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ARTICLE INFO ABSTRACT

Keywords: The reduction or suppression of magneto-hydrodynamic instabilities, such as Neoclassical Tearing Modes

ECE (NTMs), can be performed through localized current driven by Electron Cyclotron Heating and Current Drive

NTM control (ECH&CD). In this paper, we show that the proper aiming of a steerable antenna can be obtained using a

DEMO suitable layout of an array of Electron Cyclotron Emission diagnostics (ECE imaging). The diagnostic principle

Fusion technology leading to the adoption of ECE imaging is to exploit propagation reciprocity at electron cyclotron frequencies,
which allows for the implementation of control strategies such as the In-Line (van den Brand et al., 2018)
and the Quasi-In-Line (Sozzi et al., 2023) control schemes (I-L and Q-I-L schemes). However, these schemes
require equipping a dedicated ECE diagnostic with at least a movable antenna.

This contribution is based on simulations obtained for a DEMO-like reactor to demonstrate the feasibility
of NTM control schemes based on information provided by an ECE imaging diagnostic, which uses a set of
fixed Lines-of-Sight (LoS). Towards the design of a diagnostic layout suitable for the use in real machines,
the following questions are here addressed: First, we evaluate the number of LoS required to satisfy the strict
alignment precision necessary in a DEMO-like reactor and then provide a pre-conceptual design. Finally, the
performance that could be obtained by a control system adopting such a diagnostic is evaluated and compared
with the I-L and the Q-I-L schemes mentioned above.

1. Introduction precision of magnetic reconstruction, the fidelity of position calcula-
tions, and inherent approximations, with impact on the robustness and
accuracy of the control system.

Two alternative strategies have been demonstrated to be effective

The stability of plasma within tokamaks is dependent on the miti-
gation of NTM instabilities, which can be achieved through localized

current injection with ECH&CD. The process entails the identification
of the instability’s presence, its location within the plasma, and the
accurate alignment of the ECH&CD beam deposition zone with the
instability’s position. The deployment of such control methodologies
can require the use of advanced and sophisticated computational tech-
niques to inject a stabilizing current into the magnetic island [1,2],
thereby avoiding excessive radial misalignment, AR < 1 cm [3,4].
Depending on the available diagnostics and their layout, the accurate
reconstruction of magnetic surfaces may be necessary for the precise
aiming of the ECH&CD antenna at the NTM position and for the
ECH&CD deposition, which requires a real-time (RT) execution of a
beam tracing code. Closed-loop control strategies based on standard
diagnostics usually infer the ECH&CD deposition location from mag-
netic equilibrium and beam tracing codes, and limited efforts are
actually employed to provide direct measurement from ECE-ECH&CD
correlation. Consequently, alignment accuracy is contingent upon the

at this time: the In-Line (I-L) [5,6] and the Quasi-In-Line (Q-I-L) [7,8].
These approaches are based on an ECE layout which exploits the
reciprocity principle at electron cyclotron frequencies [6,9,10]. They
eliminate dependence on magnetic surface reconstruction and enable
the implementation of a feedback loop based on measured quantities.
This feedback directly steers the mirror antennas based on the error
between the frequency of the EC emission from the island O-point and
the gyrotron frequency, rather than evaluating their radial position
inside the plasma, thereby improving the robustness and resolution of
the control system.

In the I-L approach, a single mirror is equipped with the ECE and
ECH&CD, which are situated at the same poloidal and toroidal location.
However, the implementation of sophisticated millimeter wave tech-
nology is essential for the separation of high-power ECH&CD beams
(x MW) and low-power ECE signals (x mW) that share the same trans-
mission line [11] with the drawback of reducing the signal-to-noise
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Fig. 1. Diagnostic port cross section: (a) Q-I-L layout, a steerable antenna (red) equipped with an ECE diagnostic (green) for plasma scanning and island detection;
(b) O-ECE-Imaging layout, an array of N antennas, each equipped with ECE diagnostic (green), observing the plasma from N fixed LoS.

