improved
confinement in 62744 is due to its larger plasma current and
lower amount of external heating power, in agreement with
the energy confinement τe−IPB98(y,2) scaling featuring I0.94

P
and P−0.68 terms. The following section 5 presents average
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High resolution density pedestal measurements by short pulse reflectometry in TCV 7

ELM type III I Small stdev
Discharge number 62744 62961 63013 ±
Plasma current, IP (kA) 365 168 168 5
Total heating power (MW) 0.5 0.83 0.84 0.1
Total radiated power (MW) 0.17 0.17 0.18 0.01
Safety factor at ρψ = 0.95, q95 2.4 4.6 4.9 0.2
Line average ne,l [1019 m−3] 5.9 3.9 4.2 0.2
Elongation κ 1.70 1.54 1.53 0.05
Triangularity δ 0.46 0.41 0.59 0.03
Top triangularity δu 0.25 0.20 0.61 0.08
Normalized beta βN = β

aBT
IP

[%] 1.15 1.54 1.67 0.07
Energy stored WMHD [kJ] 21.2 11.8 12.9 0.8
Effective charge, Zeff (ρψ =0.9-1.0) 1.5 1.2 1.3 0.2
Fractional energy loss per ELM, 8 12 5 1
∆WELM

Wtot
(%)

Energy confinement time [ms] 54 26 25 ∼10%
Energy confinement enhancement
factor HIPB98(y,2) [44] 0.96 1.04 1.19 ∼10%
Mean ELM frequency [Hz] 61 ± 14 124 ± 29 166 ± 32
Pedestal density ne,ped [1019 m−3] 4.9± 0.6 4.2 ± 0.6 3.91 ± 0.2
Separatrix density ne,sep [1019 m−3] 1.3 0.76 0.954 ∼10%
Pedestal width ∆ρψ,ped 0.011±0.009 0.017±0.006 0.011±0.003
Pedestal location ρψ,ne,ped 0.987±0.015 0.982±0.008 0.987±0.003
Pedestal collisionality, ν∗e, ped 1.1±0.3 1.12±0.4 1.13 ±0.4

Table 1. Discharge parameters of ELM scenarios analyzed in this publication. Values shown are averages ± standard-deviations inside the quasi-
steady-state ELMy H-mode phase. The stdev column corresponds to the largest standard deviation of all three shots in order to give a maximum error
estimate.

inter-ELM density profile evolution in these three regimes.

5. Inter-ELM density profiles

5.1. Type-III

Figure 2(a) shows the SPR raw data through the L-H
transition and the first two ELMs of shot 62744. Using the
Thomson scattering (TS) density profile at 0.75 s, output
frequencies from 51 to 61 GHz are estimated to cover the
range ρψ = 0.967-0.955 with k⊥ <35 m−1. Frequencies
63, 66, and 67 GHz are also included to observe deeper
cutoff layers at ρψ = 0.952, 0.9372, 0.88 albeit with
poorer alignment (k⊥ = 18, 35, and 88 m−1, respectively).
During the H-mode phase under study, pulse return rates
for frequencies 51-61 GHz are above 95% while for 63-
67 GHz they are about 75% in average. Figure 2(a) includes
a scaled Dα signal which shows a clear dip about 1.3 ms
before the ELM crash. Simultaneously, SPR data shows a
marked change in group-delay at all frequencies ∼1.3 ms
before the ELM event. Figure 2(b) shows a close-up of
the SPR raw data across the first ELM. The latter figure
shows frequency 67 GHz in black reflecting beyond the
pedestal for most of the inter-ELM period and joining the
pedestal just before the onset of the ELM. This observation
is consistent with a large density gradient leading to an

ELM crash. Type-III ELM Dα and SPR precursor signals
are not unique to TCV. Type-III ELMs are known to feature
clear magnetic precursor oscillations with toroidal mode
number n≈5-10 and poloidal mode number m≈10-15 in
other machines [5] [14] [7].

