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Abstract
In this work, we investigate the behavior of instabilities appearing between type-I edge localized
modes (ELMs), with increasing neutral beam injection (NBI) power concomitant increase in
toroidal rotation, and compare it to the modeling result of the linear magneto-hydrodynamic
(MHD) code CASTOR3D. An injection of one NBI beam, increasing toroidal rotation, results in
the mode slowing down from 12 kHz to 7 kHz, and its associated radial displacement decreases
from 5mm to 3.5mm. In addition, modes shift radially outwards towards higher q, decreasing
their poloidal mode numbers. The mode velocity is measured to be close to the E×B velocity
with significant uncertainties. Through a set of CASTOR3D simulations with varying profiles,
resistivity has been identified as the primary contributor to the growth rates. Only a small
stabilizing effect due to toroidal rotation has been observed. While experimental results show a
decrease of mode frequency with rotation, the opposite trend is observed in modeling. Reasons
for discrepancies between modeling and experiment are discussed. Nevertheless, a main
contributor to the mode frequency has been identified to be rotation velocity. CASTOR3D
classifies modes as resistive ballooning modes as they do not appear unstable in ideal MHD.

Keywords: mode rotation, inter-ELM modes, resistive ballooning modes, pedestal,
phase velocity, ECE Imaging, CASTOR3D

(Some figures may appear in colour only in the online journal)

1. Introduction

Various magneto-hydrodynamic (MHD) macro-instabilities at
the plasma edge limit the achievable pedestal plasma pressure

a See Stroth et al 2022 (https://doi.org/10.1088/1741-4326/ac207f) for the
ASDEX Upgrade Team.
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and, consequently, limit the core performance. Another poten-
tial performance-limiting factor could be heat and particle
transport caused by the micro-instabilities such as ion-
temperature gradient [1], electron-temperature gradient (ETG)
[2], trapped electron modes [3] and micro-tearing modes [4].
However, transport is not always performance-limiting. It
can help keep the pedestal pressure below the critical value
for the onset of the sudden pedestal collapse, type-I edge
localized modes (ELMs) [5]. The type-I ELMs are accompan-
ied by enormous heat loads onto the divertor and are identi-
fied as a threat to the machine’s integrity when extrapolated
to a larger machine [5]. Macro-instabilities in the form of
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MHD modes and precursors also accompany Type-I ELMs,
usually appearing milliseconds before the crash’s onset. They
might cause transport and influence the pedestal structure.
Inter-ELM modes and ELM precursors to type-I ELMs have
been observed on different machines and share some sim-
ilarities with the precursor modes to type-III ELMs [6].
Examples are: palm tree mode [7], washboard modes at JET
[8], ELM precursors at ASDEX Upgrade [9] and COMPASS-
D [10]. In ASDEX Upgrade, simultaneous observations of
high-frequency and low-frequency inter-ELM modes, appear-
ing before type-I ELM crash, have been first reported in [11].
The detailed characterization of low (<20 kHz), high (200–
300 kHz) and mid-frequency (50–100 kHz) inter-ELM modes
is presented in [12–14]. From measurements of the toroidal
and poloidal mode numbers, modes are inferred to be reson-
ant at q-surfaces near the pedestal top, minimum radial elec-
tric field, and the separatrix, respectively. Magnetic pick-up
coils measure all three frequency branches. However, the role
of inter-ELM modes and precursors in regulating the pedestal
stability and transport is still an open question.

One aspect impacting the MHD modes, particularly their
stability, is altering the plasma rotation and shear. The effects
have been identified in numerical experiments with different
outcomes. The stabilizing effect of rotation on tearingmodes is
reported in [15]. The effect of the rotation on ideal and resistive
modes can be both stabilizing and destabilizing, depending
on the plasma and rotation profiles. It also has a substantial
effect on the observed mode structure [16]. However, two-
fluid MHD calculations with NIMROD show that increasing
the edge plasma density enhances stabilization [17]. The work
in [18], shows that resistive walls can stabilize modes with low
toroidal mode number and plasma rotation. This wall stabiliz-
ation leads to an experimentally significant increase in the beta
limit. In [19], rotation is found to be stabilizing, but the overall
effect depends on the rotation and pressure profile. In addition,
active control of the pedestal with toroidal rotation is achieved
in quiecent H-modes (QH-modes) [20], and rotation-induced
sheared flow was shown to be stabilizing to very high-n MHD
modes [21] where the most unstable mode moves to a longer
wavelength.

