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Reversed shear Alfvén eigenmodes �RSAEs� are typically thought of as being localized near the
minima in the magnetic safety factor profile, however, their spatial coupling to global toroidal
Alfvén eigenmodes �TAEs� has been observed in DIII-D discharges. For a decreasing minimum
magnetic safety factor, the RSAE frequency chirps up through that of stable and unstable TAEs.
Coupling creates a small gap at the frequency degeneracy point forming two distinct global modes.
The core-localized RSAE mode structure changes and becomes temporarily global. Similarly, near
the mode frequency crossing point, the global TAE extends deeper into the plasma core. The
frequency splitting and spatial structure of the two modes throughout the various coupling stages, as
measured by an array of internal fluctuation diagnostics, are in close agreement with linear ideal
MHD calculations using the NOVA code. The implications of this coupling for eigenmode stability
is also investigated and marked changes are noted throughout the coupling process. © 2007
American Institute of Physics. �DOI: 10.1063/1.2436489�

I. INTRODUCTION

Alfvén eigenmodes �AEs� in tokamak plasmas are of
interest for a variety of reasons. Specifically, their ability to
adversely impact fusion performance as well as to cause
harm to first wall components by induced fast-ion loss or
redistribution has been well documented.1,2 Additionally, re-
cent experiments touting the positive aspects of Alfvén
eigenmodes point to their potential to produce useful modi-
fications of the internal current profile3 as well as offer diag-
nostic information about fundamental plasma parameters.4–6

Tokamaks operating with reversed central magnetic
shear support several types of Alfvén eigenmodes. One of
these, localized near minima in the magnetic safety factor
�qmin�, is called the reversed shear Alfvén eigenmode
�RSAE� �Refs. 7 and 8� or Alfvén cascade.5,9 The RSAE is
composed primarily of one poloidal harmonic �m�. As qmin

decreases, the mode transitions to a toroidal Alfvén eigen-
mode �TAE� with two dominant poloidal harmonics �m and
m−1�. In the zero pressure limit, the RSAE frequency
changes as fRSAE= ��m−nqmin�VA� / �2�qminR�,5,10 where n is
the toroidal mode number, VA is the Alfvén speed, and R is
the major radius. Thus, frequency up-chirping for a decreas-
ing qmin is observed. Other effects, due to finite pressure,
create nonzero minimum frequencies and have also been
shown to be responsible for up and downward chirping
RSAE frequencies.7

A cartoon illustrating this frequency chirping process is

shown in Fig. 1 where several RSAE to TAE transitions for a
given n are shown as a function of qmin. Interestingly, as the
toroidal mode number increases, the number of possible tran-
sitions from the RSAE to TAE also increases for a given
range of q values. In fact, the RSAE to TAE transition leads
to the possibility of having up to 2n core-localized TAEs for
every integer decrease in qmin. Additionally, other global
TAEs �GTAE� which are composed of many poloidal har-
monics may be present in the same discharges, shown as a
dashed line in Fig. 1.

GTAEs and TAEs are characterized by relatively con-
stant frequencies as compared to the rapidly chirping RSAE
frequency. Both however, have comparable frequency ranges
set by the TAE gap, the center of which is given approxi-
mately by fTAE=VA /4�qR. The RSAE frequency chirping
through a background of TAE creates several potential in-
stances where the RSAE and TAE or GTAE with the same n
can have degenerate frequencies �frequency crossing points
in Fig. 1�, allowing mode coupling between the two. Cou-
pling similar to this has been inferred from a combination of
magnetic measurements and ideal-MHD modeling on JT-
60U, and more recently JET, where frequency chirping core-
localized TAEs were found to couple to global TAEs.11,12

This paper presents the first internal measurements of the
coupling of RSAEs to TAEs. The coupling creates a small
gap at the frequency crossing point forming two distinct glo-
bal modes that represent odd and even parity mixed combi-
nations of the RSAE and TAE. The spatial structure of the
two modes and frequency splitting, as measured by an array
of internal fluctuation diagnostics, are in agreement with lin-
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ear ideal MHD calculations using the NOVA code.13,14

