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ABSTRACT

The I-mode confinement regime is promising for future reactor operation due to high energy confinement without high particle confine-
ment. However, the role of edge turbulence in creating I-mode’s beneficial transport properties is still unknown. New measurements of edge
turbulence (qpol ¼ 0:9� 1:0) in L-modes and I-modes at low and high densities at ASDEX Upgrade are presented in this paper. A high
radial resolution correlation electron cyclotron emission radiometer measures the broadband turbulence throughout the L-mode and I-mode
edge and pedestal. The weakly coherent mode (WCM) is measured in both L-mode and I-mode near the last closed flux surface with Te fluc-
tuation levels of 2.3%–4.2%, with a frequency shift between the two phases related to a deeper Er well in I-mode. An neTe phase diagnostic
captures a change of the WCM neTe phase between L-mode and I-mode from �171� to �143�. The thermal He beam diagnostic measures a
WCM wavenumber range of �0.5 to �1.0 cm�1. A low-frequency edge oscillation (LFEO) appears in the I-mode phase of these discharges
and displays coupling to the WCM, but the LFEO does not appear in the L-mode phase. Linear gyrokinetic simulations of the outer core and
pedestal top turbulence indicate that while the dominant turbulent modes in the outer core are ion directed and electrostatic, the turbulence
becomes increasingly electron directed and electromagnetic with increasing radius. Collisionality is not found to impact characteristics of the
L-mode and I-mode edge turbulence with respect to the presence of the WCM; however, the quality of global confinement decreases with
collisionality.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0088062

I. INTRODUCTION

The I-mode confinement regime is a promising operational
regime for future fusion reactors because it features high energy con-
finement without the presence of edge-localized modes (ELMs).
I-mode is characterized by the presence of an edge energy transport
barrier (temperature pedestal) without an edge particle transport
barrier (density pedestal).1–3 The pedestal is, therefore, far from
peeling–ballooning stability limits that lead to ELMs,4–6 and the lack
of a particle transport barrier prevents the accumulation of impurities.
The I-mode regime is most commonly accessed in an unfavorable

grad B drift configuration, which increases the power threshold for
entering H-mode and thereby leaves a wider window for I-mode
access. I-mode has been accessed in several machines (Alcator C-Mod,
ASDEX Upgrade, DIII-D, and EAST)1,3,7,8 and across a range of oper-
ational parameters such as density, q95, magnetic field, collisionality,
and heating scheme.

Properties of edge turbulence are believed to be important for
overall confinement in high-performance operational regimes. For
example, in ELMy H-mode, when turbulence is reduced within the
edge transport barrier, high energy and particle confinement is
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achieved. The nature of the edge and pedestal turbulence in I-mode
plasmas is still under investigation. Open questions exist about the
role of the turbulence in determining the transport of I-mode, in par-
ticular, the separation between the particle and energy transport chan-
nels. One feature commonly used to contrast L-mode with I-mode
regimes is the change in pedestal fluctuations. I-mode is commonly
accompanied by the weakly coherent mode (WCM), a localized pedes-
tal fluctuation. The WCM occurs in a mid-frequency range
(100–300 kHz on C-Mod and 50–150 kHz on ASDEX Upgrade).1,3

The WCM has previously been suggested as an explanation for the
beneficial transport properties of I-mode.1,3 However, there are exam-
ples of I-modes in which the WCM is not measured,9 and there are
examples of the WCM in the L-mode phase preceding an I-mode
phase.10 Open questions exist about the role of the WCM in regulating
the transport of the I-mode pedestal, and whether its presence is nec-
essary for I-mode transport.

Identification of the WCM and its role in transport has been a
focus of much previous I-mode work. The proposed explanations for
the WCM vary widely. One drift wave-type instability that has been
proposed to be responsible for the WCM and the impurity transport
of I-mode is the heavy particle mode.11 A gyrokinetic study of the I-
mode edge at C-Mod found that the WCM could be an ion tempera-
ture gradient (ITG) or impurity mode, and this would be consistent
with particle removal and heat transport properties of the I-mode
edge.12 Studies using the numerical fluid simulation code BOUTþþ
have found that the C-Mod I-mode pedestal is unstable to both the
drift Alfv�en wave instability and the resistive ballooning mode.13 One
other theorized regime of turbulence for I-mode is the reduction of
electron heat transport with increasing conductivity, in which case the
WCM is the residual broadband turbulence when large and small
scales are stabilized and the resulting turbulence state is consistent
with transport observations at ASDEX Upgrade.14 In this model, as
temperature increases, electrons become more adiabatic and fast paral-
lel equilibration levels out electron temperature fluctuations. Sizeable
electron temperature fluctuations associated with the WCM have been
measured at both C-Mod and ASDEX Upgrade (AUG) although they
are smaller in amplitude than density fluctuations.3,15 Despite this ded-
icated WCM work, some literature has postulated that the WCM is
not necessary to I-mode transport at Alcator C-Mod and that neoclas-
sical transport alone can account for I-mode impurity transport.16

The frequency coupling between the WCM and modes at lower
frequency has been observed on several machines. The coupling
between the WCM and the geodesic acoustic mode (GAM) has been
observed at C-Mod and AUG, with the GAM reported as the broaden-
ing mechanism for the WCM.17,18 Low-frequency oscillations and an
edge temperature ring oscillation have been identified in addition to
the GAM during I-mode phases at EAST.8,19,20 All three of these low-
frequency modes are shown through bispectral analysis to couple to
the WCM. The transfer of energy between background turbulence and
zonal flows has been shown to be important in the L-mode to H-
mode transition.21 These nonlinear couplings may be important for
the development of the WCM edge turbulence in the L-mode to I-
mode transition as well.