In this paper, the NBI-injected beam power was varied
to study the impact of the NBI-induced rotation on modes
appearing in the plasma edge and between type-I ELMs. In
the experiment, the change in the NBI beam power leads to
changes in other plasma parameters, such as pressure gradi-
ent and temperature, which can further influence the mode
behavior. Therefore, we compare these experimental results
to the results of a linear MHD code CASTOR3D, where input
parameters can be changed independently. We evaluate the
changes in the typical mode characteristics and compare them
to the numerical analysis result.

2. Diagnostics

Below, we describe an essential diagnostic suite at ASDEX
Upgrade used for mode characterization: correlation electron

cyclotron emission (CECE) is used for the localization of
the fluctuation; electron cyclotron emission (ECE) Imaging
for the poloidal velocity measurements and mode struc-
ture; charge exchange recombination spectroscopy (CXRS)
for measurements of toroidal flow and perpendicular E×B
velocity. Electron density, temperature, and pressure pro-
files are obtained using an integrated data analysis (IDA)
approach.

The CECE diagnostic at ASDEX Upgrade is a 24-
channel heterodyne radiometer allowing temperature fluc-
tuation measurements [22]. The basic principle relies on
correlation analysis between two neighboring channels, and
their spatial separation ensures decorrelated noise, therefore,
measuring low amplitude turbulence (∼1%). The lines of
sight of the CECE system at ASDEX Upgrade are shared
with the standard ECE system and cover a low field side
midplane. Limitations of the ECE measurements and radi-
ation transport effects across the plasma edge [23, 24]
are considered when analyzing the ECE from the pedestal
region.

The ECE Imaging (ECEI) system uses the same physical
principles as ECE but has multiple poloidally distributed het-
erodyne radiometers. The plasma’s electron cyclotron radi-
ation is guided via a set of lenses and quasi-optically imaged
onto a detector array. Each detector resolves eight radial chan-
nels so that the diagnostic delivers a two-dimensional image of
temperature fluctuations [25, 26].

Plasma rotation is measured using the CXRS method [27].
Line radiation from the interaction between the neutral beam
and injected impurities is used. Toroidal rotation is deduced
from the spectral lines produced by charge transfer from neut-
ral atoms into highly excited states of impurity ions. The ion
temperature and flow velocity are obtained from the Doppler
width and shift, respectively. In addition, the impurity dens-
ity can be obtained from the radiance of the emission line.
In ASDEX Upgrade, poloidal and toroidal CXRS systems
provide poloidal and toroidal impurity rotation velocities,
respectively [28].

Density, temperature, and pressure profiles are obtained
using the framework of IDA [29, 30]. It provides a complete
probabilistic model, including physical and statistical models
of an integrated set of different diagnostics. It combines lith-
ium beam emission spectroscopy, ECE, Thomson scattering,
and deuterium cyanide laser interferometry in the standard dia-
gnostic coordinate system.

3. The experiment

In ASDEX Upgrade, modes between type-I ELMs appear in
the discharges with a heating power level just above the LH
power threshold. In these scenarios, the ELM frequency is
below 100Hz, and this low repetition rate of ELMs allows
for long periods between ELMs where modes can develop.
Figure 1 shows the temporal evolution of one ECE channel
measuring at ρpol ≈ 0.98 and its spectrogram where modes at
a frequency below 20 kHz are visible. An increase in the ECE
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Figure 1. Temporal evolution of one ECE channel measuring at ρpol ≈ 0.98 and its spectrogram showing modes at frequency below 20 kHz.
An increase in the ECE signal corresponds to an ELM crash.

signal corresponds to an ELM crash. Modes show dynamic
behavior, and their frequency can vary throughout their life-
time. Some of those general characteristics are elaborated in
[31]. The most notable feature, reported in [31], is the cor-
relation between the mode frequency and the heating power
where the frequency of modes decreases with increasing heat-
ing power. This correlation is demonstrated in figure 2, where
we show 15-time intervals featuring the mode’s appearance.
The highest frequency of modes is observed in the discharges
where only electron cyclotron resosnance heating (ECRH)
and combined ECRH and ion cyclotron resonancce heating
(ICRH) heating are applied. The remaining points correspond
to the variation in NBI heating. The ECRH heating was var-
ied by about 0.5MW for those remaining points. Therefore
the majority of the power comes from the NBI beams. In this
dataset, however, temperature, density, and pressure profiles
differ significantly between the data points, and it is not pos-
sible to isolate the effect of the NBI and induced rotation alone.
Therefore, this manuscript focuses on a single discharge with
two different NBI heating phases manifesting in different rota-
tion profiles. Although the rest of the plasma parameters are
intended to stay constant, injecting additional beam power can
cause slight changes in the pressure and temperature profile.
Such small changes are difficult to separate within the experi-
mental uncertainties, and the only possibility to separate those
effects is numerically, as will be shown later in this manu-
script. In the following, the mode frequency for the two cases
are displayed in red and blue, corresponding to phases one and
two, respectively.

