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Abstract. Control of Neoclassical Tearing Modes (NTMs) requires an accurate
and low latency detection of the mode position. For a burning H-mode ITER
plasma, simulations are conducted for both ECE detected via the equatorial
port plug and along the line-of-sight of the ECCD launchers. Simulated ECE is
detected using synthetic radiometers, with settings chosen to meet the required
accuracy. A video bandwidth of 2 kHz is used which allows for an intermediate
frequency bandwidth of BIF = 400 MHz for ECE detected via the equatorial
port plug. For ECE detected via the ECCD line-of-sight, an intermediate frequency bandwidth of 1.5 GHz and 1 GHz for the 2/1 and 3/2 NTM respectively
suffices for accurate location detection. For both ECE systems, the latency requirements for NTM suppression are fulfilled.

1 Introduction

For high β H-mode plasmas in ITER, suppression of the m/n = 2/1 and m/n = 3/2 Neoclassical Tearing Modes (NTMs) is required, to prevent confinement degradation and disruptions.[1][2] Electron Cyclotron Current Drive (ECCD) counters the NTM current deficiency,
resulting in a suppression of the mode.[3] Due to suboptimal placement of the ECCD launchers on ITER, full suppression of NTMs is required before mode locking (i.e. stop of rotation)
occurs.[4] An accuracy in the ECCD deposition position of 5 mm and 7 mm is required for
full suppression of the 2/1 and 3/2 NTM, respectively.[4] Based on a combined model of mode
rotation and growth, the maximum allowed latency between the seeding of the NTM and the
start of mode suppression using ECCD, that still results in full suppression of the mode, is
found to be a few seconds, typically.[4] The mode position should be detected with at least
the deposition accuracy within the maximum allowed latency. In this paper, the capabilities
of Electron Cyclotron Emission (ECE) radiometry for an NTM control loop, which needs
to satisfy the accuracy and latency constraints, are assessed for a standard burning H-mode
ITER scenario 2 plasma and ECE measured through either the equatorial port plug and via
the line-of-sight of ECCD.[5][6][7]
The next section discusses how simulations of ECE for NTM suppression on ITER are
set up and used as input for the algorithm by Berrino et al.[8] This section also shows how a
realistic temperature perturbation is modelled based on the perturbation of the helical flux.
The capabilities of ECE radiometry via the equatorial port and the line-of-sight ECE system
are assessed in section 3 and section 4 respectively. The final section presents the conclusions.
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2 Simulation set-up
The signals detected by an ECE radiometer measuring an ITER plasma are simulated using
a combination of models from literature. The evolution of island width and phase is described
by a combined model by Van den Brand et al, which combines island growth described by the
Generalized Rutherford Equation and a model for island rotation as put forward by La Haye
et al.[4][1][9] The island width and phase, as a function of time, and radial position serve as
input for the NOn-Thermal ECE Code (NOTEC), which calculates noise-free thermal ECE
detected by an antenna viewing the ITER plasma.[10]
The NTM perturbs the temperature profile which depends on all three coordinates (rc , θ, φ),
where rc is the plasma minor radius q
in cylindrical coordinates, φ the toroidal and θ the poloidal

angle. The cylindrical radius rc = S(ψπ0 ,σ) is determined by the surface S enclosed by the
equilibrium helical flux ψ0 , where σ indicates the position relative to the rational flux surface
with σ = −1 for rc < rc,s and σ = +1 for rc > rc,s , with rc,s the minor radius in cylindrical
coordinates of the NTM rational surface. The helical flux perturbation by a magnetic island
is approximated by Yang et al by[11]
2
rc2 1 − rac
e
e
ψ = ψ(rc,s ) 2
 cos (mθs + nφ + ξ0 ) ,
rc,s 1 − rc,s 2
a

(1)

with ξ0 the phase of the NTM and θs the straight field line angle. Temperature is assumed
constant on the magnetic flux surfaces described by the perturbed helical flux ψ = ψ0 + ψe
and σ. Due to fast radial transport inside the island, the temperature is constant. Outside
the island the radial transport is assumed to be unaffected, thus maintaining the equilibrium
temperature gradients. Thus the NTM only effects the temperature outside the island by
perturbing the flux surface shape and a temperature drop due to the fast radial transport
in the island. The temperature T (rc , θ, φ) at position (rc , θ, φ) is therefore related to the
equilibrium temperature profile T0 (rc ) by
ψ(rc > rc,s , θ, φ) > ψsep and σ = +1
ψ(rc , θ, φ) < ψsep
ψ(rc < rc,s , θ, φ) > ψsep and σ = −1

