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A B S T R A C T   

In future burning plasma devices measuring the plasma position and its shape with great spatial and temporal 
resolution is a crucial task. Nowadays these information are obtained by means of magnetic coils installed inside 
the vacuum vessel that in the future devices (like ITER and DEMO), due to the harsh environment caused by the 
high plasma temperature, will experience degradation over the time. Furthermore, the long plasma discharges 
will result in large integration drift causing a lack of accuracy in the measured signal. In order to assist the 
magnetic diagnostics and at the same time provide a novel tool to benchmark them, here the measurement of the 
plasma magnetic axis position by means of a collimated neutron flux monitor is proposed. Three different 
methods are here described and applied on JET by means of the neutron camera: a weighted average, the 
asymmetry method and a neural network. The methods are calibrated on a large database of plasma discharges 
including NBI and ICRH heated ones, and then compared with the magnetic axis position reconstructed by EFIT. 
The neural network outperforms the two other methods. In particular, the asymmetry method results to be 
sensitive to MHD activity, NBI power variation and to neutron emissivity profiles presenting a strong asymmetry, 
such as in case of peripheral NBI deposition due to high density plasmas or ICRH resonance layer. A possible 
application to vertical displacement events and disruptions is discussed and envisaged for future applications on 
DEMO. Finally, the performances of the neural network and of the asymmetry methods are studied in the case of 
one or two missing channels in the neutron flux monitor, showing how in general the reconstruction of the radial 
magnetic axis in both methods is more sensitive to the lack of channels than the vertical one. The methods here 
proposed can be applied and benchmarked on DTT and ITER neutron cameras as part of a future real-time control 
system.   

1. Introduction 

Plasma position control is a key element for the safe and reliable 
operation of present-day and future fusion reactors. In present toka-
maks, maintaining a stable plasma position during the plasma discharge 
is usually achieved by means of Vertical Stabilization (VS) and plasma 
shape and position control systems. The loss of vertical stability control 
will lead to abrupt plasma disruption events accompanied by plasma 
upward movement, the so-called Vertical Displacement Events (VDEs). 
On DEMO possible disruption and VDEs will lead to an extreme heat 
load on the first wall [1] and vertical force on the external vessel 

supports [2]. The VS system detects sudden plasma vertical movements 
and quickly (order of μs) applies counter radial magnetic field in order to 
sustain the original plasma position and avoid VDEs. As regards the 
plasma shape and position control system is of crucial importance to 
measure (or reconstruct) and control with sufficient spatial (± 1.5 cm) 
and time resolution (typically less than 3 ms) [3–6] the plasma position 
and its shape in order to foresee rapid movements and take the appro-
priate measure to counteract them. Several methods are used to measure 
the plasma position in real-time and they are mainly based on magnetic 
measurements (Rogowski and Mirnov coils placed inside the vacuum 
vessel), infrared polarimetry, interferometry and microwave 
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reflectometry. In ITER and DEMO, the magnetic sensors will experience 
extreme environments which might lead to their degradation over time 
[7] and to signal offsets due to irradiation [8]. Furthermore, due to the 
long plasma discharges the integration drift of the magnetic signal will 
be considerably increased leading to limitations in the accuracy of the 
measurements. One possible proposed solution to this issue is to perform 
a re-calibration in real-time of the inner sensors using Hall sensors 
located outside the vacuum vessel which are not affected by the drift 
effect as much as the internal sensors [9]. For these reasons, a plasma 
position diagnostic situated outside the vacuum vessel that can assist 
(and eventually replace) the magnetic ones could be extremely helpful. 
For instance, in DEMO reflectometry has been proposed as a possible 
alternative to the magnetic diagnostics to measure the plasma shape [6], 
even though it still needs to be calibrated against the magnetic signals. A 
diagnostic capable of providing spatio-temporal information in 
real-time on the plasma magnetic axis position can be useful for position 
control, particularly on DEMO. Recently, collimated arrays of neutron 
flux monitors have been proposed as a plasma magnetic axis position 
diagnostics [6,10]. On DEMO, the neutron emission will be mainly 
dominated by 14.1 MeV neutrons produced by thermal D and T fuel ions 
and therefore the neutron emissivity will closely match the poloidal flux 
surfaces. This means that the position of the neutron source will be 
strongly linked to the actual plasma shape and, in particular, the peak 
emissivity will be located close to the magnetic axis. By measuring the 
neutron emissivity along collimated Lines of Sight (LoS) it is in principle 
possible to determine the location of the peak of the neutron emissivity 
and from this infer the position of the plasma magnetic axis. This pos-
sibility was first investigated in [11] where, exploiting a preliminary 
design of the neutron camera on ITER and a 1D neutron transport code, 
synthetic neutron measurements were used to infer the plasma 
displacement due to instabilities: the rigid vertical (and horizontal) 
plasma displacement, in the poloidal cross-sectional plane, was esti-
mated using a horizontal (and a vertical) array of collimated LoS by 
evaluating a single parameter, referred to as “asymmetry” [11], calcu-
lated from the counts in each LoS. In this work, this approach is evalu-
ated against two alternative methods: the first one relies on the weighted 
average of LoS number while the second is based on a Neural NETwork 
(NNET) approach. In all cases, the magnetic axis position must be known 
a priori in order to calibrate the asymmetry and the weighted average 
and to train the neural network. In this respect, JET offers an ideal test 
for this approach for several reasons: i) its extensive set of magnetic 
diagnostics coupled to EFIT are used to determine the magnetic axis 
position in real-time; ii) the neutron camera consists of both a vertical 
and a horizontal set of LoS that can be used to estimate radial and ver-
tical plasma displacement and iii) a large set of plasma discharges in 
several different plasma scenarios and additional heating configurations 
including VDEs and disruptions which allow to test the approach pro-
posed here in a wide range of conditions. Once the calibration has been 
obtained and the neural network trained, it is possible, as will be 
demonstrated in this work, to rely on the neutron camera measurements 
to control the plasma position in real-time. This is, of course, of little 
value for JET where one would use directly the magnetic diagnostics for 
this purpose. However, this approach might be indispensable for DEMO. 
The neutron camera measurements could be calibrated against the 
magnetic sensors in the early phases of DEMO operation when irradia-
tion effects are still negligible and then used to control the plasma once 
the magnetic sensors are not available anymore. If drifts in the magnetic 
sensors are significant within a single DEMO plasma discharge, the early 
phases in the discharge could be used for this calibration. In this respect, 
the limited number of DEMO operating scenarios simplifies this 
approach as such calibration will be required in just a few cases. 

