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A B S T R A C T

Accurate real-time measurements of magnetic island and electron cyclotron current drive (ECCD) locations are
essential for efficient suppression of the neoclassical tearing mode (NTM). To determine these locations, many
control systems rely on motional Stark effect constrained equilibria reconstruction and real-time Thomson
scattering with TORBEAM current drive evaluation and therefore require time-intensive cross-calibration of at
least two different diagnostics. Here we present a simpler, proof-of-concept analysis that uses only a single
diagnostic (a radial array electron cyclotron emission radiometer) for the simultaneous determination of both
the radial position of a magnetic island and the deposition location of ECCD. Measurements are compared with
the modified Rutherford equation to demonstrate the effect of ECCD alignment on NTM suppression.

1. Introduction

The neoclassical tearing mode (NTM) is a metastable tearing mode
that originates from a finite seed island typically on either the m/n=3/
2 or the m/n=2/1 resonant surface (or both) and is destabilized by
helical perturbations of the bootstrap current [1]. If an NTM is allowed
to grow, confinement is lost across the island region. This confinement
loss can lead to a decrease in plasma energy by 10− 30% in modes
with m/n=3/2, and, more catastrophically, to severe energy loss or
disruptions in the case of a m/n=2/1 mode [2]. Thus, one of the key
issues for achieving stable high beta discharges in both current and
future tokamaks is the control of NTMs.

An NTM can be suppressed with well-focused, high-power milli-
meter-wave co-current drive by replacement of the missing bootstrap
current [3]. Due to its higher efficiency, scalable high power and long
pulse operation, and narrow current drive at a particular harmonic
resonance, radially-located electron cyclotron current drive (ECCD) is
the usual choice for NTM control at DIII-D [4]. Predictably, accurate
alignment of the ECCD deposition location to the resonant q-surface is
essential to NTM suppression. Experimentally, alignment is usually
achieved either by direct comparison of ECCD and NTM locations (such
as in [5] and [6]) or by various minimum-seeking optimization algo-
rithms (such as those described in [7].) Successful stabilization of NTMs
using ECCD has been demonstrated in many tokamaks using diverse

techniques, including DIII-D [4], ASDEX Upgrade [8], TEXTOR [9],
Tore Supra [10], TCV [11], KSTAR [12] and JT-60U [13]. Figure 1
shows a schematic layout of ECCD/NTM alignment on a typical m/
n=3/2 island at DIII-D.

In DIII-D, a real-time ECCD launcher mirror control system allows
for preemptive alignment of ECCD with the NTM while keeping the
plasma conditions fixed, thereby maintaining a high fusion energy gain
factor (e.g. Q∼ 10 in ITER) [14]. A standard alignment technique at
DIII-D is to use motional Stark effect equilibria reconstructions (MSE-
EFITs [15]) to find the NTM location and the real time TORBEAM [16]
beam tracing code with a Grad-Shafranov equilibrium to determine the
ECCD deposition location. However, this requires that the Grad-Sha-
franov solution, the q profile (for finding the location of the rational
surface) and the ne and Te profiles (for beam tracing) are all fully correct
and cross-calibrated. A system that relies on a single diagnostic and no
reconstructions could be much accurate and reliable. In this paper, we
extend existing techniques to show that the radial locations of both the
NTM and the ECCD deposition can be simultaneously determined with
a single radial array ECE diagnostic like the current DIII-D ECE system
[17], eliminating the need for extensive cross-calibrations. This method
is intended to be complementary to the methods developed in [14], and
will allow the plasma control system to more quickly and more accu-
rately handle NTM suppression. Furthermore, microwave diagnostics
like ECE are well-suited for high-neutron environments such as ITER,
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since only waveguides and antennas need access to the plasma [18]. As
a result, ECE will be a key component of the diagnostics suite on ITER
and other future tokamaks [19].

The remainder of this paper is organized as follows. For context, in
Sections 2 and 3 we briefly review the existing methods that are em-
ployed in this paper to determine the radial locations of NTMs and
ECCD deposition, respectively. Then, as a proof of concept demon-
stration, we apply these techniques to simultaneously determine the
NTM and ECCD locations for a discharge on DIII-D and compare the

results with those predicted by the modified Rutherford equation in
Section 4.

2. Detection of NTM location with ECE

Numerous methods to determine the radial location of magnetic
islands from ECE have been developed previously. At FTU, magnetic
islands are found with a phase contrast method based on the cross
correlation of contiguous channels of a multichannel ECE diagnostic
[20]. At JT-60U, the center of the magnetic island is detected directly
from the electron temperature perturbation profile [13]. At ASDEX-U,
the temperature oscillations from the magnetic island as seen by an ECE
radiometer are correlated with a reference signal from one of the
Mirnov coils to determine the island location [21]. At KSTAR, the
alignment of the ECCD deposition with the island is estimated by X-ray
imaging crystal spectroscopy [12]. At DIII-D, the matched amplitudes of
island temperature fluctuations are calculated, allowing for real-time
determination of the island location [5]. Importantly, other methods
implemented at TEXTOR [22], TCV [23] and DIII-D [6] have included
the use of oblique ECE measurements to track ECCD alignment.