To study the relationship between the NBI heating-induced
toroidal rotation and mode behavior, we study a plasma

Figure 2. Mode frequency as a function of the NBI heating power.
As marked in the upper left corner, the highest mode frequencies are
obtained for ECRH and a combination of the ICRH and ECRH
heating methods (zero NBI power). The red and the blue circle are
the data points discussed in this manuscript.

scenario shown in figure 3. Heating power levels P (MW)
from ECRH (blue) and NBI (red) systems are displayed in
figure 3(a). The total heating power is shown as a black line.
The outer plasma radius Raus (black) and the upper trian-
gularity δu (blue) are shown in figure 3(b). Edge (red) and
core (blue) electron densities are constant throughout the dis-
charge as shown in figure 3(c). ELM frequency is displayed in
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Figure 3. AUG time histories of some of the relevant discharge parameters of the discharge #37473. (a) ECRH (PECRH in blue), NBI (PNBI

in red) and total heating power (PTOT shown in black). (b) Outer plasma boundary (Raus) is shown in black and the upper triangularity (δu)
displayed in blue. (c) Central (ncore) and edge (nedge) densities are displayed in blue and red, respectively. (d) Detected ELM frequency
throughout the discharges as evaluated using the divertor shunt current signal. (e) Core Te and Ti evaluated at ρpol = 0.1 are shown in blue
and red, respectively. Edge Ti and Te evaluated at ρpol = 0.95, shown as black stars and dashes, respectively, are at the same levels.

Table 1. Time interval, ECRH heating power (PECRH), neutral beam injected power (PNBI), total heating power (PTOT) and the upper
triangularity (δu) for the discharge #37473 shown in figure 3.

# Time (s) PECRH (MW) PNBI (MW) PTOT (MW) Upper triangularity δu

Phase 1 2.2–4.4 1.2 2.5 3.7 0.095
Phase 2 6.3–7.8 1.2 3.5 4.7 0.095

figure 3(d) and shows a slight increase as the additional 1MW
of heating power is introduced. Figure 3(e) shows electron and
ion core and edge temperatures, respectively. While the core
electron temperature (blue) differs from the core ion temperat-
ure (red), the ion and the electron temperatures overlap at the
plasma edge (black). In this experiment, the tangential NBI
source operated from t = 1.594 to 8.492 s at full accelera-
tion voltage with 2.5MW delivered heating power. At 5 s, an

additional 1MW of heating power is added from a different
NBI source. Both beam boxes operated with deuterium. An
additional heating power is delivered to the plasma core via
two ECRH sources at 140GHz and 1.47MW of ECRH power.
Table 1 summarizes the phases and parameters of interest.
With the injection of an additional 1MW of heating power,
the toroidal rotation of measured nitrogen impurities increases
as shown in figure 4. Red symbols correspond to the rotation
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Figure 4. AUG #37473: Profiles of the toroidal rotation of impurities measured with charge exchange recombination spectroscopy.
Color-coded data are evaluated during two phases with lower and higher NBI power shown in red and blue, respectively. The profiles at the
plasma edge are shown in zoomed view for clarity.

profiles of phase one and blue of phase two. The rotation
increases across the entire plasma region, with a more pro-
nounced increase in the core. The edge region has pronounced
shear in the rotation that is usually observed in Hmode plasma
in ASDEX Upgrade [32].

4. Signatures of modes and their location in the
pedestal

A typical example of themode signature is shown in figure 5(a)
where the time evolution of one ECEI channel is displayed in
blue alongside the divertor shunt current (Idiv) measurement in
black. An initial short and large spike of divertor current Idiv,
typical for an ELM crash, is followed by the second smaller
peak. The smaller peak in Idiv could result from the instantan-
eous recycling of the ions from the ELMand reaching themain
chamber walls [33]. The amplitude of the relative fluctuations
in the ECEI signal sharply increases approximately around the
time of the appearance of the second smaller peak in Idiv sug-
gesting potential interplay between the mode behavior at the
midplane and the divertor current. The time history of a min-
imum pressure gradient is shown in figure 5(b) as a solid black
line, and it can be seen that the beginning of the phase of min-
imal pressure gradient coincides with an increase in the mode
amplitude and the second peak in the divertor current signal.
The timing around those three events is marked with vertical
blue lines.