q

S(ψ(rc ,θ,φ),σ)
π
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q
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with ψsep the helical flux at the island separatrices and S (ψ, σ) the enclosed area in the
poloidal cross section by the flux surface defined by ψ and σ. To the thermal ECE calculated
using the perturbed temperature profile, thermal noise is added, determined by the video
bandwidth Bv and the intermediate frequency bandwidth BIF of the simulated multichannel
radiometer used for detection.[12]
The simulated ECE signals serve as input for the detection algorithm by Berrino et al.[8]
This algorithm detects the island position in terms of a detected frequency fdet , which can
be compared with the actual island frequency fisl , found from noise-free simulations. With
averaging of temperature, temperature fluctuation amplitude and normalized temperature
fluctuation correlation over 40, 80 and 400 measurement points and a threshold for the second
derivative of 0.6 for NTM detection, only NTMs are detected. The longest averaging time in
the algorithm is 100 ms.
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3 Equatorial ECE
In this section, the detection of the location of the island using ECE radiometers in the
equatorial plane is considered. The second harmonic X-mode is used, because it provides
higher spatial accuracy than the first harmonic O-mode for equal noise levels. In ITER the
equatorial ECE antenna is located at major radius R = 8.5 m and height Z = 0.76 m.[6] A
value of 6 cm FWHM is used for both beam widths which provides an upper estimate to the
expected beam width.
A video bandwidth Bv = 2 kHz is used, which suffices for the detection of 3/2 and 2/1
rotating islands, based on the equilibrium toroidal plasma rotation frequency ω0 by La Haye
et al (420 Hz for 2/1 and 578 Hz for 3/2).[13] An accuracy ∆r of 7 mm for 2/1 and 5 mm
for 3/2 magnetic islands in ECCD deposition position should be achieved to ensure full NTM
suppression is possible.[4] This can be attained with BIF = 400 MHz for both the 2/1 and
3/2 NTM, regardless of the exact positioning of the island relative to the channel spacing.
Using an ECE channel layout with centre frequency ranging from 240.2 up to 249.4 GHz
and up to 259.4 GHz for the 2/1 and 3/2 mode respectively, the detection latency is determined. The detection latency is defined as the time difference between island seeding and the
time at which the detected island location is within the required accuracy of 200 MHz or
150 MHz for the 2/1 and 3/2 NTM respectively and remains accurate for the remainder of
the simulation run. The detection latency is determined for seed island widths varied from
2 cm up to 11 cm for 2/1 NTMs and up to 13 cm for 3/2 NTMs. Each simulation is repeated 15 times with different random noise realizations. The mean, minimum and maximum
detection latencies as a function of seed island width are shown in figure 1
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Fig. 1: Detection latency as function of the seed island width for island location using equatorial
ECE. The figures show the mean detection latency (solid) and the shortest and longest detection
latency (dashed) determined from 15 runs with different noise realizations in blue. For comparison,
the maximum allowed latency for a control loop for full suppression of ITER NTMs using ECCD is
depicted as a red dashed line.[4]

Figure 1 shows that as the seed island width increases, the detection latency increases due
to the reduced performance of the algorithm for larger island widths. Large islands result in
regions of constant temperature leading to a decrease of temperature fluctuations in the ECE
channels covering the island region to a value below the noise level. This, in turn, drastically
decreases the anti-correlation between the two channels at opposite sides of rc,s .
The measured anti-correlation could be increased by larger intermediate frequency bandwidths, improving the signal-to-noise ratio of the radiometer, or by evaluation of the anticorrelation between channels that are further apart, covering a larger area outside the island
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and thereby increasing the likelihood that the oscillation remains above the noise level. Detection is fastest for seed island widths of 5 cm and all seed islands are detected within 500 ms.