In this study, the calibration between magnetic and neutron mea-
surements has been obtained using a large database of JET plasma dis-
charges (> 1500) and methods’ performances were tested on five 
representative plasma discharges not included in the database. The five 
test cases are: (i) a H-mode plasma (#94270) with low NBI power (12 

MW); (ii) a H-mode plasma discharge in hybrid scenario (#94665) 
where the stationarity of the discharge is affected by the appearance of 
impurity accumulation and MHD instabilities; (iii) a high density plasma 
discharge (#82812) with the presence of strong asymmetric neutron 
emissivity due to peripheral NBI depositions (i.e. not localized in the 
plasma core), (iv) another H-mode plasma discharge in hybrid scenario 
(#96435) injecting up to 32 MW of auxiliary heating power (NBI-
+ICRH) and (v) a discharge with a disruption event. Finally, a study of 
the performances of the methods here described in the plasma magnetic 
axis reconstruction when one or two detectors are not working (due to 
any unforeseen reasons) was performed. This analysis is of great 
importance since on DEMO the possibility to replace faulty detectors 
will be limited [6]. 

The paper is structured as follows: in Section 2 the proposed methods 
are introduced. Section 3 reports a description of the JET neutron 
camera and plasma discharges studied here. Section 4 is devoted to the 
discussion of the calibration and to the application of the methods and 
the results obtained. Section 5 includes a description of the perfor-
mances of the application of the asymmetry and of the NNET method in 
case of one or two missing detectors. Finally, conclusions and discussion 
are reported in Section 6 where the applications of the three methods are 
discussed for future real-time applications. 

2. Plasma position reconstruction methods 

As mentioned in the previous section, in this work three methods are 
proposed to infer the position (R, Z) of the plasma magnetic axis by 
means of a collimated neutron flux monitor calibrated on those calcu-
lated by EFIT, hereafter indicated as (RM, ZM) where “M” stands for 
magnetics. It is important to mention that the correlation between the 
quantities provided by the methods and (RM,ZM) is based on the data set 
containing all time points at which the plasma magnetic axis is calcu-
lated by EFIT, i.e. RM(t) and ZM(t) for all the plasma discharges in the 
database. The three methods described below can be applied to any 
fusion device equipped with enough LoS (channels) to cover the whole 
plasma region of interest, as for example on JT-60 [12], JET [13] and on 
future devices such as ITER [14], DTT [15] and DEMO [10]. The 
methods can be applied regardless of the collimator diameter configu-
ration used. In one case, the diameter of each collimator is optimized in 
order to obtain a constant count rate on all the channels (at least for a 
given neutron emissivity profile). Alternatively, the collimator diameter 
is the same for all the channels resulting in the core channels having the 
highest neutron count rate. The first method is based on the calculation 
of the weighted average W(t) of the neutron flux monitor channel 
number: 

W(t) ± σW(t) =
∑N

i=1ni(t) × i
∑N

i=1ni(t)
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√
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where i and k corresponds to the channel number, N is the total number 
of channels and ni(t) represents the neutron counts measured (or ex-
pected) in a time interval Δt centered on t. The uncertainty σW(t) has 
been derived applying the error propagation formula where σn(t) is 
assumed to be the Poisson error on the measured neutron counts. 

The second method is based on the calculation of the asymmetry A(t)
defined as 

A(t) =
∑J

i=1ni(t) −
∑N

i=J+1ni(t)
∑N

i=1ni(t)
, (2)  

where J is the closest integer to N/2 (i.e. the central channel of the 
camera). By means of the error propagation formula it is possible to 
calculate the associated uncertainty σA(t) as 
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and assuming a Poisson error on the measured neutron counts it is 
possible to obtain the following expression: 

σA(t) =
2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅[∑J
i=1ni(t) ×
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]√

[∑N
i=1ni(t)

]3/2 . (4)  

In order to study if the two methods are suitable to control the magnetic 
axis position with an accuracy of less than 1.5 cm, a theoretical analysis 
in case of rigid vertical displacements was carried out. The methods’ 
application is here discussed for an arbitrary synthetic neutron thermal 
emissivity on JET (calculated according to the Lao-Hirshmann 
formalism [16]) shown in panel (a) of Fig. 1 together with ten hori-
zontal LoS, all having the same collimator diameters of 2.1 cm. 
Assuming a statical uncertainty of 10% on the counts in each channel, 
the asymmetry and the weighted average can be calculated as a function 
of the vertical displacement of the plasma magnetic axis Z0 as shown in 
panel (b) of Fig. 1. The resulting uncertainties in the two calculated 
quantities are σW = 0.024 and σA = 0.008. A weighted linear 
least-squares fit between {Z0,W(Z0)} and {Z0,A(Z0)} gives the sought 
correlation resulting in intercept α and slope β coefficients from which it 
is possible to estimate the reconstructed vertical displacements ZW and 
ZA, calculated as ZW,A = 1

β [W(Z0), A(Z0) − α], and their uncertainties 
which result in σZW = 1.1 cm and σZA = 1.2 cm. In this case, since the 
uncertainties are smaller than 1.5 cm, both methods can be used to 
detect the plasma vertical displacement. The statical uncertainties on 
the plasma position can be further reduced increasing the integration 
time Δt (i.e. increasing the number of counts and reducing the Poisson 
error), even though this has two main consequences: (i) rapid plasma 
up-down shifts in a time scale smaller than Δt might not be seen by the 
application of two methods and (ii) plasma real-time control requires an 
integration time smaller than Δt = 3 ms and this has to be considered as 
a main constraint for the proposed methods. A possible solution, which 
does not consider using a larger Δt, is the increasing of collimators’ 
diameter in order to measure a higher number of counts, albeit this 
might lead to signal saturation. In Section 4 the effect of the un-
certainties on the accuracy of the magnetic axis position reconstruction 
is discussed. 

Finally, the third method used for the determination of the magnetic 
axis position is based on the use of a NNET. In this approach, the neutron 
counts are the inputs to a NNET which is trained using as targets RM and 
ZM. The design and the implementation of the NNET are presented in 
Section 4. 