In the experiments reported in [12], the measured toroidal
mode numbers of low-frequency modes are n = 13, 14, res-
ulting in high poloidal mode numbers for edge modes and, in
addition, the associated magnetic perturbations are not meas-
ured on the high-field side, suggesting its ballooning nature.
In the discharge reported in this manuscript, the modes are not
visible in the measurement of the magnetic pick-up coils, and
this is likely due to the position of the outer plasma boundary

being further away from the magnetic coils. The magnetic
field components in the vacuum approximation falls-off as
BX ≈ (rres/rcoil)(m+1) [34] (chapter 3), where rres is the dis-
tance to the resonant surface and rcoil is the distance to the
coil position. Therefore the further away the plasma is from
the coils, the mode amplitudes are weakened, especially for
high poloidal mode numbers, m. To quantify the change in
mode frequency with heating power for this experiment, we
show figure 6 where the power spectral density (PSD) of a
single channel from the correlation ECE diagnostic is com-
pared between the two phases marked in figure 3. The red
color is used for phase 1 and blue for phase 2. The data is
averaged over the period displayed in table 2, and ELMs are
filtered out. The peak of the PSD curve represents the aver-
age mode frequency. The broadening of the PSD around the
central frequency corresponds to variations in frequency dur-
ing the lifetime of modes and for different inter-ELM periods.
The average parameters of modes are shown in table 2.

The correlation ECE diagnostic is a powerful tool for mode
localization, as it has the highest radial resolution of all present
ECE systems at ASDEX Upgrade [22, 35]. The channels
are between 4.5 to 5mm apart in the edge region, and the
radial resolution is 4mm. The strength of temperature fluc-
tuations is approximated by the radial displacement ξ(r) =
δT/−T

′
, where δT are fluctuation levels and T

′
= dT/dr

is the gradient of the electron temeprature-. Originally the
radial displacements is associated with the temperature per-
turbations due to tearing modes as defined in [36]. During
the phase of lower rotation (phase 1), the fluctuation is dis-
tinguished from the noise in multiple channels covering the
region of ρpol between 0.97 and 0.98, and the average radial
displacement is about 5.5mm. With increased rotation (phase
2), the maximum fluctuation amplitude shifts outwards and
peaks in the ρpol region between 0.975 and 0.985. The radial
displacement peak is shared equally between two adjacent
channels and is about 3–3.5mm. The strongest displacement
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Figure 5. AUG #37473. (a) Time trace of one ECEI channel measuring δTrad/⟨Trad⟩ at the location of ρpol ≈ 0.98 is shown in blue. A
Fourier band-pass filter in the range of 3–18 kHz is applied to this data. The divertor shunt current Idiv is displayed in black. Large peaks in
the divertor current correspond to an ELM crash. (b) Time evolution of the minimum pressure gradient is displayed as a solid black line.
Vertical blue lines mark the maximum in the second peak in the divertor shunt current.

Figure 6. Shot #37473: Power spectrum of a channel #13 of correlation ECE. Phase 1 is shown in red, and phase 2 is in blue. The radial
extent in poloidal flux coordinates of the fluctuation is displayed for each phase.

Table 2. Characteristic values of the discharge during the phases of interests: time interval, injected neutral beam power PNBI, upper
triangularity δu, measured frequency of modes f, and associated radial displacement ξ(r).

Shot # Time (s) PNBI (MW) δu f (kHz) ξ (mm)

37473 2.2–4.4 2.5 0.095 12.5 5
37473 6.3–7 3.5 0.095 7 3.5

areas are shown in red and blue rectangles alongside the
electrons’ temperature, density and pressure profiles, dis-
played in figure 7, respectively. The profiles of ne, Te and
pe are obtained by combining different profile diagnostics at
ASDEX Upgrade in the framework of IDA [30] as explained

in section 2. The profiles stay constant within the error bars
and across the steep gradient region when increasing the heat-
ing power, as seen in figure 7. In both phases, the mode
is measured to be the strongest in the upper part of the
pedestal.
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Figure 7. AUG #37473: Profiles of the electron temperature Te, electron density ne, and electron pressure pe averaged over the two time
periods indicated in the table 1.

5. Velocity of modes

The mode rotation in the frame of reference of the meas-
uring instrument is determined by the perpendicular fluid
velocity vE×B and the phase velocity vph. The phase velocity of
modes in the pedestal is often associated with half of the ion-
diamagnetic flow vi,∗ [37, 38]. It can, however, be associated
with the electron diamagnetic flow ve,∗ [39]. The phase velo-
city is a way of identifying the modes as propagation direction
is a unique signature of the instabilities [40].