As described in section 3 above, peaks in the Dα signal
are used to time ELMs and perform conditional averaging.
23 ELMs with a frequency fELM ∼ 63 Hz±14 have been
considered between 0.8325 and 1.223 s during discharge
62744. Prior to inverting the group-delay information into
profiles, figure 5 shows conditional averaging performed
in the raw-data in order to observe the average group-
delay data behaviour. Error bars of average group-delays
correspond to the standard deviation of the group-delays in
each synchronized ELM event divided by the square root
of the number of ELM events taken in the average. These
errors stay between 2-10 ps for frequencies that remain
in the pedestal and can reach 80-100 ps for frequencies
that remain in the L-mode-like region beyond the pedestal.
Such low pedestal group-delay standard deviation would
correspond to a range-precision of <1.5 mm in vacuum.
This provides confidence that the diagnostic can sample
average pedestal behaviour with a group-delay precision
exceeding that of a static mirror with 10dB power variations
at 17 ps. Frequencies 66 and 67 GHz, which reflect mostly
beyond the pedestal, show that the density profile is not
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High resolution density pedestal measurements by short pulse reflectometry in TCV 8

x10
-3 ELM-synchronized time [s]

D  [a.u.] 

D  dip 

Figure 5. Conditional mean inter-ELM SPR group-delay data from 23
ELM events inside 0.83-1.4 s during discharge 62744.

static. The continuous decrease in group-delay is indicative
of an increasing gradient in the density profile beyond the
pedestal. Figure 5 also shows that the slight decrease in
the Dα signal ∼1.3 ms before the ELM is accompanied
by marked changes to the conditionally averaged group-
delays.

Prior to inverting profiles, the group-delays from 5
consecutive sweeps are averaged in order to reduce the
impact of unrecorded pulses. Since there are 14 frequencies
in every sweep at a pulse repetition rate of 1/8.33 MHz =
0.12 µs, a single sweep is achieved in 1.68 µs. The chosen
5-sweep averaging leads to an effective profile resolution
of 8.4 µs. The Abel inversion algorithm is then used to
invert group-delay data as described in section 3 above.
Only frequencies 51-61 GHz could be taken into account
because the algorithm needs equally-spaced frequency
steps. The inversion results can be seen in figure 6. The
latter figure includes a ’TS-reference’. It indicates the
average ρψ position of the last initialization group-delay
obtained from TS density profiles and the LIUQE magnetic
reconstruction. It does not evolve through the ELM event
since the ELM is a highly turbulent phenomenon and
features a high amplitude of magnetic field fluctuations [5].
The magnetic reconstruction cannot be fully trusted in the
presence of these large fluctuations. Thus, the initialization
uses values 1ms before and after the ELM and keeps them
constant across the ELM crash, as outlined in section 3.

Figure 6 shows a number of interesting features.
Firstly, as remarked above, a distinct evolution of the profile
∼1.3 ms before the ELM event can be clearly observed.
In order to further characterize this precursor behaviour,
the ’local’ profile gradients (∆ne/∆ρψ ) between adjacent
frequencies are plotted in figure 7.

Figure 7 shows that the local profile gradients appear
to pivot around a constant gradient at ρψ = 0.97 as the Dα

signal dips at ∼1.3 ms. The local gradient outside ρψ >
0.971 becomes steeper following the dip. The local gradient
inside ρψ < 0.97 shows, initially, a time-dependent gradient

Figure 6. Conditional mean SPR density profile (pedestal top, O-mode)
obtained from 23 type-III ELM events inside 0.83-1.4 s during discharge
62744.

Figure 7. Local density gradient (∆ne/∆ρψ ) evolution ∼1.3 ms before
ELM onset from profiles in figure 6. Average values of ρψ 2 ms before the
ELM have been taken to localize the average cutoff of each frequency.

relaxation which begins with frequencies 56-58GHz at
ρψ = 0.967-0.963. This relaxation then proceeds through
regions further inside the pedestal: ρψ = 0.961-0.958. The
decrease in gradient is more pronounced - by roughly a
factor of two compared with ρψ = 0.967-0.963 in the
regions deeper inside. About 350 µs before the ELM, the
local gradients inside ρψ < 0.97 begin to reverse their
relaxation and grow steeper. Just as these gradients return
to their values prior to the Dα dip, local gradients outside
ρψ > 0.97 begin to reverse their initial steepening. When
local gradients return to their pre-Dα -dip values, the local
gradients outside ρψ > 0.97 begin a sharp relaxation which
is accompained by a growth of the Dα signal.