In this paper, we investigate the role of collisionality and electron
and ion temperature decoupling in determining the turbulence in the
L-mode/I-mode edge, the role of the WCM in I-mode global confine-
ment, and the characteristics of the WCM in L-mode and I-mode

through experimental work carried out at the ASDEX Upgrade toka-
mak. To measure electron temperature fluctuations across the outer
core and pedestal, we use a correlation electron cyclotron emission
(CECE) radiometer.22 The high spatial resolution of this diagnostic
captures the changes in turbulence in this region, from broadband tur-
bulence inside the pedestal top to the highly localized WCM close to
the separatrix. The thermal Helium beam diagnostic23,24 complements
CECE turbulence measurements by providing localized information
about turbulence dispersion relations and phase velocity. Both these
diagnostics also capture fluctuations associated with the newly
observed low-frequency edge oscillation (LFEO)25 in I-mode. In con-
junction with fluctuation measurements, linear gyrokinetic simula-
tions were performed with the CGYRO code.26 These simulations
allow a deeper probe into the nature of the edge turbulence, including
identifying the radial location at which the turbulence changes from
electrostatic to electromagnetic and dominantly ion to electron modes.

II. EXPERIMENTAL DESCRIPTION
A. Low-and high-density L-mode/I-mode discharges

In order to study the parameter space of collisionality, low- and
high-density discharges with L-mode and I-mode phases were
designed for a dedicated experiment. Plasma parameters for the two
discharges are shown in Fig. 1. Both discharges have steady-state L-
mode and I-mode phases, but they were designed with different densi-
ties and heating schemes. The “low ne” L-mode/I-mode discharge was
heated by electron cyclotron resonance heating (ECRH) in small
power steps from L-mode to the I-mode threshold, and neutral beam
injection (NBI) beam blips were present only for ion temperature mea-
surements obtained with the charge exchange recombination spectros-
copy (CXRS) system.27 This discharge has a core line integrated
density of �4:4� 1019 m�2. The core density stays the same between
the L-mode and I-mode phases, but the core electron temperature rises
from �3:0 keV in L-mode to �4:0 keV in I-mode. The confinement
enhancement factor H98 relative to the IPB98(y,2) scaling law

28 for the
thermal confinement time rises from 0.70 in L-mode to 0.91 in I-
mode.

The “high ne” L-mode/I-mode discharge was designed with the
I-mode phase first, followed by the L-mode phase. In contrast to the
low ne discharge, this plasma was heated by NBI feedback controlled
on the bpol value of the plasma with ECRH at a constant level of
1.4MW. This discharge has a core line integrated density of �ne ¼ 6:4
�1019 m�2. The core electron temperature drops from �2:5 keV in
I-mode to �1:8 keV in L-mode. The confinement of this discharge is
comparatively worse than the low ne case, with H98 reaching only
0.75 in I-mode and falling to 0.64 in L-mode.

The profile comparison of the two discharges is shown in Fig. 2.
Integrated data analysis (IDA)30 is used to determine ne and Te profile
fits from standard profile diagnostics including Thomson scattering
and 1D ECE. Ti profiles are made using CXRS data and Gaussian pro-
cess regression (GPR) fits. The electron to ion temperature ratio Te=Ti

is determined from these fits, and the effective collisionality �eff is
determined through the fitted profiles and Eq. (2) in Ref. 29:

�eff ¼ 0:002 79� 15:94� 0:5 log
ne
T2
e

� �
� ne
T2
e
R
ffiffiffiffiffiffiffi
mA
p

Zeff : (1)

Both discharges display the characteristic ne profiles that change
minimally between L-mode and I-mode while the Te and Ti profiles
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form a pedestal in I-mode. The low ne discharge has a more marked
development of a Te pedestal in I-mode than the high ne discharge,
which displays a relatively weak Te pedestal. The ion temperature in
the L-mode phase of the high ne discharge is taken from a previous
discharge, which had matched parameters but more frequent CXRS
ion measurements. The lower density and higher temperatures in the
low ne I-mode/L-mode case lead to lower collisionality than in the
high ne case. Collisionality is tied to the degree of electron and ion
temperature coupling. The L-mode edges often have coupled Te and
Ti, while higher confinement regimes have decoupled edges due to
higher temperatures and, therefore, lower collisionality. In the low ne
discharge, there is a change in coupling between the L-mode and
I-mode edges as shown by the Te=Ti ratios between L-mode and
I-mode. The high ne discharge has a higher degree of temperature
coupling and little change in coupling between L-mode and I-mode.

The Er profiles during the L-mode and I-mode phases of the low
and high ne discharges are shown in Fig. 3. The Er profiles are mea-
sured using Doppler reflectometry.31,32 In both the low and high ne
discharges, the Er well deepens between L-mode and I-mode. The
change in Er slope leads to a change in sheared E�B flow in both
cases. The Er well is significantly deeper and wider in the low ne I-
mode than in the high ne I-mode.

B. Experimental transport analysis

A simple experimental thermal transport analysis of the pedestal
region was used following the method of Ref. 33 and shown in Table I.

The thermal diffusivity, veff, is estimated with veff ¼ �Pnet=
ð2AnerTeÞ with Pnet the power crossing the last closed flux surface
(LCFS) and A the surface area of the LCFS. Pnet is calculated as the
heating input power minus the radiated power inside the LCFS as
measured by bolometry. The experimental thermal diffusivities were
estimated for the four different edges and pedestals of the low and
high ne L-modes and I-modes and shown in Table I, using the pedestal
Te gradient (taken from qpol ¼ 0:96 to 0.99) and mid-pedestal ne value
(taken at qpol ¼ 0:975). In both the low and high ne discharges, the
thermal diffusivity decreases with the increasing profile steepness from
L-mode to I-mode. The fractional change in diffusivity between L-
mode and I-mode phases is similar in both discharges. Lower thermal
diffusivity values correspond with higher H98 and deeper Er minimum
values both when comparing L-mode to I-mode and when comparing
low ne cases with high ne cases.