The perpendicular vE×B velocity is inferred from measure-
ments of the rotation of impurities that can be injected or nat-
urally present in the plasma. Rotation profiles are measured
with CXRS [41]. In this experiment, adding nitrogen aids this
spectroscopic method. The radial electric field Er is inferred
from the radial force balance equation for N7+ impurities and
the E×B drift velocity is calculated as:

vE×B =
Er

B
=

1
B

(
vϕ,N7+Bθ − vθ,N7+Bϕ +

∇pN7+

eZN7+nN7+

)
(1)

where vϕ is toroidal and vθ is the poloidal rotation of measured
impurities. Bϕ and Bθ are toroidal and poloidal fields, respect-
ively. While the poloidal and toroidal rotation differs among
species, the E×B velocity is common to all species. It can be
measured using equation (1) for an arbitrary impurity.

The velocity of modes in the laboratory reference frame is
measured with the ECEI system and consists of the velocity
of the plasma flow and the phase velocity of the mode vECEI =
vE×B+ vphase.

Figure 8 displays time-resolved images of the poloidal
cross-section during 50µs of the discharge #37473. The data
is band-pass Fourier filtered in the range between 5 and 20 kHz
to enhance the fluctuations caused by the mode. The mode has
characteristic minima and maxima and propagates upwards in
the poloidal plane in the electron diamagnetic flow direction.
We obtain typical structures of modes with such images and
compare them between the two phases as shown in figure 9.
The local poloidal wavelength λpol,ECEi changes between those
two cases. In phase 1 λpol,ECEI ∼ 20 cm while in the phase

with higher heating λpol,ECEI ∼ 40 cm. Using this information
and considering that the modes in both phases are localized
at a specific q value, we can estimate the poloidal mode num-
ber m. The straight field line angle θ∗ is used as a poloidal
coordinate. With this approach, we remove the distortion of
modes due to the shaping effects as suggested in [42] and
applied to the case of ECE Imaging in [43]. With this in mind,
we calculate the poloidal mode number as m = 2π/∆θ∗ for
both phases. During phase 1, the poloidal mode number is
m = 89 ± 17. With the safety factor at the location of the
mode q= 5, the estimated toroidal mode number during phase
one is n = 17 ± 3. In phase two, the poloidal mode number
decreases to m = 43 ± 9, and so does the toroidal mode num-
ber n = 9 ± 2, with safety factor q = 5.2 at the location of the
mode.

The apparent poloidal velocities at the outboard mid-
plane measured with the ECEI are of the order of vECEI ∼
2.4± 0.55 km s−1 in phase 1 and vECEI ∼ 3± 0.8 km s−1 in
phase 2. The velocity and poloidal wavelength uncertainties
are determined as the standard deviation from the measure-
ments. Considering that the ECEI measures velocities in a
poloidal plane and that the E×B and the diamagnetic velo-
cities are velocities perpendicular to the field, it follows that
vECEI = v⊥,modecos(α). The pitch angleα is defined as the ratio
between the poloidal and toroidal field and is obtained using
relation α= arctan(Bpol/Btor). In addition v⊥,mode = vE×B+
vphase, therefore

vECEI
cosα = vE×B+ vph.

At last, we compare E×B velocity with measurements
of the ECE Imaging projected onto a perpendicular plane as
shown in figure 10. Figure- 10 shows ELMfiltered radial elec-
tric field Er profiles (left) and calculated E×B velocity (right),
respectively. The filled circles in figure 10(right) correspond to
the ECE Imaging measurements. During phase 1 (in red), the
mode is localized around vE×B = 0; therefore, the measured
mode velocity of about −2.5 km s−1 could be entirely attrib-
uted to the phase velocity in the electron diamagnetic direc-
tion. However, there is a level of ambiguity due to the uncer-
tainty in the localization. Phase 2 (in blue) shows the measured
mode velocity equal to the E×B velocity. The phase velocity
could be zero, but the same ambiguity remains. It also should

7
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Figure 8. Shot #37473: Time-resolved snapshots of the edge region measured with the electron cyclotron emission imaging instrument.
Relative temperature fluctuations propagate in a waveform with visible maxima and minima. Note that the region between −0.1m and 0m
in a poloidal plane is interpolated due to malfunctioning detectors.

be noted that the instantaneous mode velocity and structure
can change during a single inter-ELM.

6. Modelling

To assess the effect that the NBI heating power and hence
the toroidal rotation can have on inter-ELM modes, the two
scenarios described above are modeled using the CASTOR3D
code [44, 45]. The CASTOR3D code is a resistive linear
MHD stability code and includes plasma rotation, parallel vis-
cosity, and gyro-viscosity. The CASTOR3D code is based
on a single-fluid set of equations where the ion velocity is
given as:

V⃗i =
E⃗× B⃗
B2︸ ︷︷ ︸
=V⃗E

+ V⃗ · B⃗
B︸ ︷︷ ︸

=V⃗∥

+α
1
ρ

B⃗×∇pi
B2︸ ︷︷ ︸

=V⃗∗
i

(2)

where V⃗MHD = V⃗E + V⃗∥ is theMHD velocity, V⃗∗
i is the ion dia-

magnetic drift velocity. The equation (2) can be decomposed
in poloidal and toroidal components for each velocity contri-
bution and written as a sum of those as V⃗i = V⃗pol + V⃗tor. In the
current version of CASTOR3D code, the poloidal components
are considered zero, and the remaining part is the velocity in
the toroidal direction.