3. Experimental setup and plasma scenario 

The three methods discussed in the previous section have been 
applied to JET. JET [17] is a tokamak with a major radius of 3 m (aspect 
ratio ≃ 3) capable of sustaining a plasma current up to 5 MA, with a 
magnetic field up to 4 T. External additional heating is provided by two 
NBIs, with 8 Positive Ion Neutral Injectors (PINIs) each, placed in Oc-
tants 4 and 8, capable of injecting a maximum of 35 MW of deuterium 
(tritium injection is possible as well during DT campaign) and five ICRH 
antennas delivering up to 8 MW. The spatial and time-resolved neutron 
emission is measured by a neutron camera [13] consisting of two sets of 
fan-shaped collimated neutron flux monitors for a total of 19 LoS, 10 for 
the horizontal camera and 9 for the vertical camera. The horizontal 
neutron camera measures the line integrated vertical neutron emissivity 
profile whilst the vertical camera the radial one. Collimation is achieved 
by means of mild steel and high-density concrete. In particular, the 
collimators have a length ranging between 1.36 and 1.48 m and an area 
between 0.78 and 3.46 cm2. The neutron camera data acquisition system 
was upgraded in 2010 with a digital data acquisition system (DAQ) 
which replaced the original analogue electronic acquisition chain. The 
DAQ features 19+1 (spare) channels independently recording the 
incoming radiation at 200 MSamples/s with 14 bit resolution [18–20]. 
All the pulses included in the database were acquired with the same 
settings and acquisition threshold. The recorded data were then pro-
cessed off-line for offset reduction, pile-up rejection and 
neutron/gamma-ray pulse shape discrimination [21,22]. The DAQ sys-
tem automatically recorded data during either JET plasma discharges or 
inter-shot time intervals. The latter data relate to gamma-ray emission 
from 22Na calibration sources installed close to the detectors, and are 
used to calibrate in energy the recoil electron and proton pulse height 
spectra. The energy calibrated pulse height spectrum in terms of “MeV 
electronic equivalent” together with the light emission response func-
tion of recoil protons was used to set a software energy threshold of 1.8 
MeV. This allows for accounting of the neutron direct interactions in the 
neutron camera detector while discarding the scattered neutron events. 
A schematic drawing of the neutron camera on JET is shown in Fig. 2. 

Fig. 1. Panel (a): the synthetic neutron emissivity normalized by its integral, with the horizontal LoS (blue dashed lines) and the magnetic axis position R0,Z0 (white 
cross). Panel (b): calculated values of AZ and WZ as a function of the vertical plasma displacement with the respective uncertainties and the calculated fits (black 
lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The large database includes approximately 1500 plasma discharges 
with NBI and ICRH heating phases and different equilibria selected 
among the discharges between #84495 and #96508 belonging to the 
JET experimental campaigns between 2013 and 2019. For the analyzed 
plasma discharges the main plasma parameters have the following 
ranges: 5≲Paux≲28 MW, 8 × 1014≲Yn≲3 × 1016 s− 1, 1.4≲IP≲2.4 MA, 0.9 
×1019≲ne≲14 × 1019 m− 3 and 3≲Te0≲8 keV. The discharges were 
selected on the basis of two only conditions: i) the magnetic axis position 
reconstructed by EFIT was available and ii) each channel had more than 
100 counts (ni(t) ≥ 100, ∀ i). The EFIT signals RM and ZM were calcu-

lated with a time resolution between 15 and 50 ms (depending on the 
plasma scenario) using the pressure constrained equilibrium recon-
struction. The pressure is obtained from the high-resolution Thomson 
scattering measurements of the electron temperature and density. The 
NBI driven fast ion pressure is also taken into account based on the inter- 
shot modelling code PENCIL [24]. The resulting equilibrium provides a 
more accurate evaluation of the Shafranov shift which has been used to 
get better estimates for the radial position of the plasma centroid. Here 
the EFIT signals are assumed to be the actual position of the magnetic 
axis during the plasma discharge and since no uncertainty is provided, in 

Fig. 2. Poloidal cross section of JET vacuum vessel with the horizontal neutron camera (right) and the vertical one (top). The LoS footprints are shown as well. 
Dimensions are reported in millimeters. Figure taken from [23]. 
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this work it is assumed to be zero. As a consequence of condition (ii), the 
ohmic phase of the selected plasma discharges has not been included in 
the correlation study since on JET the neutron emissivity is dominated 
by the beam-thermal component when the auxiliary heating systems are 
present and during the ohmic phase, the measured counts in the neutron 
camera are quite low. Due to the dominance of the beam-thermal 
component on JET, the plasma discharges with NBI and ICRH do not 
necessarily present a symmetric neutron emission with the maximum on 
the plasma magnetic axis which, in fact, is rather peaked off-axis. This 
asymmetry in the neutron emission is discussed in Section 4.2. Finally, it 
is important to mention that n(t) is calculated on a time interval deter-
mined by the time resolution of EFIT. 

4. Application of the methods 

The weighted average and the asymmetry methods have been 
applied to the selected time slices in each of the plasma discharge in the 
database resulting in ≃ 8 × 105 data points with an average of approx-
imately 500 points per plasma discharge. For each data point, the cor-
responding radial and vertical position of the magnetic axis have been 
obtained by EFIT. In particular, Eq. (1) provided WZ(t) ± σWZ (t) and 
WR(t) ± σWR (t), for the horizontal and the vertical camera, respectively. 
The asymmetry values for the horizontal AZ(t) ± σAZ (t) and the vertical 
camera AR(t) ± σAR (t) are calculated substituting (i, J,N) = (1,4,10) and 
(i, J,N) = (11,14,19) in Eqs. (2) and (4). Note that in the case of the 
horizontal neutron camera, J is not set equal to N/2 = 5: this is a 
consequence of the fact that the neutron camera was installed prior to 
the introduction of the divertor [25], whose installation resulted in 
typical flat-top equilibria whose magnetic axis is vertically shifted 
compared to the pre-divertor configuration. As a result, the magnetic 
axis position is closer to channel 4 rather than to channel 5, hence M =
4. As regards the calculation of AR(t), since the vertical neutron camera 
has an odd number of channels, channel 15 is split in half in the 
numerator of Eq. (2) and therefore taken into account only in the 
denominator. 