In short, the average profile of this ohmic type-III
ELM scenario shows a clear precursor ∼1.3 ms before the
ELM-crash. The density profile outside and inside ρψ =
0.97 behave quite differently during this precursor. The
fact that the gradient of the density profile outside ρψ 0.97
grows larger before the ELM crash is consistent with the
MHD-stability picture of the ELM crash being triggered by
the gradient exceeding a maximum threshold. Pitzschke
et al. [20] also reported an increase in the gradient of TS
density profile fits prior to the onset of type-III ELMs. The
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High resolution density pedestal measurements by short pulse reflectometry in TCV 9

gradient growth reported by Pitzschke [20] starts occuring
∼2 ms before the ELM crash. Nunes et al. [49] identified a
similar pivot-point for type-I ELMs in AUG also at about
ρψ ∼ 0.97 but during the recovery phase of the ELM
cycle. Nunes et al. [49] report that the profile outside the
pivot point recovers at a constant rate regardless of plasma
conditions, while the profile inside the pivot point recovers
at a rate dependent on the ELM frequency.

Another evident feature of figure 7 is that the collapse
of the gradients precede the peak in the Dα signal. Local
gradients at ρψ =0.973 begin to relax first at about ∼0.3ms
before the Dα peak. The entire pedestal reaches a common
small gradient before the Dα fully peaks. It is worth
noting that precisely when the local gradients at ρψ =0.973
start decreasing, the Dα signal starts slowly increasing.
Furthermore, it is interesting to note that the outer local
gradients relax first. Thus the ELM crash appears to occur
in the steep gradient region and build towards the pedestal
top and the core.

5.2. Type-I

Figure 8 shows the raw SPR and Dα data during the L-
H transition and the first few large ELM events during
discharge 62961, featuring type-I ELMs. While the large
type-I ELMs are clearly defined, there are many smaller
pedestal relaxations seen in both the Dα and SPR. These
events are ignored by the conditional averaging procedure
but lead to a less smooth mean Dα and SPR profile as
seen in figure 9. Pulse return rates are in the order of 40-
50%. The magnetic axis is located at the vertical vertical
position z=0 cm, which corresponds to the middle of the
vessel (see equilibria for 62961 in figure 4). There is,
therefore, a larger distance between the launcher antenna
and the plasma cutoff. This larger distance leads to an
increase in the sampling beam radius and hence a decrease
in the amount of beam power density reflected back into the
receiving antenna.

Plasmas at z=0 cm hence feature a poorer signal to
noise ratio and more missed pulses. Fortunately, temporal
resolution can be sacrificed to still access unambiguous
profile information. Figure 9 shows the conditionally
averaged inter-ELM profile from 56 ELMs (fELM ∼124 Hz)
between 0.858 and 1.34 s during discharge 62961. 20
frequency sweeps (at 7 frequencies per sweep) have been
used to ensure all time points contain meaningul group-
delays for all frequencies, resulting in a profile time
resolution of 16.8 µs.

Important observations can be made from figure 9.
Although the SPR data cannot be fully trusted at the ELM
crash given the increased amount of power scattering,
the spatio-temporal evolution of group-delays during the
ELM recovery phase can be considered to be an accurate
reconstruction. Figure 8 shows a strong interruption of
group-delay data at the ELM event but a consistent recovery
phase for frequencies 51-56 GHz.

Figure 8. SPR data in O-mode polarization during the first few ELMs
in shot 62961. Frequencies 51-57 GHz are being reflected from ρψ =
0.955-0.97 with k⊥ <15 m−1. Pulse return rates are above 40% in all
frequencies. Group-delays have been artificially separated by 100 ps to
improve the visibility of individual frequencies.

One evident feature of the raw data shown in figure 8
is that the inter-ELM relaxation events appear to strongly
perturb the group-delays of pulses from high frequencies
such as 56 and 57 GHz more than 51 and 52 GHz. The
average profile inversion in figures 9 and 10 reveals that the
relaxations affect more strongly the pedestal inside ρψ .
0.965 than outside. While the perturbation is not fully
localized, it can be proposed that these small inter-ELM
relaxations do not affect strongly the steep-gradient region.