The coupling of these modes alters their individual sta-
bility properties as well as their potential to cause fast ion
transport. TAEs have been shown to cause severe losses of
injected neutral beam ions and the subsequent destruction of
several in-vessel components.15 On the other hand, as of yet,
no experimental evidence clearly shows core-localized
RSAEs alone as being the cause for fast ion losses. In fact,
several theoretical investigations predict little effect on the
fast ion population due solely to core-localized modes.16 Re-
cent measurements of the RSAE during its transition to a
TAE and the subsequent effect on neutron production show
marked decreases in neutron emission at the point of transi-
tion to the more global TAE.17 The coupling of the RSAE to
the TAE may create instances where the mixed state can
actually cause significant transport whereas the RSAE by
itself possibly may not.

II. MODE COUPLING: EXPERIMENT AND SIMULATION

A. Spectral characteristics

The primary discharge of interest in this study is ana-
lyzed during the current ramp phase when 5 MW, 78 kV,
unbalanced co-going, sub-Alfvénic �VB /VA�0.4�, neutral
deuterium beams are injected into the plasma. The central �
�plasma pressure/magnetic field pressure� is increasing dur-
ing this period, and there is an off-axis minimum in the mag-
netic safety factor. The electron density is relatively low
�2�1013 cm−3, making the fast-ion pressure roughly half of
the total plasma pressure according to TRANSP �Ref. 18�
analysis. Several fluctuation diagnostics show a variety of
Alfvénic activity in this discharge; each, however, has a dif-
ferent instrument function and preferred sensitivity to par-
ticular types of AEs.19 This makes it useful to look across
several diagnostics for a clear picture of what modes are
present in the plasma at a given time. Shown in Fig. 2 is a
crosspower spectrum of a beam emission spectroscopy
�BES� �Ref. 20� channel located near qmin and a vertical CO2

interferometer chord.21 Previous analysis has identified the
modes chirping up in frequency as RSAEs and the series of
relatively constant frequency modes as TAEs.22 Over the

time window shown, the RSAE spectral behavior is proto-
typical for qmin decreasing and crossing an integer value
�qmin=4� at approximately t=410 ms.19 Plotted in Fig. 2�a�
�diamonds� are values of qmin derived from the RSAE activ-
ity in combination with motional Stark effect �MSE�
measurements.23 Behavior which does not fit the simple
model of many different n RSAE are the occasional gaps in
the observed mode amplitudes and frequency evolution.
Such “gaps” are displayed more clearly in Fig. 2�b� where an
expanded region of Fig. 2�a� is shown. The mode at approxi-
mately 84 kHz is an n=3 global TAE according to detailed
comparisons between electron cyclotron emission �ECE�
measurements and ideal MHD simulations,22 and the mode
chirping up from approximately 70 kHz to 100 kHz is an n
=3 RSAE, where the toroidal mode number has been ob-
tained from a toroidal array of Mirnov loops. The particular
region of interest occurs near t=352 ms, f =83 kHz and cor-
responds to the point at which these two modes should have
degenerate frequencies. Such frequency crossing avoidance
is a signature of mode-mode coupling and is reminiscent of
coupled oscillators in classical and quantum mechanics as
well as the previous work by Kramer et al. in which the
coupling of two TAEs was investigated using external mag-
netic measurements.11

Figure 2�c� shows the calculated mode frequency tempo-
ral evolution for two n=3 TAEs and one n=3 RSAE found
using the ideal MHD code NOVA for this discharge.13,14 As
inputs, NOVA uses the measured spatial profiles of electron
density, electron temperature, safety factor, ion temperature,
and toroidal rotation24 obtained from Thomson scattering,
MSE, and charge exchange recombination �CER� measure-
ments. The input equilibria are obtained from EFIT �Ref. 25�

FIG. 1. Cartoon illustrating several RSAE frequency chirps and the resultant
TAEs �solid� as a function of qmin for a reversed-shear discharge, n and m
are toroidal and poloidal mode number, respectively. �Dashed� Possible
GTAE frequency.