III. FLUCTUATION MEASUREMENTS
A. CECE Te fluctuation measurements

The Te fluctuations in these L-mode/I-mode discharges are pri-
marily studied with the Correlation Electron Cyclotron Emission
(CECE) diagnostic. The CECE diagnostic at AUG is a 24-channel het-
erodyne radiometer which receives 2nd harmonic X-mode radia-
tion.22,34 The IF filters have a bandwidth of 200MHz and are spaced
250MHz apart, which leads to a radial resolution of 2–4mm between
channels. The optics are shared with the 1D ECE at AUG, and they
lead to a minimum beam width of diameter �1:4 cm, as determined
by the 1=e2 power diameter. This sets a lower limit on the wavelength

FIG. 1. Time histories of the low ne (a)–(c) discharge 36 561 and the high ne discharge (d)–(f) 38 092 with the phases of L-mode and I-mode used in the following turbulence
analysis. (a) and (d) show the confinement improvement factor H98. (b) and (e) show the heating schemes with ECRH steps and NBI beam blips in (b) and NBI in feedback
with steady ECRH in (e). (c) shows the core line integrated electron density from DCN interferometry and (f) shows the on-axis temperature from core ECE. Both discharges
display constant density in L-mode and I-mode with a higher temperature in I-mode than L-mode. The low ne discharge has higher quality confinement than the high ne
discharge.
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to which the receiver is sensitive, and so, the CECE diagnostic is capa-
ble of measuring long-wavelength (khqs � 0:3) turbulence.

Optical depth is a concern for ECE diagnostics in the cooler and
lower-density plasma pedestal because when the plasma is optically
thin, the collected emission intensity fluctuations may be due to a
combination of density and temperature fluctuations. The potential
impact of density fluctuations may be addressed through the proce-
dure outlined in Ref. 35. For the fluctuations reported in this paper,
temperature fluctuations are expected to be the dominant contribution
to measured intensity fluctuations.

The Te turbulence frequency spectra taken with the CECE diag-
nostic are shown in Fig. 4. The spectra show the absolute value of the
complex coherency between neighboring CECE channels, with the
location stated as the average location of the two correlated channels.

The fluctuation measurements span the outer core (qpol ¼ 0:90)
through the LCFS, and the selection of these measurements shown in
Fig. 4 displays the typical features of L-mode and I-mode turbulence
in the outer core (qpol ¼ 0:93), inner pedestal top (qpol ¼ 0:95), and
WCM location (qpol ¼ 0:98). The most prominent element in the
spectra is the WCM, shown as the feature with the highest value of
coherency in the pink spectra. In all cases studied, this mode is local-
ized near qpol ¼ 0:98. In the low ne discharge, the WCM is centered at
20 kHz in L-mode with a full-width half maximum (FWHM) of
40 kHz. In the low ne I-mode, the WCM is centered at 90 kHz and has
a FWHM of 120 kHz. In the high ne L-mode, the WCM is centered at
40 kHz with a FWHM of 50 kHz and in the high ne I-mode, and the
WCM is centered at 60 kHz and has a FWHM of 90 kHz. The change
in Er between the I-mode and L-mode phases of the discharges is

FIG. 2. Radial profiles of the low ne
(a)–(e) discharge 36 561 and the high ne
discharge (f) and (g) 38 092 from steady-
state phases of L-mode and I-mode
shown in Fig. 1. (a) and (f) electron den-
sity and (b) and (g) electron temperature
from IDA. (c) and (h) ion temperature fit-
ted with GPR. (d) and (i) electron to ion
temperature ratios. (e) and (j) effective
collisionality as defined in Ref. 29. The
high ne discharge displays lower Te and
Ti, stronger temperature coupling, and
higher collisionality than the low ne
discharge.
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sufficient to increase the E�B flow and Doppler shift the spectra to
higher frequencies, with a larger frequency shift occurring in the low
ne discharge with a larger change in Er between L-mode and I-mode.

In addition to the WCM, broadband turbulence is seen on the
CECE coherency spectra throughout the outer core and pedestal mea-
surement locations (qpol ¼ 0:90� 0:97). These broadband features, in
some cases, shift frequency between L-mode and I-mode phases, such
as the spectra at qpol ¼ 0:93 in the high ne discharge but, generally,
have a similar structure between L-mode and I-mode.

The normalized electron temperature fluctuation amplitude,
dTe=Te, is derived from the integration of the coherency spectra,

FIG. 3. Radial profiles of Er for the low ne discharge (36 561) and the high ne dis-
charge (38 092) as measured by Doppler reflectometers during I-mode and L-mode
phases of these two discharges. Both discharges display a deepened Er well in
I-mode as compared to L-mode. The low ne I-mode forms a much deeper well than
the high ne I-mode. The shaded region represents the maximum error on the sepa-
ratrix position during these discharge phases.

TABLE I. Comparisons of thermal diffusivity, H98, and the minimum value of Er from
Fig. 3. Experimental transport analysis of low- and high-density discharges to deter-
mine veff uses Te gradients and ne values from the profiles in Fig. 2.

Shot Phase veff ðm2=sÞ H98 Er;min ðkV=mÞ

Low ne (36 561) L 0.28 0.70 �0.04
I 0.22 0.91 �19.18

High ne (38 092) L 0.36 0.66 �2.86
I 0.27 0.75 �4.68

FIG. 4. Te fluctuation coherency spectra as measured by CECE in the low ne discharge (36 561) (a) L-mode and (b) I-mode phases and the high ne discharge (38 092) (c) L-
mode and (d) I-mode phases. Spectra range from qpol ¼ 0:93� 0:98. The WCM can be seen in all cases at qpol ¼ 0:98, and the broadband turbulence is seen in the outer
core (qpol ¼ 0:93) and pedestal top (qpol ¼ 0:95Þ locations.
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subtraction of the background coherency, and incorporation of IF fil-
ter bandwidth, as derived in Ref. 22. The profile dTe=Te over radius in
the high and low ne L-mode/I-mode phases is shown in Fig. 5. The
WCM in L-mode and I-mode leads to a marked increase in fluctuation
amplitude in the pedestal region. The fluctuation amplitude rises from
close to 1% in the outer core to several times higher at the WCM loca-
tion in all cases. In the low ne case, the WCM fluctuation amplitude is
2.3% and 3.8% in L-mode and I-mode, respectively, and in the high ne
case is 2.8% and 4.2% in L-mode and I-mode, respectively. From these
Te fluctuation radial profiles, the WCM in both the low and high ne
cases, in both L-modes and I-modes, is localized at qpol � 0:97 �0:99.
This corresponds in real space to a WCMwidth of around 1.8 cm. The
regions of marginal optical depth (s < 2) are marked with a gray box.
In all cases, the region of low optical depth occurs outside the region
of peak WCM amplitude. The error bars typically associated with
dTe=Te measurements are of a statistical nature and for these analyses
of turbulence in the edge with high dTe=Te are, in many cases, smaller
than the plotted points themselves.