There are marked temporal and spatial evolution
differences between type-III and type-I scenarios. Firstly,
the average Dα signal shows a less well-defined peak over
time. In the case of type-III ELMs (figure 6), the average
Dα reaches its peak in 0.1 ms whereas the average Dα in
figure 9 takes 0.5 ms. Also, the SPR density profile in
figure 9 seems to recover more slowly than the type-III
ELM profile in figure 6. Namely, frequency 56 GHz takes
over 3 ms to rejoin the pedestal in type-I ELMs versus just
about 1ms in the type-III ELMs. The faster recovery of the
type-III ELM scenario can be explained in the basis of its
larger energy confinement time (see table 1).

There are also spatial differences between both
scenarios. Figure 9 shows that frequency 56 GHz starts
growing back into the pedestal from ρψ = 0.85. In contrast,
in figure 6, during a type-III ELM, frequency 56 GHz
recovers back into the pedestal from ρψ = 0.92. These
observations show, as expected [5] [7], that type-I ELMs
affect a larger plasma volume (and thus result in a larger
release of plasma energy) than type-III. The density profile
seems, unequivocally, to recover more slowly and from
deeper in the core after a type-I ELM. Nunes et al. [49] have
reported type-I ELMs can affect up to 20-40% of the plasma
minor radius, which is consistent with the observations
above.

Figure 10 shows the local gradients prior to the ELM
crash. It shows that in the type-I ELM scenario studied here,
there is no clear precursor in either the Dα or SPR data. This

Page 9 of 15 AUTHOR SUBMITTED MANUSCRIPT - PPCF-103259.R2

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

A
cc

ep
te

d 
M

an
us

cr
ip

t



High resolution density pedestal measurements by short pulse reflectometry in TCV 10

Figure 9. Ensemble average SPR density profile (pedestal top, O-
mode) obtained from 55 type-I ELMs in the interval 0.8583-1.34 s during
discharge 62961.

can be due to the lack of a measurable precursor within the
chosen temporal averaging of SPR data at 16.8 µs. Leonard
et al. [6] indicate that the ELM instability grows in a few
tenths of Alfven times ∼10 µs, thus it is likely that at the
averaging chosen, the precursor is obscured. However, the
precursor could also be hidden by the conditional averaging
procedure performed in the presence of the inter-ELM
pedestal relaxations seen in figure 8. Lastly, it could be
that the precursor is found in a portion of the pedestal not
sampled in the present study.

Figure 10 shows that the gradient is lower in layers
deeper inside the plasma, indicating that the reflectometer
is sampling the top portion of the pedestal, on average.
Prior to the ELM crash, it can be observed in the gradients
of figure 10 that the cutoff layer at ρψ =0.968 relaxes
prior to that at ρψ =0.955. This suggests that the profile
gradient relaxation that leads to the ELM crash and the Dα

peak begins in the outer portions of the pedestal and builds
into the core. This is similar to what is observed in figure
7. Another similarity with figure 7 is that the Dα signal
begins slowly increasing only once the local gradients of
the lowest frequency pair (ρψ =0.968) begin to relax. Thus,
the pedestal gradient collapse precedes also the Dα peak.

5.3. Small ELMs

Figure 11 shows the raw SPR and Dα data through the
L-H transition and first few ELM events of discharge
63013 featuring "small ELMs". There are no inter-ELM
perturbations as in 62961; however, the Dα peak is no
longer as well defined as in the two scenarios above. Pulse
return rates for this discharge are about 20-54% in average;
the vertical location of the magnetic axis is also z=0 cm as
in 62961.

Figure 12 shows the conditionally averaged inter-
ELM profile. This average profile comes from 26 ELMs
(fELM ∼137 Hz) between 0.834 and 1.046 s. 40 frequency
sweeps (at 10 frequencies per sweep) have been taken to
calculate a single group-delay in order to ensure all time
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Figure 10. Local density gradient evolution∼1ms before ELM onset from
profiles in figure 9. Average values of ρψ 2 ms before the ELM have been
taken to localize the average cutoff of each frequency.

Figure 11. SPR data in O-mode polarization during the first few ELMs in
shot 63013. Frequencies 51-60 GHz are being reflected from ρψ =0.93-
0.98 with k⊥ <15 m−1. Pulse return rates are about 32-54% at all
frequencies.

points contain meaningful group-delays for all frequencies,
resulting in an average profile time resolution of 48 µs.
Frequencies 61 and 62 GHz have been discarded from the
profile analysis because they feature low pulse return rates
and appeared only before the small-ELM crash.