ratio [5]. In the Q-I-L approach, two mirrors host the ECE and ECH&CD.
They are situated at different toroidal locations, but have analogous
poloidal positions. It is therefore imperative to deploy an additional
real-time steerable antenna hosting the ECE diagnostics (Fig. 1(a)). It
should be noted here that the feedback loop (searching phase) ensures
that the alignment errors approach zero asymptotically; furthermore,
the use of a feedback alignment control makes the design robust with
respect to unforeseen changes of the plasma equilibrium. However, due
to the characteristics of the detection technique and the uncertainty of
the position where the NTM could appear [12], the antenna should be
continuously moved for plasma monitoring until an NTM arises and the
mirror reaches an optimal detection condition. This inevitably results
in mechanical complexity issues and delays in detecting instabilities.

This work introduces a novel concept based on the Q-I-L scheme,
designated as Oblique ECE Imaging (O-ECE-I). In contrast to systems
that rely on steerable antennas, a fixed array of N antennas is em-
ployed, with the plasma observed from different Lines-of-Sight (LoS).
Each fixed antenna in the array is equipped with a multi-channel ECE
radiometer (see Fig. 1(b)), allowing to determine the relative island
position for each LoS. This set of information can facilitate the determi-
nation of the optimal ECH&CD injection angle, provided the following
two conditions are satisfied: (1) A methodology exists to evaluate
the optimal ECH&CD injection angle from the information provided
(inverse problem); (2) A manageable number of LoS are sufficient to
achieve the accuracy requirement. This approach obviates the need for
receiving steerable antennas and the use of searching algorithms for the
alignment of the ECH&CD deposition with the NTM.

The pre-conceptual design of the O-ECE-I scheme and its optimiza-
tion for the EU-DEMO tokamak [13-15] are described in Section 2.
First, a method to solve the inverse problem, based on a simple poly-
nomial fit, is introduced. Using this method, the minimum number of
LoS required to satisfy the requirements in the EU-DEMO tokamak [13]
is evaluated. Furthermore, in order to compare the performance of the
O-ECE-I and the I-L, Q-I-L schemes, the SynECE simulation tool, used in
previous work [16], is presented in Section 3. The main results of the
performance evaluation and comparison with the I-L scheme are given
in Section 4.

2. ECE imaging and optimization process

The proposed detection system, O-ECE-I, represents an extension of
the Q-I-L scheme, in which the steerable antenna is replaced by an array

of N antennas that look into the plasma through different LoS. The
layout of such a diagnostic is conceived assuming that all antennas are
located at the same poloidal position of the ECH&CD launcher as in
the Q-I-L layout, but they may have different toroidal positions. Each
ECE antenna aims at slightly different poloidal angles «; relative to
the nominal poloidal angle of the ECH&CD and at the same toroidal
angle, and when used in conjunction with the detection algorithm,
can provide the locations (f;,«;) of the NTM. Under the assumption
that NTM perturbs a given plasma surface p,, for a given angular shift
a the ECE LoS will see the NTM at the frequency f, following the
relationship I'| p,,( f,a). The series of NTM locations from the O-ECE-I
detection (a;, f;) is then used to reconstruct:

I'(f,a)~ f—-Pa)=0 @

with an interpolating polynomial P, of the NTM locations.

For the conceptual design of the O-ECE-I system, the relationships
defined in Eq. (1) and illustrated in Fig. 2 were evaluated for a plasma
poloidal radius range of p, € [0.83 : 0.90]. The analysis was performed
using the SPECE code [17] in the DEMO1 baseline scenario [13] for
EU-DEMO.

The SPECE code allows the analysis of ECE in plasma by solving
the radiation transport equation along beam trajectories. It models
both Maxwellian and non-thermal plasma, computing ray trajectories
through the cold scattering relation and determining emission/absorp-
tion coefficients via relativistic relations. SPECE code has been ex-
tensively benchmarked with experimental data in various machine,
as example [18]. The chosen Py interval represents the spatial region
covered by the upper pointing mirror in a displacement of +5 deg
around its nominal position (0 deg).