The location of the Er well can be compared from Fig. 3 with the
WCM peak amplitude region from Fig. 5. In the low ne I-mode, the Er
well extends the region from qpol ¼ 0:97 to the LCFS, and the WCM
amplitude peaks just inside qpol ¼ 0:98. In the high ne I-mode, the Er
well is farther toward the separatrix, centered around qpol ¼ 0:99,
while the WCM once again peaks just inside qpol ¼ 0:98. These map-
pings indicate that the peak amplitude of the WCM occurs toward the

inside of the region of high E�B shear in I-mode but that the WCM
persists throughout the Er well region. These findings are consistent
with previous WCM vs Er localizations from EAST,20 but they are
inconsistent with findings from C-Mod, which place the WCM in the
outer shear layer of the Er well.

36 These localizations are subject to
uncertainties in Er locations due to density profile fits and CECE loca-
tions due to equilibrium reconstruction and mapping. The separatrix
position has an uncertainty in position as large as 4.5mm in these
plasma phases, indicative of significant uncertainties in the mapping
of edge CECE measurements and motivating a need for future studies.

The spectrogram of WCM fluctuations from the low ne L-mode/
I-mode discharge is shown in Fig. 6 using a single CECE channel at
the location corresponding to the WCM peak amplitude (qpol
� 0:98). The WCM can be seen spinning up in frequency at the tran-
sition from L-mode to I-mode. At the onset of I-mode, a coherent
low-frequency mode also appears (arrow on Fig. 6). This mode is iden-
tified as the LFEO.25 The LFEO is also present in the high ne I-mode
phase. The LFEO amplitude peaks at the WCM location but has a
larger radial extent than the WCM, appearing on CECE channels
inside the pedestal top at qpol ¼ 0:95.

The LFEO appears only in the I-mode phase of these L-mode/I-
mode discharges, with its onset occurring as the WCM ramps up to its
I-mode frequency range. The presence does not appear to be ubiqui-
tous in I-mode, as I-mode phases have been observed to occur without
an observed LFEO.25 In cases where the LFEO does appear in I-mode,

FIG. 5. Electron temperature fluctuation level over radius from low ne discharge (36 561) (a) L-mode and (b) I-mode and the high ne discharge (38 092) (c) L-mode and (d) I-
mode. All phases use 10–250 kHz as the turbulence integration band and 250–270 kHz for background subtraction in the calculation of fluctuation amplitude. Regions of mar-
ginal optical depth s < 2 are shaded in gray. Fluctuation levels rise from �1% in the outer core to 2:3%� 4:2% in the WCM range from qpol ¼ 0:97� 0:99.
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it is coupled to the Te turbulence associated with the WCM. Figure 7
shows the cross-bicoherence between neighboring CECE channels at
the WCM location. The cross-bicoherence b̂ of two fluctuation elec-
tron temperature signals X(t) and Y(t) is given by

b̂ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
jhXð f1ÞYð f2ÞX�ð f1 þ f2Þij2

hjXð f1ÞYð f2Þj2ihjX�ð f1 þ f2Þj2i

s
; (2)

where X(f) and Y(f) are the Fourier transforms of X(t) and Y(t) and
frequency coupling is investigated between f1, f2, and f1 þ f2. This
bicoherence analysis was applied to a medium ne discharge (core line

integrated density of �ne ¼ 5:3� 1019 m�2) which was designed simi-
lar to the high ne discharge for steady-state L-mode and I-mode phases
and the WCM appeared in both phases. For the cross-bicoherence cal-
culation, FFT bins of 4496 are used, with 1171 overlapping ensembles
used for the L-mode period and 1855 used for the I-mode period. This
analysis finds that in the L-mode phase of the discharge, despite the
presence of the WCM, there is no three-wave coupling between differ-
ent frequencies within the Te fluctuation signals. In contrast, the I-
mode phase displays coupling between the WCM frequency band
(40–80 kHz) with the LFEO at �5 kHz. The coupling between the
WCM and the LFEO is also seen in the auto-bicoherence of the ther-
mal He beam channels during I-mode phases where these two fluctua-
tions are present. Auto- and cross-bicoherence analysis does not give
information about energy transfer between the coupled modes; how-
ever, frequency coupling is a prerequisite for the transfer of energy.

B. neTe phase measurements

The phase angle between electron density and temperature fluc-
tuations (aneTe) can be obtained with a reflectometer and CECE system
that share a line of sight to the plasma. By choosing the appropriate
frequencies for second harmonic EC emission and density cutoff, the
reflectometer and radiometer can measure the same plasma vol-
ume.34,37 The reflectometer does not share electronics other than the
data acquisition board with the CECE system and does not suffer from
thermal noise; therefore, a correlation between the reflectometer and
radiometer signals will yield information about coherent turbulent
quantities. Details of the neTe phase calculation and the associated
uncertainty are found in Ref. 34.

Measurements of the neTe phase in L-mode and I-mode with a
coupled CECE–reflectometer system find that the WCM has a finite
negative aneTe in both L-mode and I-mode. For these measurements,
an O-mode V-band reflectometer was used, and the reflectometer
amplitude was used in correlating with the CECE signal. These
measurements find that aneTe changes slightly between L-mode

FIG. 6. Spectrogram from CECE channel 18 near the WCM peak amplitude of
qpol ¼ 0:98 during the low ne discharge (36 561). The WCM appears as the
25 kHz mode in L-mode which spins up to 80–160 kHz in I-mode, and the LFEO is
the narrowband mode at 8 kHz which appears in the I-mode phase only.