Figure 12. Ensemble average SPR density profile (pedestal top, O-mode)
obtained from 26 small ELMs inside 0.834-1.05 s during discharge 63013.

Figure 12 shows unique features of the small-ELM
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High resolution density pedestal measurements by short pulse reflectometry in TCV 11

density pedestal top. Firstly, the pedestal does not seem
to fully recover in the sample density space sampled (51-
60 GHz). While in figures 6 and 9 the density profile
seems to recover its pedestal shape in roughly about 2-3 ms,
figure 12 shows that the density profile of the small-ELM
scenario is constantly evolving. Cutoff layers recover more
slowly and do not really form a steep pedestal until the next
small ELM arrives.

Another evident feature is that the ELM event does
not penetrate very far into plasma. Namely, frequency
56 GHz penetrates up to ρψ =0.935 in the small-ELM
63013 whereas in the type-I ELM case above, it penetrates
up to ρψ =0.85. This difference is larger than what
could be accounted for based solely on the differences in
density between both discharges. The type-I ELM scenario
does feature a pedestal density of 4.2±0.6 m−3, slightly
larger than the small-ELM scenario at 3.9± 0.2 m−3 (see
table 1). One millisecond prior to the ELM, frequency
56 GHz reflects from ρψ =0.955 and ρψ =0.965 during
the type-I and small-ELM scenarios, respectively. Thus the
slight difference in density between both shots accounts for
a difference in ρψ of only 0.01. Therefore, the large change
in ELM penetration from ρψ = 0.85 to 0.935 between type-
I and small-ELMs does indicate a stronger perturbation of
the density profile in the type-I ELM scenario. A stronger
density perturbation is expected in the type-I ELM scenario
also because the small-ELMs release 5% of the stored
energy per ELM (see table 1) versus 12% in the type-I ELM
scenario.

However, it must be noted that as presented in section
3, during the ELM crash event pulse dispersion can occur
and group-delays cannot be trusted from the analog timing
circuits. Also, profile initialization ignores TS profiles
and equilibrium reconstructions 1 ms before and after the
ELM, thus the group-delay curve under 50 GHz remains
static through the highly dynamic ELM crash. Improved
analysis methods using dynamic initialization and direct
pulse sampling approaches should be implemented if
robust quantitative results regarding the amount of ELM
penetration are to be inferred.

Figure 13 shows the evolution of the local gradients
1.5 ms prior to the small-ELM crash. No clear precursors
are observed. Figure 13 shows that the reflectometer
is looking at the transition between pedestal and main
core plasma, as was the case in the type-I ELM scenario.
Figure 13 shows that frequencies above 56 GHz reflecting
deeper inside than ρψ =0.962 feature a very small gradient
which indicates that these are mostly beyond the pedestal
top. At ρψ = 0.97, figure 13 shows a more abrupt
transition between pedestal and main plasma since the
gradient between frequencies 56-57 GHz at ρψ = 0.962 and
53-54 GHz at ρψ = 0.974 differs by a factor of ×3 1 ms
before the small-ELM event. During the type-I ELM, the
same frequency interval leads to a difference of only about
×2.
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Figure 13. Local density gradient evolution∼1 ms before ELM onset from
profiles in figure 12. Average values of ρψ 1 ms before the ELM have been
taken to localize the average cutoff of each frequency.

Figure 13 shows, alike figures 7 and 10, that the
local gradient from the steep-gradient region ρψ =0.974
relaxes well prior to the Dα peak. Also, the small-ELM
crash begins in the steep gradient region and builds towards
the core. However, in contrast with figures 7 and 10, the
gradients in figure 13 do not reach a common minimum
prior to the Dα peak and appear to continuously evolve.

6. Inter-ELM density fluctuations

Studying the power spectral density (PSD) of SPR group-
delays has revealed the potential to identify macroscopic
density fluctuations. SPR has been able to identify sawtooth
oscillations in agreement with interferometry diagnostics
as well as ELM-free H-mode quasi-coherent modes in
agreement with magnetic pick-up coil diagnostics [16].
Although the quantitative interpretation of group-delay
oscillations as density fluctuations requires theoretical
modeling that is still missing, signatures of macroscopic
oscillations with k⊥<2.6 cm−1 (beam radius∼1.5 cm [18])
can be observed in SPR’s PSDs.