The correlation between (ZM,WZ), (RM,WR), (ZM,AZ) and (RM,AR)

are shown in Fig. 3. The data points are represented as 2D histograms 

with 250 × 250 bins in the ranges ZM ∈ [0.17,0.33] m, WZ ∈ [3.89,6.30]
panel (a), RM ∈ [2.87,3.20] m, WR ∈ [13.07,18.34] panel (b), ZM ∈

[0.17,0.33] m, AZ ∈ [− 0.95,0.87] panel (c) and RM ∈ [2.87,3.20] m, 
AR ∈ [− 1.15,0.32] panel (d). Note that for all the 2D histograms there 
are well defined maxima with (RM,ZM) ≈ (3.01,0.27) m: this is due to 
the fact that the plasma position during the discharge flat-top phase is 
typically kept constant. 

In order to correlate WZ,R and AZ,R with ZM and RM a weighted least 
square (WLS) regression fit y = α + βx was performed, where y was set 
equal to either WZ,R or AZ,R, x to the magnetic axis positions RM and ZM, 
and α and β being the intercept and the slope, respectively. The calcu-
lated α and β are reported in Table 1 together with their uncertainties 
and the resulting fits are shown as black continuous lines in Fig. 3. As a 
general observation, both weighted average and asymmetry better 
correlate with the vertical magnetic axis ZM (panels (a,c)) than with its 
radial position RM (panels (b,d)). JET plasmas are indeed more up-down 
than in-out symmetric due to non-symmetric spatial distribution of fast 
ion produced by NBI and ICRH deposition as discussed more in detail in 
Section 4.2. 

In order to control the plasma magnetic axis position with an accu-
racy less than δlim=1.5 cm, the uncertainties on the reconstructed 
quantities must be smaller than this value. On JET such condition can be 
met with an uncertainty on the measured counts less than 3% and 10% 
on the central and on the external channels, respectively. This can be 
achieved with an integration time greater than 1–2 ms, depending on the 

Fig. 3. 2D histograms showing the correlation between the magnetic signals from EFIT, ZM and RM and the values calculated applying the weighted average (panels 
(a) and (b)) and the asymmetry methods (panels (c) and (d)). The continuous and dashed black lines represent the WLS regression fits and the 95% prediction bands, 
respectively. 

Table 1 
Estimate of the fit parameters for the weighted average and the asymmetry 
methods.   

horizontal neutron camera vertical neutron camera 

Method α ± σα  β ± σβ (m− 1)  α ± σα  β ± σβ (m− 1)  

Weighted 5.473 ± 0.004  − 3.68 ±

0.02  
11.24 ± 0.03  1.31 ± 0.01  

Asymmetry − 0.539 ±

0.002  
2.057 ± 0.01  2.61 ± 0.01  − 0.947 ±

0.003   
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plasma scenario. Since the calibration has been done with an integration 
time defined by EFIT (greater than 15 ms) this is automatically satisfied. 
It is worth to point out that once calibrated the two methods can be 
applied to a time scale suitable for the real-time control i.e. a few ms. In 
this case the uncertainties σZA,W and σRA,W can be obtained by the error 
propagation formula on the WLS fit including the uncertainties on the fit 
coefficients and those on WZ,R and AZ,R, resulting in σZW = 0.8 cm, σRW =

1.5 cm, σZA = 0.5 cm and σRA = 1 cm. 
The third method for the plasma magnetic axis position reconstruc-

tion is based on a NNET. The measured counts and the corresponding 
target values ZM, RM for all plasma discharges in the database are 
randomly divided in input and validation datasets with a proportion of 
0.7 and 0.3, respectively. The magnetic axis positions reconstructed by 
the NNET are indicated as RN and ZN. Before the training, input, vali-
dation and target sets are normalized in such a way to have zero mean 
value and standard deviation equal to 1. The used NNET is a multi-layer, 
feed-forward, non-linear neural network with back-propagation algo-
rithm trained by supervised learning and implemented using Python 
[26] “Keras” package [27]. The adopted supervised learning algorithm 
is the “Adam” which uses a stochastic gradient descent method that is 
based on an adaptive estimation of first-order and second-order mo-
ments [28]. The chosen NNET error (cost) function is the Mean Square 
normalized Error (MSE) function. The number of hidden layers is set to 
nh = 2 and the number of neurons in each layer is 20. The hyperbolic 
tangent sigmoid transfer (activation) function and the linear transfer 
function are used for the hidden and output layers neurons respectively. 
With full-batch, the training data set are processed to evaluate the MSE 
before updating all the NNET weights followed by the MSE estimation 
using the validation data set before the next iteration (epoch). The NNET 
training stops if: (1) the maximum number of epochs Ne is reached 
(avoided by setting Ne ≥ 50000); (2) the MSE does not decrease. Note 
that only the best-trained NNET (i.e. the one with the lowest MSE) is 
saved and used for the reconstruction, thus avoiding over-fitting (the 

obtained MSE was typically ∈ [10− 5, 10− 3]). 
Exploiting the fitting coefficients reported in Table 1 for the asym-

metry and the weighted average and the trained NNET, the methods are 
applied to five plasma discharges not included in the correlation analysis 
and the reconstructed plasma centroid position compared with those 
provided by EFIT. The five plasma discharges for the different cases are 
discussed in the following sections. 

4.1. Example of a successful plasma position reconstruction 

A successful plasma position reconstruction (δ ≤ δlim) is obtained for 
plasma discharge #94270. The plasma parameters (including auxiliary 
heating power, neutron rate measured by the fission chamber, plasma 
current, line integrated electron density and electron temperature on- 
axis) are shown in the left panel of Fig. 4. Fig. 5 shows the time traces 
of the measured counts for the horizontal and the vertical neutron 
camera (panels (a) and (b)). In panel (c) and (d) the vertical and radial 
reconstructed positions of the magnetic axis RM, ZM (red), the NNET RN,

ZN (black), the asymmetry RA,ZA (blue) and the weighted average RW,

ZW (green) are shown. The discrepancies δ(R,Z),X = (R,Z)X − (R, Z)M 
(where “X” refers to the positions reconstructed by means of the asym-
metry, the weighted average and the NNET) are shown in the panels (e) 
and (f). The dashed red lines in panels (e) and (f) indicate the δlim = ±

1.5 cm limit and δ = 0 cm. As regards the vertical position, the results 
are satisfactory for all the three methods since δZ ≤ δlim for all the three 
reconstructed values. Regarding the radial position the weighted 
average method is characterized by δR,W ≥ 10 cm in the time regions 
between 8.5 and 9.6 s and between 12.1 and 13 s. The application of the 
asymmetry and NNET methods resulted in δR,N and δR,A ≤ 1.5 cm. 