FIG. 7. Cross-bicoherence of neighboring CECE channels near the WCM peak location of qpol ¼ 0:98 during a medium density discharge (39 561). The L-mode phase (a)
shows no coupling, while the I-mode phase (b) shows coupling between the WCM (40–60 kHz) and the LFEO (5 kHz).

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 052504 (2022); doi: 10.1063/5.0088062 29, 052504-7

VC Author(s) 2022

 16 April 2024 08:43:51

https://scitation.org/journal/php


and I-mode. The discharge in which these measurements were taken
was the same medium density discharge shown in bicoherence analy-
sis in Fig. 7. The coherency between CECE and reflectometer channels
and the neTe phase during the L-mode and I-mode phases are shown
in Fig. 8. The coherency spectra show that the fluctuations associated
with the WCM are coherent between the radiometer and reflectome-
ter. The neTe phase at the spectral peak of the WCM is �171� in
L-mode and shifts to �143� in I-mode. The error associated with the
neTe phase is of a statistical nature and is small in regions of coherency
between the reflectometer and CECE, so this change in phase angle is
statistically significant. It is possible that the measured values of aneTe

could correspond to small or negative heat flux associated with the
WCM and a positive particle flux, but the turbulent transport cannot
be quantified without simultaneous measurements of the amplitude of
fluctuations in Te, ne, plasma potential /, magnetic field B, and Te � /
and ne � / cross-phases. While aneTe does not enter directly into the
turbulence-driven flux equations, comparisons of this measurement
with theory and simulation will provide valuable new information
about the physics of the WCM.

The aneTe measurement assists in quantifying the effects of den-
sity fluctuations in CECE measurements. To follow the analysis in Ref.
35, an ne fluctuation level of 20% is assumed, corresponding with the
upper limit of the WCM ne fluctuations reported in Ref. 10. We then
calculate the impact of ne fluctuations on signal intensity if the Te fluc-
tuation level is 3%, in line with the typical CECE values for the AUG
WCM. Reflective tungsten walls with a reflectivity value of v ¼ 0:85
were assumed. The neTe phase angles measured in L-mode and I-
mode were used in this calculation. The impact of ne fluctuations

under these assumptions is shown in Fig. 9. The possibility of a greater
than unity contribution of Te fluctuations at low optical depth
(s2X < 2) is due to out of phase ne fluctuations reducing the fluctua-
tion signal intensity and leading to a smaller intensity fluctuation
amplitude. In all WCM measurements presented in this paper, the
peak WCM amplitude occurs in a region of high optical depth
(s2X > 2); therefore, CECE dTe=Te amplitude measurements are
assumed to be robust and due primarily to Te fluctuations with mini-
mal impact from density fluctuations. There is a little change between
L-mode and I-mode in terms of the impact of density fluctuations in
regions of high optical depth. However, because the L-mode neTe

phase is farther out of phase than the I-mode neTe phase, the interpre-
tation of the WCM fluctuation amplitude in a marginal optical depth
L-mode would be that the measured fluctuation intensity is likely
slightly lower than the true dTe=Te amplitude.

C. Thermal helium beam measurements

The thermal helium (He) beam diagnostic is capable of measur-
ing density and temperature fluctuations in the edge of AUG
plasma.23,24 Helium is injected into the plasma, and line ratio spectros-
copy is performed to determine density and temperature. The diag-
nostic’s 32 lines of sight enable correlation analysis.

The He beam diagnostic can capture information about the
WCM poloidal structure and phase velocity, in addition to frequency
spectra. Figure 10 shows the dispersion relation of edge fluctuations
during the L-mode and I-mode phases of an additional medium-
density L-mode/I-mode discharge (core line integrated density of

FIG. 8. Coherency between a CECE channel and V-band reflectometer at qpol ¼ 0:97 in the (a) L-mode and (b) I-mode phases of a middle density discharge (39 561) show-
ing the WCM in both cases. (c) L-mode and (d) I-mode neTe phase over frequency. The neTe phase at the spectral peak of the WCM is �171� in L-mode and shifts to �143�
in I-mode.
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�ne ¼ 5:1� 1019 m�2) with steady-state L-mode and I-mode phases.
This dispersion relation was calculated from poloidally separated
channels using the spectral analysis method from Ref. 38. The WCM
is the feature with wavenumbers in the range of �0.5 to �1.5 cm�1,
and the wavenumber extent stays the same between L-mode and
I-mode. These wavenumbers are similar to the WCM wavenumber
extent reported from a similar analysis on C-Mod and AUG.17,39 The
WCM is centered around a frequency of �20 kHz in L-mode and
broadening to the range of 30–90 kHz in I-mode with a peak ampli-
tude at �60 kHz. This frequency shift of the WCM between L-mode
and I-mode is again consistent with a Doppler shift due to increased
E�B velocity, with a larger frequency shift occurring at a larger wave-
number absolute value. The structure that appears near 4 kHz centered
around k¼ 0 cm�1 is the LFEO and appears in the I-mode phase
only. This spectral analysis was applied to channels, which were not
neighboring but rather poloidally separated by�2:5 cm. This indicates
a high amount of poloidal coherency of the WCM and the LFEO.

The He beam diagnostic can also determine the WCM phase
velocity by using the phase angle between coherent fluctuations in
poloidally separated channels and the spacing between the channels.
During the L-mode phase of this mid ne discharge, the WCM fluctua-
tion peak at�20 kHz propagates with a velocity of�� 1:5 km/s. The
negative sign indicates the electron diamagnetic direction. During the
I-mode phase, the WCM peak at �60 kHz propagates at �� 6 km/s.
This change of –4.5 km/s in velocity is consistent with a change in the
E�B flow resulting from the decrease in Er from L-mode to I-mode.
These WCM phase velocity measurements include the contribution
from the plasma flow, so plasma poloidal velocity measurements are
needed in order to determine the magnitude and direction of the
WCM in the plasma frame.