Figure 14 illustrates the finding of a quasi-coherent
oscillation at the bottom of the small-ELM scenario
pedestal presented above in section 5.3. An identical
discharge to 63013, 63003 was used to sample the bottom of
the pedestal with the X-mode polarization, which samples
lower densities as shown in figure 14(a). Figure 14(b)
shows the spectrogram of frequency 58 GHz which is
reflected near the separatrix. Figure 14(c) shows a snap of
this spectrogram at t =0.8914s, and it shows a clear peak at
∼32 kHz. Pulse return rates are 67%. Linear interpolation
is used to approximate the group-delay of missing pulses.
Pulses with a carrier frequency of 69 GHz were also
measured during this discharge (ρψ ∼0.988-0.993) but the
oscillation was not clearly identified. Figure 14(e) shows
the power spectral density function of the same 58 GHz
frequency during an identical shot, 63013, using O-mode
polarization looking at ρψ m0.95 where the mode cannot
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Figure 14. Comparing group-delay fluctuations during small-ELM
scenario using different reflectometer polarizations. (a) Average
localization of O/X-mode coverage in discharge 63013(O-mode) and
repeat 63003 (X-mode). Raw TS profiles are shown for three times
surrounding t=0.914 s for both shots. (b) Spectrogram of inter-ELM
oscillations in X-mode polarization during discharge 63003. 4 ms
windows, f=58 GHz, ρψ ∼1.0; (c) PSD of spectrogram in 14(b)
at t=0.914 s; (d) Spectrogram of inter-ELM oscillations in O-mode
polarization during discharge 63013. 4 ms windows, f=58 GHz, ρψ ∼0.95;
(e) PSD of spectrogram in 14(d) at t=0.914 s.

be observed. The mode cannot be observed in any of the
frequencies in O-mode down to 51 GHz (ρψ ∼0.97) ruling
out that the mode is found in the pedestal top.

Spectral analysis of SPR data during type-I ELM
discharges in either X or O-mode polarization have failed
to reveal any such clear oscillation. Section 5.2 showed
profile data from discharge 62961 in O-mode polarization.
These discharge was repeated and sampled using X-mode
polarization in 62997. However, spectral analysis of
group-delay data from either discharge failed to reveal
any clear oscillation. Considering that both type I and
small-ELM scenarios have similar plasma properties except
for triangularity, it can be ascertained that the ∼32 kHz
oscillation appears in the bottom (ρψ =0.993-1.05) of the
small-ELM H-mode pedestal exclusively.

Figure 15 shows the results of spectral analysis of
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Figure 15. Comparing group-delay fluctuations during small-ELM
scenario using different reflectometer polarizations. (a) Spectrogram of
magnetic pick up coil number 20 in poloidal array in sector 3, located in the
low-field side equator during small ELM 63013/63003. Dα signal is shown
for reference in black. (b) Power spectral density of above-mentioned
probe at 0.914 s (1 ms PSD window) during type-I ELM: 62961/62997
and small ELM 63013/63003 discharges showing the ∼23 kHz mode in
the small-ELM discharges exclusively. (c) Poloidal amplitude dependance
of magnetic signals at 0.914s in 63013 filtered inside 20-25kHz using the
poloidal array in TCV’s sector 3.

magnetic pick up (Mirnov) coil diagnostics [40] during the
H-mode scenarios presented here. It has been observed that
a ∼23kHz oscillation is observed exclusively during the
small-ELM discharges. Figure 15(a) shows a spectrogram
of a magnetic pick-up coil signal located in the low-field-
side equator (z =0 cm) during the small-ELM dishcarge
63013. It shows an intermittent mode growing in frequency
through the first small-ELMs up to 25-30 kHz appearing
in-between small ELMs. Figure 15(b) shows the power
spectral density over frequency at 0.914 s inside a 1 ms
window. A quasi-coherent mode peaked at roughly
∼23 kHz is seen in rough agreement with the mode
observed by SPR shown in figure 14(c). It must be noted
that spectrograms in figure 14(b) for SPR and 15(a) for the
magnetic coil do not show the same frequency evolution
of the mode over time. SPR’s mode maintains a steady
frequency and does not seem intermittent, in contrast to the
magnetic coil spectrogram.