FIG. 2. �Color� Discharge 122117. �a� Cross power of a BES channel near
qmin and a vertical CO2 interferometer chord. Diamonds indicate values of
qmin from RSAE timing in combination with MSE measurements. �b� Ex-
panded region of �a�. �c� NOVA simulated frequencies for n=3 RSAE and
TAEs.
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equilibrium magnetic flux reconstructions that use MSE,
magnetics, and thermal plasma pressure data. The safety fac-
tor profiles used in the MHD analysis were translated slightly
from those derived by the MSE measurements so as to have
qmin coincide with that inferred from the temporal evolution
of Alfvén cascade frequencies;19 all changes were less than
5% of the measured value and well within the roughly 10%
estimated error of MSE measurements. Throughout the time
window shown in Figs 2�b� and 2�c�, qmin is linearly decreas-
ing in time from qmin=4.34 at t=335 ms to qmin=4.13 at t
=375 ms.

Several eigenmodes found in this case can be classified
by the radial dependence of the envelope of their poloidal
harmonics. The first TAE solution is shown with eigenfre-
quency f �90 kHz and represents the fundamental, lowest
radial envelope solution. The second TAE solution is also
shown, which corresponds to a radial envelope with one ra-
dial node and f �80 kHz. Another TAE solution at f
�73 kHz corresponding to a second radial harmonic was
found, but it is not shown. The discrete points in Fig. 2�c�
represent individual runs of the NOVA code at each value of
qmin, the temporal spacing of which was decreased near the
frequency degeneracy point in order to unambiguously re-
solve the crossing frequency avoidance of the first radial har-
monic global TAE and the RSAE. The MHD simulations
clearly reproduce many of the major features of the experi-
mental data shown in Fig. 2�b�, i.e., crossing avoidance, sev-
eral TAEs, and the frequency chirping of the RSAE. The
exact time where the crossing avoidance occurs differs be-
tween Figs. 2�b� �experiment� and 2�c� �simulation�, t
�352 ms and t�355 ms, respectively. This difference could
be the cumulative result of inaccuracies in the measured in-
put profiles as well as � �the ratio of specific heats�, which
was taken as the canonical value 5/3. The RSAE frequency
in particular is very sensitive to qmin and � as was mentioned
in Ref. 22. An additional mode coupling occurs when the
RSAE crosses the TAE near f �90 kHz. Although not as
clear as the coupling with the �80 kHz mode, some evi-
dence for this coupling exists in Fig. 2�b�. Qualitatively, this
may be expected from the fact that the calculated eigen-
modes are found to have less radial overlap for the 90 kHz
crossing as compared to the 80 kHz.

B. Spatial characteristics

The n=3 Alfvén continuum for t=353 ms is shown in
Fig. 3 along with the experimental profiles of electron tem-
perature �Te�, ion temperature �Ti�, electron density �ne�, and
safety factor �q�. The radial coordinate used is �, the normal-
ized square-root of the toroidal flux. Implicit in Fig. 3�b� is
the toroidal rotation frequency which is roughly 3.7 kHz on
axis and 3.1 kHz at qmin. The horizontal lines in Fig. 3�b�
indicate where the predicted displacement ��� is above 1/e of
its maximum value for the RSAE and lower frequency TAE
of Fig. 2�c�. The solid curve is the Alfvén continuum. The
RSAE is peaked near qmin as expected and the TAE is more
global and extends over a wider region. Both modes are lo-
cated in the TAE gap and neither intersects the continuum
significantly.