The pressure gradient profile and corresponding resistivity
profiles used in the modeling are shown in figure 11. Red pro-
files are related to phase 1 with lower NBI heating and rota-
tion, while the blue profiles belong to phase 2 with higher NBI
heating and rotation. The pressure profiles and corresponding
gradient are based on equilibrium reconstruction with CLISTE
[46], while the neoclassical resistivity is calculated using for-
mula as defined in [47]. A final result of the modeling is
shown in figure 12. Figure 12(a) shows the growth rates of
modes, and their respective oscillation frequencies are dis-
played in figure 12(b). Color-coded are the two-time points.
Phase 1, the phase with lower toroidal rotation, is represented
with red and corresponds to t = 2.55 s, while the increased
toroidal rotation window is displayed as blue and describes
the plasma conditions at t = 5.92 s. As demonstrated in
figure 12(a) from the red to blue case, the growth rates decrease
with an increase in NBI heating power. The mode oscilla-
tion frequency is in the kHz range and varies depending on
the toroidal mode number. When comparing the two phases,
the frequency of modes increases as the injected NBI power
increases.

The uncertainties of the growth rates and frequencies were
obtained by varying the dynamic viscosity and resistivity
within the range of their respective model uncertainties. The
most unstable modes are the ones with the toroidal mode num-
bers in the range n = 15–24 and are in a similar range for both
phases. The most unstable mode in phase 1 is n = 21 with
oscillation frequency f = 7 kHz while the most unstable mode
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Figure 9. Shot #37473: An example of poloidal mode structure at a single time point measured by the ECEI system. The left figure shows
the data during phase 1, and the figure to the right shows the mode structure during phase 2. Note that the region between −0.1m and 0m in
the poloidal plane is interpolated due to malfunctioning lines of sight.

Figure 10. Shot #37473: (left) ELM filtered Er profiles across the pedestal as inferred by the CXRS measurements. The profiles are
averaged during period t = 2.2–4.4 s shown in red and t = 6.3–7.5 s in blue. (right) Calculated E×B velocity. The red and blue circles
correspond to the mean value of ten ECEI measurements for phase 1 and 2, respectively.
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Figure 11. Shot #37473: Pressure gradient profile (top) and
resistivity profile (bottom) used for modeling. Color-coded is the
single time point in the simulation where red corresponds to the
t = 2.55 s (phase 1), and blue is at t = 5.92 s (phase II ).

during phase 2 is the mode with toroidal mode number n =
19 and oscillation frequency f = 13 kHz.

The instabilities obtained in the modeling are located at
the low fieldside and are found to be unstable only when
considering finite resistivity. This allows for identifying the
instabilities as resistive ballooning modes (RBMs). Since the
modes become stable for vanishing resistivity, they cannot be
described with ideal MHD. The pressure and resistivity pro-
files used in the modeling shown in figure 11 slightly dif-
fer between the two phases. Therefore, to study the effects
of such profiles on mode growth rates and their frequency,
separate runs with CASTRO3D have been performed. These
runs subsequently exchange the velocity and resistivity pro-
files between the two phases, subscribing the higher rotation
profile to phase 1 and the lower rotation profile to phase 2.
The same has been done with resistivity. Furthermore, velo-
city and resistivity have also been exchanged simultaneously,
and, in addition, the effect of exchanging the viscosity pro-
files has been checked. The resulting growth rates and mode
frequencies using the abovementioned method are shown in
figure 13. The red and the solid blue lines are the original res-
ults of the simulation, shown in figure 12, corresponding to the
profiles shown in figure 11. The dashed lines are the results of
the different profiles being exchanged between the two phases.
The top panel of a figure pair shows growth rates, while the
bottom plot shows a mode frequency.

Figure 12. Shot #37473: Growth rates (a) and mode frequencies
(b) from CASTOR3D. Color-coded is the single time point from the
simulation where red corresponds to the t = 2.55 s (phase 1), and
blue is at t = 5.92 s (phase II ).