IV. GYROKINETIC ANALYSIS

The low and high ne L-mode and I-mode discharges studied
experimentally in this paper were investigated using the gyrokinetic
code CGYRO.26 A summary of the input parameters for the simula-
tions performed is given in the Appendix. The modeling focused on
the same region of plasma as the CECE measurements covering the
plasma edge from the outer core to the pedestal top region; however,
modeling was not performed in the steep pedestal region. The low and
high ne L-mode and I-mode phases were studied by linear stability
analysis in order to compare qualitatively the dominant mode behav-
ior across this parameter space. This gyrokinetic work is intended to
provide a deeper understanding of the turbulence physics but was not
a validation exercise for direct comparison with experimental
measurements.

Dominant mode growth rates and real frequencies over khqs,
where kh is the wavenumber in the poloidal direction and qs is the ion
sound gyroradius, are shown in Fig. 11. This figure shows the low-
wavenumber portion of the spectrum at four locations representing
the outer core (qpol ¼ 0:90 and 0.93) and pedestal top location
(qpol ¼ 0:95 and 0.96). Of these locations, the outer core is the only
location that features ion-directed modes in the ITG-scale portion of
the normalized wavenumber khqs spectrum, and this is common to all
four plasma phases studied. At the pedestal top and throughout the
pedestal, the dominant mode becomes electron directed, which is simi-
lar to the findings in Ref. 40. Scans of the ion temperature gradient
indicate that the pedestal top modes in all cases are robustly electron

FIG. 9. Ratio of the CECE intensity fluctuation amplitude to the true dTe=Te fluctua-
tion amplitude as a function of optical depth for two values of the neTe cross-phase
angle. For this toy calculation, the measured neTe phases of the WCM in L-mode
and I-mode were used, but estimates were used for fluctuation amplitudes
(dTe=Te ¼ 3% and dne=ne ¼ 20%) and wall reflectivity (v ¼ 0:85). At an optical
depth of s > 2, the CECE intensity fluctuation amplitude corresponds well to the
dTe=Te fluctuation amplitude.

FIG. 10. Dispersion relation of fluctuations at qpol ¼ 0:98 and 0.99 from poloidally
separated channels of the thermal Helium beam. The WCM is seen in the L-mode
phase (a) at 25 KHz and the I-mode phase (b) at 45–75 kHz. The wavenumber
extent of the WCM does not change between L-mode and I-mode, and the fre-
quency change is consistent with a Doppler shift between the two regimes. The
LFEO also appears in the I-mode phase at 4 kHz.
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directed because even at ion temperature gradients twice the experi-
mental value, the modes remained electron directed. The normalized
inverse gradient scale length is larger for the electron temperature than
both density and ion temperature in all cases and may play a role in
the prevalence of electron modes, but there are no obvious trends with
radius. In all cases, the E�B shearing rate is less than 6� 10�2 in
units normalized by a=cs as with c, so it is exceeded by dominant
mode growth rates at all radii for almost all khqs.

At the ion scale, electromagnetic effects become more important
with radius in all plasmas studied, as shown in Fig. 12. This is quanti-
fied with the change between electrostatic and electromagnetic runs in
growth rate and real frequency of ion-scale modes at khqs ¼ 0:3. The
outer core locations display almost no change in growth rate c and
real frequency x between electrostatic and electromagnetic runs,
meaning these core plasma locations are primarily electrostatic, while
electromagnetic effects become larger throughout the pedestal. The
electromagnetic nature of the I-mode plasmas was stronger than that
of the L-mode plasmas, possibly as a result of a higher b.

Electron-scale linear stability analysis was also performed in the
outer core for the low and high ne L-mode and I-mode phases. The dom-
inant mode growth rates are found to decrease from the L-mode to the I-
mode phase in both cases, in contrast to Ref. 40. A larger fractional
decrease in growth rate occurs in the low ne scenario than the high ne sce-
nario, as shown in Fig. 13 which displays growth rate c over electron-
scale wavenumbers at the radial location qpol ¼ 0:93. This trend also

holds for other simulated radial locations and can be observed in the
portion of the ion-scale spectra (Fig. 11) above khqs ¼ 0:3. The electron
temperature inverse gradient scale lengths are larger in L-mode than in
I-mode in the outer core where the simulations are performed, which

FIG. 11. Linear stability results of the low ne discharge (36 561) during (a) L-mode and (b) I-mode and the high ne discharge (38 092) during (c) L-mode and (d) I-mode using input pro-
files from Fig. 2. Growth rates c and real frequencies x shown at qpol ¼ 0:90, 0.93, 0.95, and 0.96. Negative x indicates electron diamagnetic direction, and positive x indicates ion
diamagnetic direction. In the CECE measurement range, modes become more electron directed with radius, with ion-directed modes only occurring at the outer core locations.

FIG. 12. Percentage change in dominant mode growth rate at khqs ¼ 0:3 between
electrostatic and electromagnetic linear CGYRO simulations. The change in growth
rate becomes larger with increasing radius, indicating that electromagnetic effects
become more important.
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may fully explain the decrease in electron-scale growth rates in that
radial region. The change in the gradient scale lengths occurs because
the electron temperature is higher in I-mode than L-mode in this
region, even though the gradients do not change significantly. We do
not expect that this would be the case further out radially in the steep
gradient region. Such near-edge simulations are left for future work.

V. DISCUSSION

In this work, plasmas with WCMs in L-mode and I-mode were
specially designed to study the effects of collisionality on edge turbu-
lence and transport and global confinement. Several observations from
the discharges studied in this paper indicate that the WCM is the same
instability in L-mode and I-mode: The L-mode and I-mode versions
of the WCM are observed at the same radial location on the same
CECE channels, the change in mode frequency between L-mode and
I-mode can be explained by increased E�B flow, and the WCM exists
at the same poloidal wavenumbers in L-mode and I-mode. The pres-
ence of the WCM in both regimes is not inconsistent with the para-
digm of equivalent particle transport between the two regimes since
the WCM could be driving particle transport in both cases.