Figure 15(b) shows that this mode is not observed
during 62997 nor 62961 type-I ELM discharges, in
agreement with SPR observations. Also, figures 14(c)
and 15(b) show that the modes do not have the same
frequency. SPR shows the mode to be at about ∼32 kHz,
while the magnetics observe a peak at ∼23 kHz, instead.
The difference in frequency can be due to the fact that SPR
measures in a specific location, which, due to a particular
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ExB rotation velocity, can result in a different Doppler
shift. Magnetic field oscillations are measured near the
vessel wall and are not local. It is also possible that both
oscillations observed are not the same mode.

Toroidal mode number analysis of the ∼23 kHz os-
cillation reveals a strongly linear cross-phase characteris-
tic of a n=+1 toroidal mode propagating counter-clockwise
around the machine looking from the top (counter to the
plasma current). Poloidal mode number analysis is compli-
cated by the strongly negative plasma shape (δ =0.59) and
the limited number of magnetic probes along the highly-
elongated TCV vessel [50]. Two preliminary observations
can be made about the poloidal nature of the ∼23 kHz
mode. First, it appears only in 2 probes above and below
the low-field side mid-plane as seen in figure 15 (c). Hence,
it appears to feature a ballooning character. Secondly, only
a high m-number can be speculated from the limited amount
of cross-phase measurements available.

The observation of a common oscillation in both SPR
and magnetic coil data exclusively during the small-ELM
discharges provides experimental evidence of an oscillation
potentially partially responsible for the different pedestal
dynamics of small versus type-I ELMs. More experiments
are required to scan the pedestal throughly using the full
band of frequencies in both polarizations in addition to
further characterizing the dependencies of this mode on
plasma conditions.

7. Conclusions

New pedestal top density measurements of three different
ELMy H-mode scenarios in TCV have been presented
with unprecedented spatio-temporal resolution using a
short-pulse reflectometer (SPR). Conditionally-averaged
inter-ELM profiles have been generated with temporal
resolutions between 8 to 40 µs and radial resolutions of
ρψ ∼ 0.002.

An ohmic H-mode discharge featuring type-III ELMs
has been observed to show a very clear precursor about
1.3 ms before the characteristic Dα ELM spike. Local
density profile gradients above and below ρψ = 0.97
show contrasting behaviour throughout this 1 ms precursor
period. A piecewise increase in the density pedestal
gradients outside ρψ > 0.97 is accompained by an opposite
gradient relaxation inside ρψ < 0.97 prior a steady global
pedestal relaxation leading to the Dα ELM spike. By
contrast, type-I and small-ELM scenarios studied here do
not show precursors in the region sampled. The lack of
precursors during type-I and small-ELM scenarios down to
the 10s of microsecond of group-delay averaging motivates
the development of faster temporal resolution. This is
potentially achievable using pulse interleaving with direct
sampling SPR [16]. While more experiments are needed
to cover a larger range of plasma conditions and densities
using the X-mode polarization, these intriguing dynamics

can serve already as a solid experimental basis for non-
linear MHD model validation.

It has also been observed consistently in all scenarios
studied here that the local pedestal density gradient relaxes
before the Dα signal peaks. This pre-ELM profile
relaxation begins in the steep-gradient region (ρψ ∼ 0.97)
and builds into the core. In both the type-III and type-I ELM
scenarios, all local gradients relax and reach a minimum
prior to the Dα peak, while in the small-ELM scenario the
global gradient continues to relax beyond the maximum in
Dα .

Lastly, a 25-35 kHz quasi-coherent mode has been
identified with both the SPR and magnetic coil diagnostics
during the small-ELM scenario in contrast to a very similar
type-I ELM discharge. SPR allows to localize the mode
in the pedestal bottom (ρψ ∼0.993-1.05). Magnetic probe
analysis shows a n = +1 toroidal mode number and a
ballooning character. More experiments are required to
thoroughly sample the entire pedestal region and study
the mode dependencies. Nonetheless, the identification
of this oscillation is an important step towards a better
understanding of the effects of plasma shape and fueling
in the transport dynamics of H-mode pedestals.

These initial results have proven the SPR diagnostic to
be a powerful new tool to investigate the properties of the
pedestal with unmatched spatial and temporal resolution.
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