For this particular case, both asymmetry and NNET are able to 
reconstruct successfully the plasma centroid position. The weighted 
average method is accurate only for the vertical position reconstruction, 
whilst lack of accuracy for the radial one. 

Fig. 4. Time traces for the analyzed plasma discharges #94270 and #94665 for the auxiliary heating power Paux (a, f), the measured rate by the fission chamber Yn 

(b, g), the plasma current Ip (c, h), the line integrated electron density ne (d, i) and the electron temperature on-axis Te0 (e, j). 

A. Sperduti et al.                                                                                                                                                                                                                                



Fusion Engineering and Design 168 (2021) 112597

7

4.2. Impact of asymmetric fast ion distributions: #94665, #82812, 
#96435 

Asymmetric fast ion distributions can be an issue for the application 
of the methods. In JET, this is the results of the neutron emissivity being 

dominated by the beam thermal components in presence of NBI heating 
and by the fast ions accelerated by ICRH. The calibration described in 
the previous section has been obtained with typical NBI configuration 
and therefore, even if the corresponding spatial distribution of the fast 
ions is not poloidally symmetric, it is possible to correctly determine the 

Fig. 5. Plasma discharge #94270: The two top panels show the time traces of the counts measured by the horizontal neutron camera (a) and the vertical one (b). 
Panels (c) and (d) represent the comparison between the reconstructed values of the vertical and of the radial magnetic axis position by the three methods and the 
EFIT ones. Finally, the bottom panels (e) and (d) show the discrepancy between the reconstructed value and the EFIT ones, for the horizontal and the vertical neutron 
camera, respectively. The red dashed lines represent the acceptance limits δlim = ± 1.5 cm and δlim = 0 cm. The reconstructed values by the methods were calculated 
on the time resolution of the EFIT signal (Δt = 25 ms). The uncertainties on the reconstructed vertical and horizontal positions are not shown. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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magnetic axis position. However, under special circumstances such as 
impurity accumulation, MHD activity and the failure of one or more 
PINIs or particular scenarios with extremely high density (resulting in a 
peripheral fast ion deposition), the calibration might not provide the 
correct estimate of the magnetic axis position. In this section, three such 

cases are described. The first of such cases is represented by plasma 
discharge is #94665 (plasma parameters are shown in the right panel of 
Fig. 4). As can be clearly seen in Fig. 6, the reconstructed vertical po-
sitions by the NNET and the asymmetry agree well with ZM (panel (c)) 
with the exception of the one reconstructed by the weighted average 

Fig. 6. Plasma discharge #94665: The two top panels show the time traces of the counts measured by the horizontal (a) and the vertical neutron camera (b). Panels 
(c) and (d) represent the comparison between the reconstructed values of the vertical and of the radial magnetic axis position by the three methods and the EFIT ones. 
Finally, the bottom panels (e) and (d) show the discrepancy between the reconstructed value and the EFIT ones, for the horizontal and vertical neutron camera, 
respectively. The red dashed lines represent the acceptance limits δlim = ± 1.5 cm and δlim = 0 cm. The reconstructed values by the methods were calculated on the 
time resolution of the EFIT signal (Δt = 20 ms). The uncertainties on the reconstructed vertical and horizontal positions are not shown. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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method which exceeds δlim several times during the discharge. As 
regards the radial position RM, beside the NNET that is able to recon-
struct the correct magnetic axis position keeping the discrepancy 
δ ≤ δlim, the other two methods are quite inaccurate (panel (d)). The 
weighted average reconstruction of the radial position shows a loss of 
accuracy throughout the plasma discharge while the horizontal position 
reconstructed by the asymmetry shows large variations δR,A ≥ 3 cm in 
two time windows. The two time windows are 9≲t1≲9.7 s and 11.9≲t2≲ 
12.4 s and are bounded in red and blue dashed lines respectively in 
Fig. 6. A detailed study of the plasma discharge was required in order to 
understand the causes of the discrepancy. At t = 8 s clear signs of core 
impurity accumulation starts to appear, radiation increases (panel (b) of 
Fig. 7) and the Te profile becomes hollow (see the drop in central Te in 
panel (c) of Fig. 7), which leads to a significant decrease in the neutron 
rate as shown in panel (d). The changes in the kinetic profiles modify the 
q profile and at t = 9 s two Neoclassical Tearing Modes (NTMs) with 
toroidal number n = 2 and n = 3 and with frequency of ≃ 20 to ≃ 30 
kHz frequency appear, as shown in the spectrogram in panel (e). The 
NTMs contribute to the redistribution and the loss of fast ions and 
therefore to the reduction in the neutron rate. As can be seen in Fig. 7, 
the appearance of the NTMs in the spectrogram is clearly correlated with 
the first drop in the asymmetry factor shown in panel (a). A similar effect 
is observed at t = 11.8 s when two NTMs with n = 2 and n = 4 are 
triggered (between 10 and 30 kHz) leading to the second discrepancy 
observed at t2 in panel (f) of Fig. 6. Furthermore, throughout the plasma 
discharge, the NBI power was not stable due to a malfunctioning in PINIs 
5,7 and 8 in Octant 8 and 5 to 8 in Octant 4. This had an impact on the 