In Eq. (1) the order of the interpolating polynomial is related to the
‘N LoS detecting the island O-point (n = ‘N —1). Note that N < N due to
the fact that for inner rational surfaces and LoS looking at the plasma
edge, there is no intersection and therefore no O-point detection. To
avoid over-fitting, the order of the polynomial is limited to n < 5. The
optimal injection angle «; is found by solving Eq. (1) for f = fg,
where f; is the ECH&CD power injection frequency. The control system
then steers the ECH&CD antenna to «; without any further check
or correction. This implies that control strategies cannot ensure that
the distance between the radius r,,, at which the density current is
injected and the O-point of the island r, is zero. However, achieving
perfect alignment between ECH&CD and NTM instability is crucial
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Fig. 2. Nonlinear relationship I'(f,«) between the observation angle and detection frequency for different positions of the NTM in p, coordinates for a given

magnetic equilibrium. Dotted line is ECH&CD power frequency.

for successful control, as the misalignment reduces the efficiency of
the stabilizing effect of the power beam. The efficiency loss due to
misalignment depends on “geometrical” factors such as the ECH&CD
power deposition width w,, and the island width w. The effect of a
misalignment in the NTM evolution is usually represented by a factor
Gy (Xporm)s as in [19], where x,,,,, = |1y = r4,,|/min(w, w ;). Therefore,
we set a lower limit to the ECH&CD efficiency, G.; > 0.4 which in turn
results in an upper limit to the angular resolution, 4a, of the solution
to the inverse problem. The following O-ECE-I layout is designed to
provide an angular resolution < 0.6 deg. This is a conservative estimate
made for a full-width island of width w = 6 cm (2% of minor radius),
with the objective of guaranteeing ECH&CD efficiency > 40% (for
Xporm < 0.3 @and |rg,, — r| < 1.8 cm which is equivalent to §p ~ 0.006 in
DEMO).

The minimum number of LoS required to guarantee «; evaluation
within the requested resolution has been evaluated considering two
different layouts under DEMO1 nominal conditions. In the first layout,
named Uniformly Spaced (US), the interpolation algorithm was applied
to sets of LoS with a variable number of elements, ranging from 4 to
16. For each set, the LoS were equally spaced in the steering angular
range of +5 deg. In the second layout, named Optimized Spaced (OS),
a genetic algorithm (GA) was used for each set to optimize the angular
direction of each LoS, with the objective of minimizing the average and
maximum interpolation errors.

Fig. 3 illustrates the results obtained for N = 5,6,7, and 8 lines of
sight evaluated with both layouts. In the case of the OS solution, only
one of the possible Pareto-optimal frontier results is shown for each set.
The results show unacceptable errors for N < 6 in both layouts. With
the US layout, the minimum number of LoS that ensures a pointing
error lower than the required resolution is N > 7, which is slightly
higher than for the optimized layout (6).

3. Simulation tool and control schemes

The Synthetic ECE (SynECE) [16] tool was used to assess the O-
ECE-I detection system and benchmark its performance against the
I-L layout. SynECE is a simulation tool developed within the Mat-
lab/Simulink framework that generates synthetic ECE signals mimick-
ing those measured by radiometric systems. It can be used to develop
and test NTM detection algorithms based on radiometric signals [8,16,
20]. Section 3.1 describes the SynECE tool and the detection algorithm
used for all tests. Then, in Section 3.2, the control schemes which are
implemented with the SynECE are described.

3.1. SynECE tool and detection algorithm

SynECE simulates ECE measurements of 7, profiles modified by a
NTM of a given amplitude and with a relative phase # with respect
to the given ECE antenna and orientation, «,,. A simplified schematic
representation of the SynECE tool and detection algorithm block is
reported in Fig. 4. The ECE fluctuations caused by crossing of the ECE
LoS with perturbed (¢ = 0) and unperturbed (¢ = #) Te profiles are
simulated by posing the plasma rotating with a frequency v, which is
integrated to give the island phase. This allows simulating islands with
given w and v.