As the RSAE chirps up in frequency and mixes with the
TAE, both modes’ spatial eigenfunctions change drastically.
This process is depicted in Fig. 4, where the predicted dis-
placement mode structure is shown for several stages of the
coupling, i.e., before, during, and after frequency crossing
avoidance. The displacement plots show the largest ten po-
loidal harmonics of each eigenmode on the outboard mid-
plane. Before mixing, the global TAE is composed of several
poloidal harmonics and has essentially two main peaks out of
phase with each other while the RSAE has primarily one
poloidal harmonic and is much more radially localized. At
the position of minimum frequency separation the two
modes are highly coupled with the resultant eigenfunctions
being linear combinations of the two individual modes. The
upper frequency mode is the in-phase addition of the RSAE
and TAE and the lower frequency mode is the out-of-phase
combination. After the crossing point both the RSAE and
TAE return to nearly their original structure, with the excep-
tion that the TAE has undergone a 180° phase shift. Experi-
mentally, this final phase shifted TAE would be indistin-
guishable from the original TAE. Throughout this process,
independent of the mode coupling, the RSAE is undergoing a
transition to a TAE �as described in the Introduction� and as
a result a second poloidal harmonic is becoming more appar-
ent. At the end of its frequency up chirp, the RSAE has two
dominant poloidal harmonics which are of equal magnitude
�not shown�.

Verification of the evolution of the spatial eigenfunction
during the coupling process is provided by the DIII-D ECE

FIG. 3. Discharge 122117, t=353 ms �a� Experimental profiles of electron
density �ne�, electron temperature �Te�, and ion temperature �Ti�. �b� NOVA
calculated n=3 Alfvén continuum. Frequencies of RSAE �blue� and TAE
�gold� from Fig. 2 are shown as lines plotted where the displacement is
above 1/e of its max. Safety factor is overplotted �dashed line�. BT

=2.01 T, Rm=1.63 m, a=0.61 m, elongation=1.53, triangularity=0.24.
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radiometer which measures electron temperature fluctuations
resulting from the magnetic field line displacement and adia-
batic compression of shear Alfvén modes. The newly up-
graded ECE heterodyne radiometer on DIII-D obtains de-
tailed structural information on AEs using a total of 40
radially spaced channels across the plasma midplane.26 In
order to compare ECE measurements with MHD calcula-
tions, a synthetic diagnostic approach was taken in which the
NOVA predicted displacement ��� was used to calculate an
electron temperature perturbation from

�Te

Te
= − �� − 1� � · � − � ·

�Te

Te
, �1�

�Refs. 14 and 27�. The synthetic diagnostic essentially aver-
ages the predicted temperature perturbation over the finite
ECE collection volume assuming a Gaussian beam profile in
the vertical and toroidal directions with a beam waist set by
the microwave viewing optics and a notch-like acceptance
function in the radial direction to simulate the rf filters
used.22

Shown in the left column of Fig. 5 are the predicted
temperature perturbation eigenfunctions corresponding to the
displacement plots of Fig. 4, with the gold and blue repre-
senting the upper and lower frequency modes, respectively.
The predicted temperature perturbations are in arbitrary units

due to the fact that NOVA is a linear code and is only ca-
pable of predicting the shape of the perturbation. The ratio of
the upper and lower frequency mode amplitude has been
scaled by the ratio of the actual ECE measured peak mode
amplitudes. The right column of Fig. 5 shows the corre-
sponding temperature perturbation eigenmode measured us-
ing ECE. Due to the fact that the crossover occurs at differ-
ent times experimentally as compared to the NOVA
simulation, for the sake of comparison, the middle �during�
time-slice corresponds to the point of minimum frequency
separation between the upper and lower frequency modes
�tm�, with tm=350.8 ms in the experiment and tm

=355.25 ms in the simulations. The before and after times
are then taken with respect to this time at t= tm−2.5 ms and
t= tm+3.75 ms, respectively. The ECE eigenmodes shown
are �Te=A cos��� where the amplitude �A� and phase ��� are
taken from a FFT and � is relative to the phase of the largest
amplitude channel.

The ECE data clearly display many of the characteristics
of the MHD predictions and gives physical amplitudes to the

FIG. 4. MHD simulation. Field line displacement of the upper and lower
frequency n=3 modes before, during, and after frequency crossing avoid-
ance of Fig. 2. The largest ten poloidal harmonics are shown.