In this work we follow the real-time techniques (detection of phase
inversion) outlined by Park and Welander in [5] to find the location of
NTMs with ECE. As a demonstration, Fig. 2 shows a calculation of the
radial location of the 22 kHz NTM in DIII-D discharge 149536, in which
the NTM is partially suppressed by ECCD. A typical trace of the ECE
electron temperature fluctuation profile T̃e is analyzed in Fig. 2a,
showing phase inversion at the NTM location. The fluctuations T̃e are
convolved with a sinusoidal model of the temperature change using a
matched filter to calculate the matched amplitude of T̃e, as defined in
[5]. Since T̃e is both phase inverted and minimized at the island center,
the radial location of the island can be identified when the matched
amplitude changes sign. Here we interpret linearly between signals on
adjacent ECE channels to locate the NTM. In Fig. 2b the radial location
of the island node found with ECE is compared to the radial location of
the q=3/2 surface calculated with MSE-EFITs. Smoothings of 30ms
were applied to each signal. The variations are correlated with periodic
edge localized modes, which modulate the current profile in the core
[5]. Note that, not only are the two calculations in good agreement, but
that the ECE method obtains a higher time resolution, as is typical of
ECE systems.

3. Detection of ECCD deposition location with ECE

Using the same ECE diagnostic discussed above, the ECCD deposi-
tion location can be simultaneously determined with the following
procedure [24]. At DIII-D, the power (amplitude) of the ECCD launcher
is modulated at 75–100 Hz. This is reflected in the ECE channels at the

Fig. 1. Block diagram of a typical m/n=3/2 suppression scenario. Note that
the island width is not shown to scale and is for visualization purposes only.

Fig. 2. DIII-D discharge 149536. (a) Normalized matched amplitude of the electron temperature fluctuation T̃e as a function of major radius at a typical time slice. The
NTM location is found by linear interpolation between ECE channels when the matched amplitude switches sign. (b) The radial location RNTM on the inboard
midplane of a m/n=3/2 magnetic island (Mirnov frequency = 22 kHz) is calculated as a function of time using MSE-EFITs (q=m/n) and ECE (island node from
perturbed Te) and the results are compared.
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same frequency, and it is straightforward to determine the amplitude of
the modulated ECCD signal present on each ECE channel. Linear in-
terpolation is then applied to determine the peak amplitude of the
modulation with respect to ECE channel number. The radial position
monitored by each ECE channel depends on the magnetic field and is
easily computed from MSE-EFIT. The radial location of ECCD deposi-
tion can then be found by comparing the radial locations of the ECE
channels and the peak modulation amplitude.

Fig. 3 shows the ECCD deposition location for example DIII-D dis-
charge 148956. During this discharge, the ECCD deposition location
was intentionally swept over a radial range equivalent to the range
viewed by five neighboring ECE channels. The main limit of this ap-
proach is the spatial resolution offered by ECE chords. For example,
during DIII-D discharge 149388 (discussed below) the ECE channels are
an average of ∼2 cm apart (as seen in Fig. 1), limiting the spatial re-
solution of an ECCD measurement. For more accurate determination of
the ECCD deposition location, the peak amplitude of the EC frequency
modulation is interpolated between channels. Furthermore, new diag-
nostics at DIII-D have recently increased the possible spatial resolution
of ECE measurements, further reducing the error on ECCD localization
[25].

4. Using ECE for NTM suppression and control

At DIII-D, current NTM suppression techniques follow the methods
described in [4,6,14]. Using real-time MSE-EFITs with advanced feed-
back and search algorithms, the magnetic island is targeted with
steerable ECCD launcher mirrors. Island formation is detected auto-
matically and, based on the plasma evolution and the interaction of the
island and the ECCD, the ECCD alignment is adjusted. This approach
requires three diagnostics (magnetics, MSE-EFIT and Thomson scat-
tering for density) and a ray-tracing algorithm (TORBEAM), all of
which must align for successful NTM control. A replacement process
with a single radial ECE diagnostic requirement would reduce this
cross-calibration requirement by allowing the plasma control system to
independently and simultaneously locate both the ECCD deposition
location and the magnetic island with a single diagnostic.

To show the feasibility of simultaneous ECE detection, the technique
is applied to DIII-D discharge 149388, where the EC power was
modulated at 75 Hz. Comparisons of the ECCD and NTM locations are
shown in Fig. 4. In this discharge, a 26 kHz q=3/2 NTM is allowed to
develop after 2 s. At t=3.5 s the ECCD launcher is turned on and is
swept around the q=3/2 resonant surface for visualization purposes.