The frequency and the island size can be kept fixed or externally
provided by a block which evaluates the time evolution of the magnetic
island in the plasma by solving two equations: one for the size (w) using
the Generalized Rutherford Equation (G.R.E.), and one for the angular
position (), as shown in Section 3.2. At each time instant, the output
of this set of equations serves as the input for the SPECE code [17].
In the presence of magneto-hydrodynamic (MHD) instabilities, the
magnetic equilibrium loses its axial symmetry, transforming into a 3-
D configuration whose structure depends on three coordinates: minor
radius, poloidal angle, and toroidal angle. This results in a perturbation
of the temperature profile and electron cyclotron emission. To account
for the effects of these instabilities, SPECE utilizes the magnetic profile
of the plasma in conjunction with a simplified equation that applies
the magnetic perturbation on plasma surface p, to perturb the 3D
electron temperature profile from equilibrium (as described in [12]
and references within). To speed up the simulation, SPECE results are
precomputed for a range of island sizes, covering the entire range
between the zero-sized island and the full-size saturated island, and for
different phases, i.e., angular positions, of the island. These results are
then organized in tables (T ), obtained for different angles of the
ECE antenna («,,), allowing for rapid interpolation of the ECE spectrum
at runtime by SynECE. Finally, SynECE incorporates both measurement
noise, 5Tn’ [21] and the thermal noise, 5TnT [22], which are modeled
as Gaussian disturbances and evaluated for each channel individually,
contributing to the resulting ECE spectrum (7). The resulting SynECE
output, T,(f,1, ay,), is an array of signals that mimics the typical output
of a multichannel radiometer, where f represents the ECE channel
frequency, ¢ denotes time, and «,, is the ECE receiving angle. These
signals serve as the input for the detection algorithm.

The Berrino et al. detection algorithm [23] was used to identify the
ECE frequency location fyr,, of the phase jump in the temperature
signal on opposite sides of the rational flux surface. This was achieved
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Fig. 4. Simplified SynECE simulation scheme and detection algorithm.

through correlation between adjacent frequency channels. The result-
ing island localization, the frequency fyr,, at which the instability is
detected, may be used as a feedback signal for the implementation of
a closed-loop control system for the tracking and mitigation of MHD
instabilities. This detection algorithm has been tested and successfully
applied on oblique ECE in DEMO simulations [16] and in real-time
experiments in TCV [12] and in ASDEX-Upgrade [5].

3.2. Control schemes

The three closed-loop control schemes implemented with SynECE
are shown in Fig. 5.

To complete these schemes, several new blocks are added to the
SynECE tool described in Section 3.1: the Mirror Model and Island
Model blocks. The Mirror Model block simulates the mirror dynamics,

with a second-order system (3,5 = 1 Hz) with a limit on the maximum
speed of 10 deg/sec. The Island Model blocks inputs the SynECE
block with predefined values of w(¢) and 6(r). Optionally, it can run a
simplified model of the G.R.E., taken from [24], to evaluate the Island
evolution and the effect of the ECH&CD power. The parameter ag
accounts for the launch angle of the ECH&CD mirror and its alignment
with the island center, which directly affects the efficiency of stabiliza-
tion. The parameter Py is the total injected power used to stabilize
NTM. The parameters of the G.R.E. are being validated to simulate the
NTM evolution for a given (fixed) DEMO1 equilibrium and are not used
in the current work. This information is included here to complete the
description of the NTM control schemes and for future works which
will enable to assess the cumulative time and energy required for island
stabilization.
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Fig. 5. Layout of the control schemes for the three configurations. (a) In-Line; (b) Quasi-In-Line; (c) Oblique-ECE-Imaging.