The LFEO25 that is present in I-mode and L-mode is the subject
of current investigation.41 Here, we note that the presence of the LFEO
in I-mode and not L-mode, despite the presence of the WCM in L-
mode, indicates that this low-frequency oscillation may play an impor-
tant role in the development or sustainment of I-mode. WCM–LFEO
coupling may be important and must be further studied to understand
its implications on transport. Neither the LFEO nor the GAM is
always present in I-modes, but of these two low-frequency

fluctuations, the LFEO appears to be unique to I-mode. Because the
LFEO is distinct from the standard GAM, one possible identification
for this fluctuation is a finite frequency flow oscillation (ZFO).
Properties of the LFEO which are consistent with a ZFO include its
presence in a region of significant E�B flow and pressure gradient, its
coupling to WCM turbulence, and its frequency below that expected
for a GAM.42 Studies of the nonlinear transfer of energy between the
LFEO and the WCM as in Ref. 17 and further identification of the
properties of the LFEO will be important in understanding the details
of the interaction between the WCM and the LFEO.

The plasmas studied in this paper had a range of collisionality and
confinement (given byH98) values, but the edge and pedestal turbulence
had similarities in fluctuation level over radius and frequency spectra
appearance in all the cases. A small database of plasmas in which edge
turbulence was investigated with CECE is shown in the parameter space
of collisionality and H98 in Fig. 14. These plasmas all displayed L-mode
and I-mode phases with a WCM. The confinement is negatively corre-
lated with collisionality in these plasmas, which is also observed in other
devices and confinement regimes.43,44 The trend is the same when using
instead the H89 confinement enhancement factor calculated with L-
mode scaling.45 The presence of the WCM is not correlated with either
collisionality or confinement. The low-k turbulence studied with
CGYRO also does not appear to be significantly affected by collisionality
in terms of dominant mode nature although nonlinear simulations
would be needed to understand if there is an effect of collisionality on
the saturated turbulence. The impact of collisionality on the high-k
modes in these plasmas is still unknown but could be an explanation for
a change in confinement quality that is not visible in turbulence at the
ion-scale. Collisionality and the Te=Ti ratio are important for the preva-
lence of electron temperature gradient (ETG) vs trapped electron mode
(TEM) turbulence in the high-k regime46

The WCM dTe=Te fluctuation level is generally higher in the I-
mode phase than in that plasma’s corresponding L-mode phase, but
within the L-mode and I-mode phases alone, there is no correlation
between collisionality and WCM dTe=Te amplitude or confinement
and WCM dTe=Te amplitude. Considering the values in Table I,
WCM presence or fluctuation level also cannot be correlated with
thermal diffusivity or Er well depth. This suggests that the WCM does
not play a role in heat transport and energy confinement in these plas-
mas. The existence and consistent properties of the WCM over this
entire parameter space motivate further study to determine the param-
eters to which this fluctuation is sensitive.

The Te turbulence in the outer core and pedestal top has similar
fluctuation levels in L-mode and I-mode and displays similar broad-
band features of drift wave turbulence in frequency spectra in L-mode
and I-mode (Figs. 4 and 5). Linear gyrokinetic linear simulations also
suggest qualitatively similar behavior at ion scales between L-mode
and I-mode dominant modes, in terms of modes becoming more elec-
tron directed and more electromagnetic with radius. We note that
these ion-scale trends are observed here in linear simulations, and their
effect on heat flux, if any, would require nonlinear simulations. The
dominant mode growth rates at khqs < 0:3, the range where CECE
and He beam measure fluctuations, do not change significantly
between L-mode and I-mode. As discussed, the pedestal WCM is also
qualitatively similar between L-mode and I-mode.

The similarity in this ion-scale Te turbulence across the transition
in confinement and as the Er well and Te pedestal form suggests that

FIG. 13. Linear stability analysis results of the dominant electron scale mode of the
high and low ne discharges at the radial position qpol ¼ 0:93. The growth rate of
the dominant mode decreases in I-mode as compared to L-mode, with a more
marked decrease occurring in the low ne case.
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the explanation for improved energy confinement may lie in other
channels besides the ion-scale Te turbulence. The linear gyrokinetic
analysis shows that the dominant mode growth rates at higher khqs,
most notably in the ETG portion of the spectrum, do decrease between
L-mode and I-mode. This suggests that a possible explanation for
improved energy confinement of I-mode compared to L-mode could
be the suppression of small-scale turbulence. Further investigation of
the reduction in electron scale turbulence will require an extension to
pedestal simulations and nonlinear gyrokinetic investigation. The
widely previously reported explanation for the improvement in energy
confinement has been the reduction in fluctuations in the density
channel at frequencies lower than the WCM, while this work has
focused on Te fluctuations, which are more rarely reported in edge tur-
bulence studies. The density to temperature fluctuation ratio of broad-
band fluctuations and the WCM across the L-mode to I-mode
transition may be important in understanding changes in transport
and is left for future work.

The measurements presented in this work illustrate the gradual
nature of the transition in turbulence between L-mode and I-mode, in
contrast to the marked transition between L-mode and H-mode. Edge
gradients and normalized gradients (e.g., rTe and rTe=Te) can, in
some cases, be comparable in I-mode and L-mode phases. The slight
increase in WCM Te fluctuation amplitude between L-mode and I-
mode coupled with the fact that the WCM amplitude peaks toward
the inside of the Er well region gives a picture that is consistent with
typical turbulence drive and damping mechanisms across a smoothly
transitioning parameter space. The apparent decrease of the WCM
dTe=Te fluctuation amplitude close to the separatrix may be related to
the strong E�B shear in this region; however, this region of the
plasma is not optically thick, so CECEmeasurements may have contri-
butions from electron density fluctuations as well as electron tempera-
ture fluctuations. Gyrokinetic modeling is also challenging to perform
at this radial location. This near-separatrix region may play a critical
role in the confinement improvement between L-mode and I-mode.
The dynamics of the transport barrier formation and the LFEO at the
onset of I-mode must still be understood.