neutron spatial emissivity distribution since different PINIs deposit fast 
neutrals in different plasma regions each contributing in different ways 
to the overall neutron emission and therefore to the measured profile by 
the neutron camera. As clearly shown in panel (a) of Fig. 7 at 7≲t≲8.5 
the asymmetry value was − 0.20≲AR≲ − 0.15 meaning that the plasma 
neutron emissivity profile had ≈ 50% more counts in the second half 
(channels 16 to 19) than in the first half (channels 11 to 14) of the 
camera. Due to the aforementioned effects, an increment of the number 
of counts in the second half of the measured profile is observed. In 
particular, for the selected time slices, ≈ 85% and 94% more counts are 
observed in the second half of the measured profile than in the first one. 
In panel (a) of Fig. 8, the neutron normalized count profile measured by 
the vertical neutron camera in the time window t1 is shown together 
with the one measured in the time window 7.6≲t0≲7.8, considered as a 
reference region, indicated by the region bounded by black dashed lines 
in Fig. 7. As can be seen, the profile measured in t1 changes its shape due 
to missing PINIs and the NTM and for this case, a reduction of the counts 
in the central channels 14 and 15 (≈ -25%) and a substantial increment 
of the counts in channels 17, 18 and 19 (≈ 25%) are observed (panel (b) 
of Fig. 8). In order to further investigate the reason why the profiles in 
the selected time windows change their shape compared to the reference 
condition at t0, a TRANSP [29] simulation of the plasma discharge 
#94665 has been performed. The NBI deposition and the slowing down 
process were simulated by means of NUBEAM [30]. For the two selected 
time windows, the neutron emissivities ξtot averaged in a 0.2 s interval 
have been calculated and are shown in Fig. 9. As can be clearly seen, the 
emissivity in the first (panel (a)) is more core localized and typical of a 
“standard” NBI deposition on JET, while in the second (panel (b)) it is 
more asymmetric than the one in the panel (a) due to the MHD in-
stabilities and the missing PINIs. This is further stressed in panels (c) and 
(d) of Fig. 9 where the 1D normalized non-flux averaged neutron 
emissivity profiles as a function of the normalized toroidal flux ρϕ along 
the mid-plane from the plasma centre toward the outboard (triangles) 
and inward (circles) sides are shown for both time windows. As a general 
comment, the normalized neutron emissivities along the inward side 
(black and red circles) do not substantially change their spatial distri-
bution, with the neutron emission peaked at 0.15≲ρϕ≲0.19. As regards 
the emission toward the outboard side, as can be clearly seen for the 
time window t0, is mainly peaked close to the plasma centre (ρϕ≲0.15) 
(panel (c)). On the contrary, the profile in panel (d) (red triangles) shows 
an increase in the neutron emissivity distribution for ρϕ ≥ 0.45 making 
the profile flatter and hence increasing the number of measured counts 
in the most external vertical channels (16–19). From this detailed 
analysis it is possible to conclude that the asymmetry method perfor-
mances have a strong dependency on the MHD activity and on the 
location where the fast ions are being deposited by the NBI system. On 
DEMO, the latter effect will not affect the asymmetry performances since 
the alpha-heating Pα will be the predominant one (PNBI≪Pα, with 8.8≲ 
Q≲12.5 depending on the scenario [31]) and therefore the thermal 
distribution will be poloidally symmetric. 

Even in presence of all the PINIs and in absence of MHD activity, 
asymmetric fast ion distributions can still arise on JET due to different 
effects. This is the case of plasma discharges #82812 and #96435. The 
plasma parameters are shown in Fig. 10. Plasma discharge #82812 was 
characterized by a very high electron density (ne ≈ 1020 m− 3) which 
resulted in the NBI power to be deposited predominantly in the plasma 
outer edge, as shown in figure panel (a) of 11, where the non-flux 
averaged neutron emissivity calculated by NUBEAM in the time inter-
val 15–16 s is depicted. As a consequence of this non-core localized NBI 
deposition, the neutron counts from the vertical neutron camera resul-
ted in a strongly asymmetric shape, as shown in panel (b) of Fig. 11. The 
weighted average for the given plasma discharge resulted in 15.7≲ 
WV(t)≲16.5 and reconstructed the radial axis with δ ≈ 40 cm (because 
of this RW(t) is not shown in the Fig. 12). In particular, the averaged 
asymmetry value for this particular case is AR ≈ − 0.39 ± 0.01 with the 

Fig. 7. Plasma discharge #94665: the top panel shows the asymmetry value 
calculated for reconstructing the R position of the magnetic axis. The dashed 
lines bounded the three different time regions t0, t1, and t2. Panel (b) shows the 
weighted average of the measured bulk radiated power by the vertical channels 
of the bolometer. Panels (c), (d) and (e) show the neutron rate, the electron 
temperature on axis and vertical line average Zeff . Panel (f) shows the magnetic 
spectrogram and the black ellipsis indicate the NTMs together with their 
toroidal mode numbers. 
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second half in the measured profile (channels 16 to 19) having ≈ 230 % 
more counts than in the first half. Due to this peripheral deposition, ZA 
was characterized by a constant discrepancy of approximately 6 cm 
respect to ZM as shown in panel (b) of Fig. 12. In this case the asymmetry 
is not really suitable for the reconstruction of the horizontal magnetic 
axis position. On the other hand, once again the NNET is able to 
correctly reproduce the magnetic axis position (panel (b)) and the 
discrepancy is within the limits of 1.5 cm as shown in panel (c). 

Regarding plasma discharge #96435, as can be seen in panel (a) of 
Fig. 13, the ICRH resonance layer in the plasma core and the central core 
deposition of the NBI (further information can be found in [32]) resulted 
in a quite peaked neutron counts in the central channels, with the 

averaged asymmetry value in the time interval 9-9.2 s being AR ≈ −

0.26 ± 0.01 (panel (b) of Fig. 13). As a consequence of this ZA − ZM≫δ, 
while for NNET ZN − ZM < δ as shown in panel (c) of Fig. 14. Again, the 
weighted average reconstructed the vertical axis with a large δ and re-
sults to be quite inaccurate (δ > 50 cm). 

4.3. Disruptions and VDEs: #53761 

The fifth and last test case is represented by plasma discharge 
#53761 where the possible application of the asymmetry and NNET 
methods for the plasma magnetic axis reconstruction in case of VDEs and 
plasma disruptions is discussed, (the weighted average method is not 
discussed here since as shown in the previous section has evident limi-
tations). The plasma parameters for this plasma discharge and the flux 
surfaces calculated by EFIT at t=6.57 and t=6.95 are shown in Fig. 15. 
The NNET is able to reconstruct ZN(t) quite well, succeeding into pre-
dicting the right position even during the vertical upwards shift at 6.85≲ 
t≲6.95 s. The asymmetry is able to reproduce the vertical position in this 
time region as well, even though it lacks of accuracy for t≲6.85 s (panel 
(c) of Fig. 16). Finally, even though both methods are able to reconstruct 
the trend of the radial magnetic axis position, the accuracy limits of ±
1.5 cm are not respected, as clearly can be seen in panel (d) of Fig. 16, 
highlighting the limitations of the application of these methods to such 
events. This is due to the low statistics in the measured count rate (given 
the absence of NBI and ICRH heating). 