• Exchange of the velocity profiles. Figure 13(a).
The effect on growth rates: The resulting red dashed line is
slightly below the original red solid line, which means that
the higher rotation profile results in slightly lower growth
rates. The blue dashed line is slightly above the original solid
blue line, suggesting that an increase in growth rates is due
to lowering the rotation profiles and consequently lowering
of the shear—the effect of toroidal rotation and its shear on
modes with CASTOR3D shows a slight stabilizing effect.
A higher rotation and shear profile results in lower growth
rates within the error bars.
The effect on mode frequency: The resulting red dashed
line corresponding to the higher rotation profile shows an
increase compared to the solid red line. In contrast, the res-
ulting dashed blue line is well below the original solid blue
line showing that the impact of toroidal rotation onmode fre-
quency results in rotation being completely flipped and out-
side of the error bars. Therefore, toroidal rotation and mode
frequency have a significant positive correlation.

• Exchange of the resistivity profiles. Figure 13(b).
The effect on growth rates: When a lower resistivity pro-
file is used, the growth rates decrease, as shown in the red
dashed line. With an increased resistivity profile, the growth
rates also increase (blue dashed line). Therefore, a positive
correlation exists between the resistivity and growth rates of
modes due to their resistive nature. The effect on mode fre-
quency: Resistivity, however, has only marginal influence
on the frequency of modes as seen in the bottom plot of
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Figure 13. Shot #37473: Figure pair of growth rates (top) and mode frequencies (bottom) for a different set of input profiles resulting from
a CASTOR3D simulation. (a) Exchanged velocity profiles between the two phases. (b) Exchanged the resistivity profiles between the two
phases. (c) Velocity and resistivity profiles have been exchanged simultaneously. (d) The viscosity profiles are exchanged simultaneously in
addition to the velocity and resistivity. (e) Resistivity and viscosity profiles are exchanged between the two phases. Solid red and blue lines
are shown on each sub-figure and correspond to the original result shown in figure 12 obtained using profiles shown in figure 11 as input.
The dashed lines are CASTOR3D results using exchanged profiles.

figure 13(b). The red dashed line is slightly above the solid
red line corresponding to the original case, while the blue
dashed line is slightly below the original solid blue line.

• Exchange of the velocity and resistivity profiles simultan-
eously. Figure 13(c).
While in figures 13(a) and (b), we have looked into separate
effects of toroidal rotation and resistivity. Their combined
effect is shown here.
The effect on growth rates: Using the higher rotation and
lower resistivity profile from case #2 results in the growth
rate in the dashed red line matching its original form shown
in the solid blue line. The same is valid when comparing the
original solid red line and a dashed blue line corresponding
to exchanged profiles. We conclude that combined rotation
and resistivity fully recover their original growth rate beha-
vior, i.e. the difference in growth rates between phase 1 and
2 is fully described by the difference in rotation (shear) and
resistivity.
The effect on mode frequency: Frequency obtained using
higher rotation and lower resistivity profiles (red dashed
line) results in slightly lower mode frequency than the ori-
ginal (solid blue line) result. The mode frequency obtained
with lower rotation and higher resistivity (blue dashed line)
is slightly higher than its original result (in solid red line).

• Exchange of velocity, resistivity, and viscosity profiles.
Figure 13(d)
If we now, in addition to exchanged velocity and resistivity,
add exchanged viscosity profile the modeling result is as fol-
lows: as shown in the top panel of figure 13(d), the growth
rates do not change at all compared to the case where only

the resistivity and velocity were changed. The solid red line
coincides with the dashed blue line, and the solid blue line
agrees with the red dashed line. A similar trend is valid when
looking intomode frequency as shown in the bottom panel of
figure 13(d). Therefore, the viscosity profiles do not impact
mode growth rates. Compared to figure 13(a), the mode fre-
quency is closely related to its original behavior.

• Exchange of the resistivity and viscosity profiles.
Figure 13(e).
The effect on growth rates: Resistivity and viscosity profiles
exchange, as shown in figure 13(e), give similar results as
in figure 13(b) and confirm that the influence of resistivity
on growth rates was correct. The influence of viscosity on
growth rates is negligible.
The effect on mode frequency: Again, a similar trend
as in 13(b) is obtained; the mode frequency is only
slightly influenced by the resistivity and viscosity profile.
Thus, while resistivity and viscosity support the differ-
ence in mode frequency between phase 1 and 2, the dif-
ference is mostly dominantly caused by the rotation profile
(figure 13(a)).

7. Discussion and outlook

In this work, we compare the behavior of modes appear-
ing between type-I ELMs with increasing NBI beam power
concomitant increase in toroidal rotation to the modeling.
Although the experimental conditions are designed to be con-
stant during the discharge, an increase in NBI beam power
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can influence density and temperature profiles. Separating
such small effects is challenging as those changes are within
the experimental error bars. However, the numerical exercise
enables us to manipulate input profiles used in the modeling
and evaluate the effects on growth rates and mode frequency
separately.