ECCD is aligned to the q=3/2 magnetic island at t=4.25 s and held
steady for the remaining duration of the discharge, partially suppres-
sing the NTM. As seen in Fig. 4, the ECCD deposition location and the
magnetic island can now be followed throughout the duration of the
shot using two different methods. In Fig. 4b, the existing TORAY-GA
and MSE-EFIT codes are used to find the location of the ECCD deposi-
tion and the n=2 mode, respectively. In Fig. 4c, both locations are
determined simultaneously with the ECE analysis described above,
without additional input from other diagnostics. The two methods show
good agreement throughout the shot. Fig. 4 also highlights that even
misalignments of ∼1cm can significantly reduce the effectiveness of
ECCD at suppressing NTMs [2], so precise alignment of the current
drive is essential to effective tearing mode mitigation.

The effect of rf current drive on the NTM islands is described by the
modified Rutherford equation [26]. We use the modified expression for
the island width w employed in [27] and [28] to confirm NTM sup-
pression in DIII-D discharge 149388. The island width evolves ac-
cording to
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which accounts for the relative sizes of the island and the FWHM of the
rf current drive δEC, as well as any misalignment in jEC. Here τR is the
resistive diffusion time, Δ′ is assumed negative (stabilizing), 1/ϵ= R0/r
is the local aspect ratio, βθ is the poloidal beta and the coefficient η0 is
set to η0= 0.4 for no modulation. The q-profile and p-profile are de-
scribed by Lq≡ q/(dq/dr) > 0 and Lp≡− p/(dp/dr) > 0, respec-
tively. wd and wpol are characteristic islands widths described in [26].
The FWHM of the Gaussian rf current density is given by δEC, and any
misalignment of the rf current is given by ΔR. The rf current density and
the bootstrap current density are given by jEC and jBS, respectively.
Absent any coherent modulation on the mode frequency, the slow
modulation of EC power requires averaging jEC in Eq. (1).

The modified Rutherford equation was compared to measured is-
land widths in DIII-D discharge 149388 to demonstrate the function-
ality of ECCD suppression. The island width before and after ECCD
suppression can be measured with ECE by determining the size of the
flattened portion of the electron temperature profile [29]. The mea-
sured width of the saturated q=3/2 island before and after ECCD
treatment was ∼w 8sat cm and ∼w 6sat cm, respectively. As shown in
Fig. 5, the modified Rutherford equation accurately reproduces these
values, demonstrating the validity of this approach. Here the pressure
scale length Lp decreases from Lp=0.32 at =w 10 cm to Lp=0.28 at

=w 0 cm to model the assumption that the pressure profile peaks with
shrinking island size and βθ is assumed to increase as the island shrinks
from βθ=0.9 to βθ=1. Furthermore, Δ′r is also assumed to be a linear
function of island size, increasing from Δ′r=−2.25 at =w 10 cm to
Δ′r=−3.85 at =w 0 cm. After aligning the ECCD and the island, the
averaged rf and bootstrap current densities at the island location are
jEC=130 kA/m2 from TORAY-GA and jBS=180 kA/m2 from ONETWO
respectively, so the ratio jEC/jBS=0.72. As predicted by Eq. (1), this
corresponds to a saturated island width of ≈w 6sat cm. A ratio jEC/
jBS=1.5 is predicted to be needed for complete suppression of the
NTM. Traces of the modified Rutherford equation under the plasma
conditions of DIII-D discharge 149388 are seen in Fig. 5.

It should also be noted that NTM suppression as described by the
modified Rutherford equation is extremely sensitive to misalignment of
the rf current drive. Eq. (2) contains an exp [− (5ΔR/3δEC)2] term,
which suggests that the ratio jEC/jBS needed for complete suppression
increases by ∼130% for a misalignment of ΔR/δEC=0.3 in DIII-D

Fig. 3. DIII-D discharge 148956. Multiple step response of the mirror control;
the requested and achieved positions are shown in black and blue, respectively.
The ECCD deposition location as determined by ECE is displayed in red,
showing good agreement with the mirror control. (For interpretation of the
references to color in this figure legend, the reader is referred to the web ver-
sion of this article.)
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discharge 149388. As is seen in the n=2 mode amplitude signal
plotted in Fig. 4, the magnetic island returns to its fully saturated value
for misalignments on the order of ∼1. This stresses the need for precise
alignment of the rf current drive with the magnetic island.

5. Conclusion

In a proof of concept analysis, radial ECE is used to simultaneously
locate both ECCD deposition and an NTM seed island. By comparing
these measurements, NTMs could be efficiently suppressed without the
time-intensive cross-calibration of various diagnostics that is needed to
use MSE-EFITs and TORBEAM in a search and suppress NTM suppres-
sion scheme. Furthermore, this analysis relies only on ECE, which is
ticked to be a main diagnostic on ITER since it is well-suited for high
neutron environments. Comparisons with the modified Rutherford
equation highlight the effectiveness of ECCD at suppressing NTMs, but
also stress the need for accurate alignment with the seed island. Future
work includes the real-time application of this scheme to plasma dis-
charges in DIII-D as a method of efficient NTM avoidance.
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