A closed-loop control strategy using the I-L layout is easily imple-
mented (see Fig. 5(a)). The controller takes the difference (fy7;py —
fecy) between the NTM and ECH&CD frequency and uses it to adjust
the single shared mirror. Consequently, the results in a steady-state
condition can be summarized by the following two equations: a,, =
ar and ag = ap. In contrast, the Q-I-L layout uses the ECH&CD
launcher and the ECE receiver mirror located at different positions. Any
poloidal misalignment in this scheme can be modeled by introducing a
fixed offset between the signals. The differing toroidal positions of the
two mirrors can be neglected, as they have no impact on the results.
Therefore, the resulting simulation condition can be summarized as
ay = ap and ag = ap + Sa. A sketch of the control scheme is shown
in Fig. 5(b). In both control schemes, the control block is divided into
two parts: a scanning mode, which moves the mirror in an open loop
to detect the NTM instability, and a closed-loop control mode, which
then steers the mirror to the point of instability.

The final scheme, the O-ECE-I layout 5(c), comprising an array of N
receiving ECE antennas, each with a pre-defined angular orientation, is
implemented by supplying the N SynECE blocks with an input vector of
fixed angular orientations a,; = [a;, ..., @y ]. The output is subsequently

a vector T,,, = [T;(f.t,ap), ..., T;(f,t,apn)]. Each T,(f,t,«;) element
represents an array of signals that emulates the typical radiometric
output of an antenna positioned at angle «;. These signals are then
processed by N independent instability detection algorithms, which
determine the («;, f;) pairs. These pairs are then utilized to construct the
interpolating polynomial P,. The controller’s input angle for steering
the ECH&CD launching antenna is then set to «. This angle is derived
by solving Eq. (1), with f = f; being the ECH&CD power injection
frequency, as previously described in Section 2. In the O-ECE-I layout,
the control block can perform the switching between a (eventual)
scanning phase and control phase, where the ECH&CD miirror is directly
driven by the a estimated.

4. Results

The I-L and Q-I-L configurations primarily exhibit constructive dif-
ferences; however, their operational behavior is highly similar, if not
identical, specifically when 6« = 0. Therefore, the following compara-
tive analysis focuses only on the performance of the I-L and O-ECE-I
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Fig. 6. O-ECE-I with N =8 - Pointing error vs estimation error on each LoS.

configurations. Both layouts were evaluated using the DEMO1 sce-
nario [13], with islands of various fixed sizes located on the g = 2
surface [8,12]. The total power injected by the ECH&CD was set to
Pgcy = 0, as this work focuses on the instability detection, time
response, and alignment time of the proposed layout.

All LoS are equipped with an ECE radiometer configured with iden-
tical parameters, which are defined as follows: Intermediate Frequency
Bandwidth B;; = 500 MHz, Radiometer Video Bandwidth B, =2 kHz,
Sampling frequency 1/7,,,, = 2B, = 4 kHz, Instrumental Noise
8T, = 8.3 eV, Thermal Noise 6Ty = T/+/Br * Tyqmp» and ECE channels
between 140—190GHz equally spaced of §, = 2GHz. It is found that, for
this simulated ECE radiometer, the Berrino algorithm provides fy
with errors of §f < 0.5GHz.

The Berrino et al. detection algorithm is set to detect NTMs with
a rotation frequency v € [5 : 600] Hz. It should be noted that the
response time of this algorithm is strongly dependent on the island
size and rotation speed. In general, the larger and faster the island, the
faster the detection. For example, for NTMs with a width w < 4 cm and
rotation speed v < 10 Hz, the detection time is AT > 1 s, while for a
w > 6 cm and v > 20 Hz the detection time is AT < 20 ms [20].

In such conditions, for O-ECE-I, a study was conducted to assess
the system’s robustness against measurement error that was not con-
sidered in the optimization process reported in Section 2. Noise on the
ECE measurements can introduce an error 6/ in the evaluation of f,
comparable with the Af distance of ECE channels in a LoS, and in
turn affect the o estimates. The error in «; can be reduced below the
resolution by increasing the number of LoS. Fig. 6 shows that 8 LoS can
provide sufficient resolution on a; even when each LoS is affected by
an estimation error with a standard deviation of § f = 1 GHz.