FIG. 5. �Color� �Top panel� Enlarged region of Fig. 2�a�, diamonds and
triangles indicate frequencies of corresponding modes in ECE column. �Left
column� NOVA predicted temperature perturbation corresponding to Fig. 4
before, during, and after frequency crossing avoidance at simulation times
t=355.25−2.5, t=355.25, and t=355.25+3.75 ms, respectively. Gold/blue
is the higher/lower frequency mode. �Right column� ECE data showing
measured temperature perturbation before, during, and after frequency
crossing avoidance of the higher/lower frequency mode �gold diamonds/
blue triangles�. Experimental times are t=350.8−2.5, t=350.8, t=350.8
+3.75 ms.
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eigenmodes themselves. The during plot shows a marked
decrease in the lower frequency peak amplitude and an in-
crease in the amplitude of the upper frequency coupled
mode. This is consistent with the modes being a linear com-
bination of the RSAE �blue� and TAE �gold� in the before
panel formed simply by the weighted addition/subtraction of
the two, i.e., the upper/lower frequency modes, respectively.
Physically, this frequency degeneracy removal by the linear
combination of eigenfunctions is strikingly similar to the
quantum mechanics problem of two adjacent potential wells
with solutions coupled through tunneling.10,28,29

C. Stability properties

Throughout the coupling process the modes that were
initially discrete RSAE and TAE combine to form global
AEs as shown in the previous section. It is expected that
these mixed global modes may have different stability prop-
erties as a result of their new radially extended structure. For
instance, in the case of a core-localized TAE interacting with
a global TAE on JT-60U, the authors point out that the global
mode intersected the Alfvén continuum at the edge. This
caused significant continuum damping and, when the cou-
pling occurs, the chirping mode was subject to the increased
damping of the global mode resulting in a decrease in the
observed mode amplitude.11 The modes presented here expe-
rience little continuum damping; however, electron Landau
and electron collisional damping are found to be dominant.

The stability properties of these modes have been inves-
tigated using the kinetic extension of the NOVA code called
NOVA-K, which gives both the damping and an estimate of
the growth rate using a �W method that includes finite Lar-
mor radius effects.30 The drive is due to energetic beam ions,
injected into the plasma almost tangentially. At injection the
average pitch angle, as modeled by TRANSP, equals 	0

�v� /v=0.7, whereas the width of the distribution function in
pitch angle was �	=0.12. The NOVA-K model of the distri-
bution function evolution as beam ions slow down is de-
scribed in Ref. 31.

Shown in Fig. 6 are plots of the calculated mode fre-
quencies �for reference� Fig. 6�a�, damping rate �damp �sum
of electron collisional and electron Landau� Fig. 6�b�, drive
�drive Fig. 6�c�, and �drive /�damp Fig. 6�d�. There is a signifi-
cant effect on the damping of both the RSAE and TAE. At
the point of minimum frequency separation, both modes
have approximately the same damping; this corresponds to
an increase in that of the TAE and a decrease for the RSAE.
Likewise, the drive also reaches approximately the same
value for the two eigenmodes during the time of minimum
frequency separation, which corresponds to an increased
drive for the TAE and a decreased drive for the RSAE. For
the TAE this may be understood in that the fast ion pressure
gradient is largest near �=0.3 and is down to approximately
25% its maximum value where the TAE peaks. By coupling
to the RSAE, which peaks near �=0.4, the mode reaches
deeper in the plasma core and closer to the region where fast
ion pressure profile is peaked. It is noteworthy that both the
drive and damping shown in Figs. 6�c� and 6�d� are large �up
to 10%�, which pushes the NOVA-K perturbative analysis to

the limit of its applicability. A nonperturbative analysis may
be appropriate. However, even in this case of strong drive
and damping the ideal MHD RSAE and TAE structures ap-
pear to be sufficient as shown in the previous section where
remarkable agreement is found with eigenmode measure-
ments, supporting the applicability of the perturbative theory
used.