The comparisons between the different L-mode/I-mode plasmas
studied allow for observations of turbulence core-edge coupling. The
low ne discharge presented, which had high quality confinement in I-
mode with H98 ¼ 0:91, featured the formation of a deep Er well in I-
mode as well as a slight reduction of outer core turbulence. The
dTe=Te fluctuation amplitude decreased on average by 15% for CECE
measurements inside of qpol ¼ 0:95. This decrease in core fluctuation
amplitude is of a similar magnitude to observations of core turbulence
in C-Mod I-modes.47 In comparison, the high ne discharge had poorer
quality confinement withH98 ¼ 0:75 and featured a shallower I-mode
Er well and an increase in dTe=Te of 11% on average for radii inside of
qpol ¼ 0:95 between L-mode and I-mode. These results highlight the
possible importance of core-edge coupling in the transition to high
confinement regimes and the role of both core and edge turbulence in
determining global confinement properties.

VI. SUMMARY AND CONCLUSIONS

Edge turbulence in L-mode and I-mode was studied with the
CECE, neTe cross phase, and thermal He beam diagnostics at ASDEX
Upgrade. In order to study the parameter space of collisionality, dis-
charges were designed at a variety of densities. Edge turbulence, in par-
ticular, the WCM, was found to be qualitatively unchanged across this
parameter space.

No major changes in turbulence were observed experimentally
between L-mode and I-mode with respect to the appearance of the
WCM in Te fluctuation signals or the wavenumbers of the WCM.
Slight changes occurred in the electron temperature fluctuation ampli-
tude and the neTe phase between L-mode and I-mode. Linear gyroki-
netic studies found turbulence deeper into the core was also similar
between L-mode and I-mode in the ion scale, but dominant mode lin-
ear growth rates of electron scale modes are suppressed in I-mode.
One marked difference between L-mode and I-mode was the coupling
between the WCM and the LFEO, which occurred only in I-mode.
This low-frequency mode was present in these discharges but is not
present in all I-mode discharges at AUG, so, this is a direction for
future work. Globally, we found that while Er well depth was correlated

FIG. 14. Confinement improvement factor
H98;y2 plotted against effective collisional-
ity �eff evaluated at qpol ¼ 0:95. All dis-
charges plotted here have CECE
measurements of the WCM in both L-
mode and I-mode. Negative correlation is
observed between confinement and effec-
tive collisionality for these discharges.
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with confinement, and collisionality was correlated with confinement,
the appearance of the WCM was not correlated with Er well depth or
collisionality. The WCM is, therefore, likely to be an instability that is
insensitive to collisionality.

Further work is needed to understand density to temperature
fluctuation ratios across the L-mode to I-mode transition, determine
the conditions that lead to the WCM’s existence in L-mode, and
understand how core-edge coupling is important in the confinement
transition. Additional investigation of the role of the LFEO is needed
in order to determine whether this low-frequency mode or its coupling
to the WCM has implications for I-mode transport.
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APPENDIX: SUMMARY OF SIMULATION INPUTS

Input parameters for the linear CGYRO simulations presented
in this work are presented in Tables II–V.

TABLE II. Gyrokinetic input parameters at qpol ¼ 0:90.

Low ne High ne

L-mode I-mode L-mode I-mode

ne ð1019 m�3Þ 3.52 3.96 5.22 5.69
Te ðkeVÞ 0.54 1.04 0.36 0.54
Ti=Te 0.79 0.53 0.63 0.74
a=Ln 1.18 0.58 0.37 �0.16
a=LTe 5.23 2.68 6.01 4.08
a=LTi 2.89 2.77 5.04 3.69
Zeff 1.11 1.40 1.07 1.07
�eeða=csÞ 0.49 0.15 1.66 0.79
q �2.45 �2.50 �2.53 �2.65

TABLE II. (Continued.)

Low ne High ne

L-mode I-mode L-mode I-mode

ŝ 2.39 2.50 2.30 2.11
cE�Bða=csÞ 0.02 0.02 0.01 0.05
cpða=csÞ �0.19 �0.18 �0.12 �0.55
be � 10�3 0.44 0.94 0.43 0.64

TABLE III. Gyrokinetic input parameters at qpol ¼ 0:93.

Low ne High ne

L-mode I-mode L-mode I-mode

ne ð1019 m�3Þ 3.32 3.78 5.25 5.63
Te ðkeVÞ 0.40 0.87 0.26 0.42
Ti=Te 0.93 0.55 0.72 0.77
a=Ln 1.74 2.00 1.37 1.21
a=LTe 8.61 4.49 8.27 4.22
a=LTi 3.61 3.17 3.23 2.98
Zeff 1.11 1.40 1.07 1.07
�eeða=csÞ 0.83 0.21 2.99 1.19
q �2.78 �2.86 �2.85 �3.01
ŝ 2.81 2.91 2.79 2.54
cE�Bða=csÞ 0.02 0.02 0.01 0.06
cpða=csÞ �0.22 �0.18 �0.14 �0.66
be � 10�3 0.27 0.65 0.27 0.45

TABLE IV. Gyrokinetic input parameters at qpol ¼ 0:95.

Low ne High ne

L-mode I-mode L-mode I-mode

ne ð1019 m�3Þ 3.05 3.39 4.84 5.28
Te ðkeVÞ 0.30 0.74 0.21 0.39
Ti=Te 1.09 0.58 0.89 0.80
a=Ln 3.93 5.12 3.91 3.85
a=LTe 8.24 6.00 4.96 4.01
a=LTi 4.73 3.59 �1.96 2.80
Zeff 1.11 1.40 1.07 1.07
�eeða=csÞ 1.35 0.25 4.32 1.38
q �3.11 �3.20 �3.21 �3.27
ŝ 3.41 3.31 3.40 2.89
cE�Bða=csÞ 0.02 0.02 0.01 0.06
cpða=csÞ �0.24 �0.19 �0.15 �0.69
be � 10�3 0.16 0.44 0.17 0.34
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