The time response and alignment time of the ECH&CD mirror for the
two systems, in the case of an NTM with w = 10 cm, v = 100 Hz and
onset time 7, = 7 s are reported in Fig. 7. In the I-L scheme, the antenna
follows a predefined trajectory, which continuously scans the entire ac-
cessible angular range (+5 deg) until the NTM instability is detected. At
this point, the (island) tracking control is started. The mirror scanning
speed is set to 2.5 deg/s, which is the optimal speed for ensuring proper
operation. Conversely, in the O-ECE-I layout, the ECH&CD antenna
remains fixed at O deg and is only used upon instability detection. As
is evident, in the I-L scheme, the scanning phase may continue beyond
the onset of instability and until the LoS detects a first intersection with

the O-point of the NTM. This is not the case for the O-ECE-I scheme, as
the LoSs cover the entire angular range optimally and the response to
the onset of the instability is minimized. Conversely, a faster response is
counterbalanced by a less accurate alignment for O-ECE-I scheme (~0.2
deg), thereby reducing the efficiency of the stabilizing beam (~85-90
%). Moreover, from Fig. 7 it is evident that the mirror suddenly starts to
move from the rest position to the optimum angle evaluated by O-ECE-I
and complete the alignment in 240 ms. However, the alignment time
depends on the initial ECH&CD position. A comprehensive series of
tests was performed on both schemes, setting the ECH&CD antenna of
the O-ECE-I scheme to follow the same predefined trajectory as the I-L
antenna (see Fig. 8 bottom panel), to test both solutions under the same
conditions. Such tests were conducted varying the instability onset time
(initial position of launching mirror). For each onset time, the detection
time has been evaluated for a series of simulations with island size
ranging between 5 and 15 cm and rotation frequency between 50 and
600 Hz. The results of this assessment are summarized in Fig. 8. The
lower part of the figure displays the position of the ECH&CD mirror
at the onset of the instability, while the upper part presents the total
alignment times for the two schemes. The standard deviation of the
response is represented by the red error bar, which accounts for test
conditions such as island size, rotation speed, and noise. The figure
demonstrates that the O-ECE-I exhibits a superior response and shorter
alignment time, even when the ECH&CD mirror is not in a resting
position.

5. Conclusion

This work proposes a novel system, O-ECE-I, for MHD instability
control and suppression, which evolves from the Q-I-L scheme. This
innovation replaces a mobile ECE receiving antenna with a fixed array,
thereby eliminating real-time steerable components and simplifying
the control algorithm by avoiding the instability-seeking phase. Using
the SPECE simulations, two antenna array layouts were investigated:
one with uniformly spaced antennas and another with an optimized
distribution. The analysis demonstrated that to accurately estimate the
position of an island on the ¢ = 2 rational surface within the DEMO1
nominal condition, a minimum of 6 LoS are required for the optimized
layout (or 7 LoS for the uniformly spaced layout) to achieve a resolution
of 5p < 0.006.
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of ECH&CD mirror’s angular position.

The SynECE tool was used to simulate moving ECE receiving an-
tennas, moving ECH&CD launching antennas, and N parallel fixed-
orientation ECE receiving antennas, including noise effects. A robust-
ness evaluation using this tool showed that the number of LoS in
the O-ECE-I layout must be increased when noise is present. Thus, 8
LoS uniformly spaced achieve the requisite pointing accuracy for NTM
instability suppression, even when each LoS has a detection error with
a standard deviation of 6 = 1 GHz.

A performance comparison was conducted between the O-ECE-I
and I-L layouts. In both cases, the time response and alignment time
were evaluated by varying the island size and rotation frequency. The
results demonstrate the potential of utilizing a set of fixed ECE receiving
antennas to monitor different plasma positions, thereby bypassing the
search phase and directly estimating the optimal injection angle. While
potentially less accurate, this approach allows for faster alignment
and response than the I-L. and Q-I-L methods, as evidenced by the
significantly reduced detection time and ECH&CD antenna alignment
times. Moreover, the lack of moving components during the scanning
phase markedly diminishes the likelihood of mechanical wear issues

and may considerably extend the operational lifespan of the NTM
diagnostic and control system.
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