The experimentally controlled parameter is toroidal rota-
tion, and with an injection of an additional 1MW of NBI
beam power, the toroidal rotation increases across the plasma
radius. An injection of one NBI beam, increasing toroidal rota-
tion, results in lower mode frequency and lower strength of
the mode. This has been demonstrated by showing the mode
frequency lowering from 12 kHz to 7 kHz, and the radial dis-
placement caused by such modes decreases from 5mm to
3.5mm as the toroidal rotation profile increases.

In addition, changes in location and poloidal structure of
modes are measured.With increased heating, modes shift radi-
ally outwards, and their poloidal mode numbers decrease. The
mode velocity is measured to be close to the E×B velocity.
However, due to the uncertainties, final statements about their
phase velocity cannot be made.

Linear MHD modeling with CASTOR3D code shows that
modes appearing between ELMs are RBMs, as they do not
appear unstable without the inclusion of the resistivity. The
most unstable toroidal mode numbers are in the range n =
15–24 and are slightly higher than the one found in the exper-
iment. This difference could be due to the absence of pol-
oidal rotation in the model and difference in resistivity profiles
between model and the experiment. Modeling results show
that the mode growth rates are lower with higher rotation pro-
files when using experimental velocity profiles prescribed to
two different phases. In addition, CASTOR3D output shows
thatmode frequency increases with increased toroidal rotation.

The experimental measurements acquired during the non-
linear saturated phase of modes show that the mode becomes
weaker with rotation, and the linear phase of modes is assessed
with the CASTOR3D code showing that the growth rates of
the most unstable modes decrease with a higher rotation pro-
file. Therefore, the modeling result suggests the stabilizing
effect of rotation on an RBM. However, this effect cannot be
subscribed to the toroidal rotation. Separate CASTOR3D runs
have been performed to access the isolated effects of velocity,
resistivity, and viscosity alone on growth rates and mode fre-
quency, as shown in figure 13. Figure 13(b) demonstrates the
primary role of resistivity on growth rates and the effect of
rotation and its shear is rather small. While the trend between
toroidal rotation and displacement in the experiment matches
the CASTOR3D trend between toroidal rotation and growth
rates, the frequency behavior compared between the experi-
ment andmodeling goes in the opposite direction. In the exper-
iment, the mode frequency decreases with rotation, while we
observe the opposite in the modeling. This difference is likely
caused by the poloidal velocities currently not included in
CASTOR3D. Since the poloidal velocities are the dominant
contribution to the background velocities in the plasma edge,
their contribution is expected to impact the stability of turbu-
lence in H-modes [48]. Nevertheless, a clear indication of rota-
tion velocity playing a role in setting the mode frequency has

been demonstrated in figure 13(a). Viscosity does not signific-
antly impact growth rates and mode frequency, as can be seen
in figure 13(d). Since the inclusion of velocity, resistivity, and
viscosity profiles recovers the original CASTOR3D result, the
influence of small changes in the pressure profiles has yet to
be considered. Further effects like the Hall term in Ohm’s law
could play an additional role. The poloidal velocity (as well
as the Hall term) will be taken into account in an upcoming
version of the linear MHD code CASTOR3D (J. Puchmayr in
preparation, E. Strumberger in preparation). In addition, the
comparison is also limited by the range of uncertainties from
measurements and models.

The RBMs are thought to be contributing to the increased
edge turbulence and transport in L-mode plasma [49, 50] and
are also identified in ELM-free plasma with low triangularity
[51]. The model based on the resistive interchange instability
predicts the critical temperature for the transition from type-III
to type-I ELMs in JET as well as the experimentally observed
toroidal field dependence of the critical temperature of type
III ELMs but model based on resistive ballooning instability
reproduces the critical density for observed q95 dependence of
the transition from type-I to type III-ELMs [52]. Both types of
ELMs appear just above the L-H power threshold and exhibit
strong MHD precursors, but their frequency responds differ-
ently to the input power as discussed in [53].

The work presented in this manuscript shows that the
RBMs exist in the edge region of H-mode plasma with type-
I ELMs. They become unstable while the pressure gradi-
ent is clamped, long before the pressure gradient reaches the
ideal peeling-ballooning threshold. Theoretical estimates of
the transport effects caused by the RBMs have been discussed
in [49, 54] and are found to be mainly thermal electron con-
duction losses. However, any estimates of transport caused
by RBMs between type-I ELMs at ASDEX Upgrade toka-
mak and their role in regulating the pressure gradient can only
be subject to the non-linear models and are left for further
investigation.
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