5. Missing channels 

In order to investigate the performances of the asymmetry and of the 
NNET methods in the event of one or two broken detectors (in the 
context of this work this means that the counts are zero) a systematic 
study was carried out (the weighted average method has not been used 
in this analysis). Plasma discharge #94270 has been used for this study 
since both the asymmetry and the NNET gave acceptable results being 
mostly within the ± 1.5 cm limits (panels (e-f) of Fig. 5). The case of a 
single missing channel was simulated by setting the counts in a given 
channel to zero and then R′

A,N and Z′

A,N were calculated (where “ ′ ” refers 
to the results obtained with one missing channel). This procedure was 
repeated for all the 19 channels. The results were then compared with 
the ones previously obtained with all the channels working. In partic-
ular, in order to estimate how much the missing channel affected the 
performances of the methods, an averaged discrepancy 
〈δ〉 = 1

N
∑N− 1

i=0 (xi − yi) was calculated, where x was set equal to R′

A,N and 
Z′

A,N and y to RM and ZM. This resulted in a data set of 19 values, 10 for 
the horizontal 〈δZ〉 and 9 for the vertical camera 〈δR〉 and are shown in 
panels (a) and (b) of Fig. 17, respectively. The results suggest that the 

Fig. 8. Plasma discharge 94665: panel (a) and (b) show the measured counts profiles normalized by their integrals for the time window t0 and t1 and the percentage 
difference relative to t0, respectively. 

Fig. 9. Non-flux averaged neutron emissivity calculated by TRANSP/NUBEAM 
(run ID 94665P22) for the time windows t0 (a) and t1 (b). Panels (c) and (d) 
show the non-flux averaged neutron emissivity profile as a function of ρϕ 

calculated by TRANSP/NUBEAM for the time windows t0 (black) and t1 (red), 
respectively. The triangles and circles represent the neutron emissivities 
calculated along the mid-plane (Z = ZM) for points going from the plasma 
center to outboard and inboard side, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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methods, for this particular case, lose accuracy when a detector is 
missing, especially the asymmetry, where |〈δZ〉| ≈ 15 cm and |〈δR〉| ≈ 25 
cm are observed in the case of the missing channel being 4 or 5. In 
particular, the performances of the asymmetry on the reconstruction of 
the radial magnetic axis (panel (b)) are more affected by the loss of a 
channel than in the case of the reconstruction of the vertical magnetic 
axis (panel (a)). The NNET is able to reconstruct the plasma magnetic 
axis position better than the asymmetry keeping 

⃒
⃒〈δR,Z〉

⃒
⃒ < 1.5 cm. The 

difference in the performance between the two methods can be easily 
understood since the asymmetry method is based on the number of 

counts in the two halves of the profile and therefore the removal of a 
channel results in an offset. 

A similar analysis was carried out setting to zero the counts in two 
channels simultaneously first from the horizontal and then from the 
vertical neutron camera. In this case x equals to R′′

A,N and Z′′
A,N (where “ ′′

” refers to the results obtained with two missing channels). The results 
are shown in Fig. 18 both for the asymmetry (panels (a) and (b)) and the 
NNET (panels (c) and (d)). As regards the reconstruction of the magnetic 
axis position with the asymmetry (panel (a)), having both the central 
channels missing (3/4 and 5/6 for the horizontal and 14/15 and 16/17 

Fig. 10. Time traces for the analyzed plasma discharges #82812 and #96435 for the auxiliary heating power Paux (a,f), the measured rate by the fission chamber Yn 

(b,g), the plasma current Ip (c,h), the line integrated electron density ne (d,i) and the electron temperature on axis Te0 (e,j). The black dashed lines delimit the time 
window where the neutron emissivity was calculated and averaged out in TRANSP/NUBEAM calculations. 

Fig. 11. Plasma discharge #82812: non-flux averaged neutron emissivity calculated by NUBEAM (run ID 82812J31) for the time window t=15-16 s (a) and 
measured neutron emissivity profile by the vertical neutron camera averaged out in the time interval t=15-16 s (b). 
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for the vertical camera) has a strong impact on the accuracy of the 
method where very large discrepancies were obtained resulting in 

⃒
⃒〈δZ,A〉

⃒
⃒ ≈ 25 cm and 

⃒
⃒〈δR,A〉

⃒
⃒ ≈ 45 cm. The NNET is capable of reconstructing 

both vertical and radial magnetic axis position even with two missing 
channels, being 

⃒
⃒〈δZ,N〉

⃒
⃒ ≤ 1.5 cm) and 

⃒
⃒〈δR,N〉

⃒
⃒ ≤ 1.7 cm. For this 

particular plasma discharge with the missing channels, the vertical po-
sition of the plasma centroid is reconstructed with better accuracy than 

the vertical one with the asymmetry method. Similar results have been 
obtained on other plasma discharges. Further analysis of the missing 
channel effect will be carried out on all the plasma discharges in the 
database. Having one or two missing channels has as a consequence the 
shift of the reconstructed value and therefore an increasing of the 
discrepancy δ. In view of future applications on ITER and DEMO, this 
eventuality must be considered and suitable countermeasures taken. In 

Fig. 12. Plasma discharge #82812: The top panel shows the time trace of the counts measured by the vertical neutron camera (a). Panels (b) represents the 
comparison between the reconstructed values of the vertical magnetic axis position by the asymmetry (blue) and NNET (black) methods, and the EFIT ones (red). The 
bottom panel (c) shows the discrepancy between the reconstructed values and the EFIT one. The red dashed lines represent the acceptance limits ± 1.5 cm and the 0 
cm. The reconstructed values by the methods were calculated on the time resolution of the EFIT signal (Δt = 25 ms). The uncertainty on the reconstructed vertical 
position is not shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 13. Plasma discharge #96435: non-flux averaged neutron emissivity calculated by NUBEAM (run ID 96435K79) for the time window t=9.0–9.2 s (a) and 
measured neutron emissivity profile by the vertical neutron camera averaged out in the time interval t=9.0–9.2 s (b). 
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principle, there are two different approaches that can be exploited to 
adjust the methods for this particular situation: (i) it is possible to 
recalculate the correlation coefficients (Fig. 3) for all the possible 
combinations of one or two missing channels and then applied them in 
case such an event happens assuming that one knows which channel is 
missing so that the correct calibration is used. Regarding the NNET is 
possible to train a new one on a set of data which includes neutron count 
profile both with completed and with missing channels [33], in order to 
improve the overall performances for the magnetic axis reconstruction. 
The second option (ii) is based on replacing the missing measured counts 
in the channel using the information provided by the neighbours’ 
channels [34]. In particular, this method might work well for a single 
missing central channel, which as shown in Fig. 17 are the ones that 
influenced the most the performances of the methods (valid only for JET 
case, since on future devices this will depend on the design of the LoS). 
The mentioned alternatives are not further discussed here since the 
obtained results for the NNET show that even in presence of one or two 
missing channel, it is still possible to reconstruct with sufficient accuracy 
the position of the plasma magnetic axis. 