4 Line-of-sight ECE
If equatorial ECE is used to determine the island position, both the relation between island
ECE frequency and flux surface and the relation between the launcher angle and the flux
surfaces should be accurately known. Using line-of-sight ECE, these relations are the same,
i.e. for equal frequencies the ECE waves propagate along exactly the same path as the ECCD
waves.[14] However, the orders of magnitude difference between ECE and ECCD power poses
a technical challenge addressed for a system on ITER by Bongers et al.[7] Use of feedback
based on an inline detection of the island ECE frequency to steer the EC mirror has been
demonstrated on the TEXTOR tokamak by Hennen et al.[15] This section investigates the
capabilities of a line-of-sight ECE system for ITER.
The LSMs of the UPLs are the preferred choice for a line-of-sight ECE system. The LSMs
have a fixed toroidal angle β = 18◦ and a variable poloidal angle α and are positioned at major
radius R = 6.9 m and height Z = 4.18 m.[16] The antenna pattern of the focussed beam viewed
from the LSMs is simulated using a toroidal and poloidal beam width of wt = 3.25 cm and
wp = 1.5 cm and a toroidal convergence of 1◦ . The same beam settings are used by Bertelli
et al to approximate the Gaussian beam profile near the 170 GHz EC resonance.[17] The
detection capabilities of a line-of-sight ECE system on a UPL are addressed in this section.
The optimal angle for ECCD deposited at the island O-point is α0 = 41.2◦ and α0 = 50.7◦
for the 2/1 and 3/2 NTM respectively. A radial offset of 7 mm and 5 mm, for the 2/1 and 3/2
NTM respectively, is allowed, while maintaining full suppression capabilities.[4] Based on single
ray simulations, it is found that an error in the launcher angle |∆α| < 0.4◦ results in sufficient
positioning accuracy for the 2/1 NTM. For the 3/2 NTM, an accuracy of |∆α| < 0.15◦ is
required. Accurate detection is reached with bandwidths of 1.5 GHz and 1 GHz for the 2/1
and 3/2 NTM respectively. As a result of a region of 1 GHz around 170 GHz in which no
radiation is detected, the centre frequencies of the channel layout for the 3/2 NTM detection
consists of a range from 161 to 169 GHz and from 171 to 179 GHz.
The mean, minimum and maximum detection latency, determined from 15 runs with different noise realizations, are shown in figure 2 for four fixed launcher angles α. The island
growth is modelled for different seed island widths.
Figure 2 shows that detection of all islands is successful for three angles for both the
2/1 and 3/2 NTM. At larger island widths, anti-correlation of the ECE channel is reduced
by a flattened temperature profile in vicinity of the island, thereby increasing the detection
latencies especially for the angles 50.4◦ and 51.1◦ for the 3/2 NTM. For the optimal angles
α0 = 41.2◦ and α0 = 50.7◦ , for the 2/1 and 3/2 NTM respectively, this is not observed,
because near the island the channels are spaced farther apart as a result of suppressed ECE
in the frequency range from 169.5 GHz to 170.5 GHz. For the larger angle α = 45.1◦ for the
2/1 NTM, all islands are detected regardless of seed island width. For a larger angle difference
∆α, the beams are less tangential to the NTM rational surfaces. This results in a larger
difference in radial position for the same frequency difference, compared to a tangential beam
at smaller ∆α, and, consequently, a larger frequency range that is located outside the island.
The detection latency remains below 500 ms for the 2/1 NTM and 1 s for the 3/2 NTM.

5 Summary and conclusions
The ray tracing and EC emission code NOTEC has been used to simulate ECE coming from an
ITER plasma containing a magnetic island. The perturbed temperature profile not only takes
into account the flattening of the temperature inside the island, but also the perturbation of
the flux surfaces caused outside the island. Simulated ECE spectra, measured at frequencies
03004-p.4
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Fig. 2: Detection latency as function of the seed island width for 2/1 and 3/2 island location using
line-of-sight ECE. The detection latency determined for three angles is shown, with the mean detection
latency (solid line) and the upper and lower limits (dotted), determined from 15 runs with different
noise realizations. For comparison, the maximum allowed latency for a control loop for full suppression
of ITER NTMs using ECCD is depicted as a red dashed line.[4]

50 MHz apart, are combined in ECE channels and thermal noise is added based on the
intermediate frequency and video bandwidths. A set of ECE spectra with varying island width
and phase are combined with models for the evolution of the island width and rotation to
arrive at time dependent ECE signals. The actual island location, indicated by the frequency
of minimum temperature fluctuation in the noise-free spectra, should be accurately detected
for NTM control. The algorithm by Berrino et al is used for island detection.[8]
For both equatorial ECE and a line-of-sight ECE system, the required ECE channel layout
to attain a detection accuracy of 5 mm and 7 mm for the 2/1 and 3/2 NTM is investigated,
which is equal to the required deposition accuracy for full suppression.[4] A video bandwidth
of 2 kHz is used which suffices for the detection of the 2/1 and 3/2 NTM based on a model
for mode rotation by La Haye et al.[9] The detection latency is determined for seeded islands,
growing in accordance with the polarization model for the saturation of the bootstrap island
growth at small island widths.
Using equatorial ECE, a sufficient detection accuracy for 3 cm islands is attained with
a 400 MHz intermediate frequency bandwidth for both the 2/1 and 3/2 NTM. The channel
spacing is taken equal to the intermediate frequency bandwidth. For small islands the temperature oscillation is near the noise level, while for larger islands ECE channels are located
partially in the island, thereby decreasing the detected temperature oscillations. As a result,
detection latency is lowest for 5 cm islands. Islands of 2 cm are not detectable with the chosen
spacing as well. Use of a video bandwidth of 4 kHz no longer leads to detection of 3 cm islands.
Island detection within 500 ms is possible for all seed island widths studied.
For a line-of-sight ECE system, an accuracy in the launcher angle α of |∆α| < 0.4◦ and
|∆α| < 0.15◦ is required for the 2/1 and 3/2 NTM respectively to ensure that ECCD is deposited sufficiently close to the island O-point for full suppression. An intermediate frequency
bandwidth of 1.5 GHz and 1 GHz, which is taken equal to the channel spacing, is required
for the 2/1 and 3/2 NTM, respectively for detection of 3 cm islands. The intermediate frequency bandwidth can be higher for the line-of-sight ECE system as a result of the larger
tangentiality of the beam to the rational surfaces compared to equatorial ECE. At angles near
the optimal angle the detection latency increases for large 3/2 NTMs. This results from the
reduced anti-correlation of neighbouring ECE channels due to temperature equilibration in
the island. The detection latency remains below 500 ms and 1 s for the 2/1 and 3/2 NTM
respectively.
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