The net result of the drive and damping is shown in Fig.
6�d� where the ratio, �drive /�damp is given. The net relative
drive of the RSAE is seen to remain somewhat constant with
the exception of a large temporary decrease around t
=354.5 ms. For the TAE, �drive /�damp decreases slightly then
increases significantly after crossover avoidance. For these
calculations, the drive increases linearly with central fast-ion
beta which was fixed at 0.69% as compared to the total cen-
tral beta of 1.02%. The fast ion pressure profile was calcu-
lated using the TRANSP code which assumes neoclassical
confinement. For the purposes of comparing the relative
changes between eigenmodes and showing that there is a
change in the stability through the coupling process, this pre-
sents no problem; however, Fig. 6�d� predicts some of these
eigenmodes to be only marginally stable/unstable. Further
analysis is required to resolve this discrepancy since both
modes are observed in experiment and are clearly unstable

FIG. 6. Results from the NOVA-K code for discharge 122117. �a� Fre-
quency evolution during crossover avoidance, �b� sum of electron collisional
and Landau damping �damp normalized to mode frequency, �c� neutral beam
ion drive �drive normalized to mode frequency, and �d� ratio of drive to
damping �drive /�damp for the modes in �a�.
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throughout the coupling process. Indeed, for these discharges
with multiple Alfvén eigenmodes, the volume averaged neu-
tron emission is approximately half the classical value pre-
dicted by TRANSP �Ref. 32� making use of the calculated
fast ion pressure profile questionable.

III. DISCUSSION AND CONCLUSION

In addition to the calculations and data presented thus far
for the coupling of an unstable RSAE and TAE, much evi-
dence exists both experimentally and theoretically for cou-
pling of the frequency chirping RSAE to stable TAEs/
GTAEs. Simulations carried out for the same time window as
Fig. 2�c� and n=2 and n=4 predict the coupling to several
GTAEs just as for the n=3 modes presented, with the excep-
tion that no n=2 or n=4 GTAEs are obvious in the experi-
mental measurements. However, analysis of multichannel
ECE data confirms that throughout their respective frequency
chirps, most of the other RSAEs also temporarily take on a
global structure such as that shown in Fig. 5. Interestingly, a
sign of this is the momentary appearance of RSAE activity
on magnetic pickup measurements which tend to only be
sensitive to the modes when they have a significant ampli-
tude at the plasma edge. An example of this can be seen in
Ref. 22, Fig. 1�c� where a windowed power spectrum of
Mirnov coil data for the same discharge of this paper is pre-
sented. Also, recently it has been found that analogous
modes to the RSAE can exist in higher order gaps in the
Alfvén continuum.33 These modes, like the RSAE, chirp in
frequency and as a result will likely be subject to the same
type of coupling as described here, except with higher fre-
quency Alfvén eigenmodes such as the NAE �triangularity
induced Alfvén eigenmode�.

In summary, measurements of the coupling of RSAEs to
TAEs in DIII-D reversed magnetic shear plasmas have been
presented. The measured mode structures, frequencies, and
frequency splitting throughout the coupling process are in
close agreement with ideal MHD simulations. It has been
observed that the core-localized RSAE can temporarily gain
a global mode structure whereby its stability properties as
well as a potential to cause fast ion transport is altered. Phe-
nomenologically, the plasma discussed here also shows flat-
tening of the central fast-ion pressure profile during periods
of strongest Alfvénic activity.32 However, due to insufficient
time resolution of the necessary diagnostics to assess the
impact on injected beam ions during the relatively short cou-
pling event, no data have been presented to this end. Future
work should focus on the degree to which Alfvénic mode
coupling affects fast ion confinement. This coupling process
may be particularly important in future burning plasma ex-
periments where moderate to high-n Alfvén modes are pre-
dicted to be unstable. The number of possible eigenmodes
increases with n, therefore a chirping RSAE with higher-n
will have more opportunities to couple to TAEs possibly re-
sulting in an unexpected increase in global Alfvén eigen-
mode activity.
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