6. Discussion and conclusions 

Three methods to measure the magnetic axis position based on 
neutron flux monitor measurements have been proposed and their 
performances tested on JET. The performances of the methods were 
tested on five different cases, including plasma scenario with NBI, ICRH 
and a disruption. The neural network outperformed all the other 
methods, showing its reliability in reconstructing, within the required 
spatial limits, both the vertical and the radial magnetic axis positions. 
The asymmetry and weighted average methods resulted to be too sen-
sitive to asymmetric fast ion distribution, MHD instabilities and abrupt 

NBI power losses. Finally, a systematic study of the performances of the 
asymmetry and of the neural network in presence of one or two missing 
channels has been carried out. The neural network is the most suitable 
tool for this kind of situations. The proposed methods are based on EFIT 
signals without taking in consideration the uncertainty in RM and ZM. In 
order to further validate the proposed methods this analysis will be 
carried out in the future. It is worth to mention that the methods were 
applied only to the flat-phase of the plasma discharge and it would have 
been interesting to study their application also during the ramp-up and 
ramp-down phases. Unfortunately on JET during these phases, the 
available neutron counts are not sufficient to carry out such analysis. 
This is also the reason why the analysis on the VDEs and on disruptions 
has not been further developed here. Due to the lack of auxiliary heating 
system (promptly switched off before the plasma termination), the few 
measured counts do not allow the application of the methods to such 
events. Indeed, in order to meet the requirements of a 1.5 cm spatial and 
1 ms time resolution limits the count rate in each channel of the neutron 
flux monitor must be larger than 0.1 MHz (on JET neutron camera the 
count rate can also reach > 0.7 MHz for channels 1–10, 11–13 and 
18–19 and larger than 1 MHz for channels 14–17 [35]). 

The measured neutron counts include both direct and scattered 
neutrons. These neutrons reach the detectors after one or more scat-
tering on the collimators, the divertor and the first wall. In particular, 
the central channels of the horizontal and the vertical neutron camera on 
JET are the ones with the largest contribution of scattered neutrons 
looking toward the central column (channel 5) and the divertor (channel 
15). The contribution from the scattered neutrons can be almost thor-
oughly removed increasing the energy threshold up to 1.8 MeV as dis-
cussed in [36]. The energetic threshold for the selected plasma 
discharges in the large database was at 1.8 MeV and therefore the 
scattered contribution can be neglected. Further calculations studying 

Fig. 14. Plasma discharge #96435: The top panel show the time trace of the counts measured by the vertical neutron camera (a). Panels (b) represents the com-
parison between the reconstructed values of the vertical magnetic axis position by the asymmetry (blue) and NNET (black) methods, and the EFIT ones (red). The 
bottom panel (c) shows the discrepancy between the reconstructed values and the EFIT one. The red dashed lines represent the acceptance limits ± 1.5 cm and the 0 
cm. The reconstructed values by the methods were calculated on the time resolution of the EFIT signal (Δt = 25 ms). The uncertainty on the reconstructed vertical 
position is not shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 15. Time traces for the analyzed plasma discharge #53761 for the auxiliary heating power (a), the measured rate by the fission chamber (b), the plasma current 
Ip (c) and the line integrated electron density (d). Panel (e): flux surfaces calculated by EFIT for the plasma discharge 53,761 at t = 6.57 s (blue) and t = 6.95 (red) s. 
The LoS of the neutron camera are shown as well as a black lines. The poloidal cross section of the JET vessel and structure is represented in gray. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 16. Plasma discharge #53761: 
panels (a) and (b) represent the com-
parison between the reconstructed 
values of the magnetic axis position by 
the asymmetry (blue) and NNET (black) 
methods, and the EFIT ones (red) for the 
vertical and horizontal positions, 
respectively. The panels (c) and (d) 
show the discrepancy between the 
reconstructed values and the EFIT ones. 
The red horizontal dashed lines repre-
sent the acceptance limits δlim = ± 1.5 
cm and the 0 cm one which corresponds 
to a perfect agreement between the 
reconstructed and the real value. The 
black vertical dashed lines represent the 
time at which the EFIT equilibria were 
calculated. The reconstructed values by 
the methods were calculated on the time 
resolution of the EFIT signal (Δt = 10 
ms). The uncertainties on the recon-
structed vertical and horizontal posi-
tions are not shown. (For interpretation 
of the references to colour in this figure 
legend, the reader is referred to the web 
version of this article.)   
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the effect of the scattered contribution and studying its fraction on the 
total number of neutron counts as a function of the neutron emissivity 
movement will be carried out in a future work. 

The main conclusion of this work is that the neural network can be 
used as a tool for real-time control system and it will be suitable for 
future applications on DEMO. The neural network can be trained in the 
initial phase of the flat-top in DEMO and then used to assist and 
benchmark the signal from the magnetic diagnostics. In view of the 
future application of the methods as a plasma control diagnostics on 

DEMO, it is suggested that the methods discussed here should be tested 
on the neutron cameras on ITER [14] and DTT [15]. A work in this di-
rection is planned, with the possibility to address the implementation of 
the methods in a real-time system taking advantage of a FPGA system 
[37] and the possible integration in a real-time control suite such as the 
RApid Plasma Transport simulatOR code (RAPTOR) [38]. 

Fig. 17. 〈δ〉 as a function of the missing channel for the horizontal (a) and the vertical neutron camera (b). The averaged discrepancies for the asymmetry and the 
NNET are shown in blue and black, respectively. The red dashed lines represent a perfect agreement between the reconstructed and the real magnetic axis position 
values. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 18. 2D histograms of 〈δ〉 as a function of the pair of channels removed for plasma discharge #94270. Panels (a) and (b) show the averaged discrepancy for the 
asymmetry case and (c) and (d) for the NNET. The black dashed lines represent the situation when only one channel is missing. 
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