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Accurate measurements of the emitted radiation are crucial for controlling a fusion reactor. In addition to
affecting the global power balances, high levels of local radiation emission can indicate that the plasma is losing
stability and can disrupt. Several radiation events can occur in a tokamak differing in localization, shape, and
dimension. Each of these can be originated by various causes and degrade the plasma confinement in different
ways. On current tokamaks, radiation is measured by bolometers, but these provide only line integrated values.
For this reason, quite sophisticated tomography inversion algorithms are required to obtain local information,
but this approach is slow and cannot be used in real time yet. A fast inversion method, which provides local
information with high temporal resolution, has been developed. This allows to reconstruct the emissivity in all
the relevant regions of the plasma and so to recognize different anomalous radiation events. In this work, an
analysis of the fast inversion method and of its performances is presented using synthetic data. The reliability of
the method is tested by simulating different patterns of radiation. Then the accuracy is evaluated by analysing

the impact of different features, such as shape and position, on the reconstruction.

1. Introduction

Nuclear fusion holds great promise as a solution for clean energy
production. One approach to achieving nuclear fusion reactions involves
the confinement of a high-temperature plasma using magnetic fields.
The most advanced device of this type is the tokamak. While recent
technological advancements have enabled to make significant pro-
gresses in this field, there remain challenges that delay the ability to
sustain continuous fusion reactions. Specifically, various types of in-
stabilities can occur within a tokamak plasma, leading to a degradation
of confinement and potentially causing disruptions [1,2]. Identifying
these instabilities is a crucial task in controlling the fusion process, with
the aim of rendering the plasma stable and preventing disruptions [3-6].
Some of these instabilities are associated with unusual patterns of ra-
diation emission. Therefore, monitoring radiation emissions and deter-
mining their source play a crucial role in preventing disruptions [7-12].
At present, radiation measurements are conducted using various tech-
niques such as bolometers, soft X-rays, and others, each focusing on
different segments of the electromagnetic spectrum [13,14]. However,
these methods yield only integrated values along a line of sight,
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necessitating the use of tomographic inversion algorithms to obtain
localized information. While tomographic techniques can offer high
spatial resolution and accurate estimates, they are typically too slow for
real-time applications [15]. Moreover, tomographic inversion is a
mathematically ill-posed problem that requires regularization functions,
which must be calibrated for each specific experiment [16]. In this work,
we analyse the performances of the new high-time low-spatial resolution
tomographic inversion [17], which allows estimating the average local
emissivity in specific regions of the poloidal section without imposing
stringent constraints. Section 2 investigates the principles and tech-
niques behind this rapid tomographic inversion method. In Section 3,
this methodology is tested using synthetic data to substantiate its ac-
curacy and effectiveness. Finally, in Section 4, we discuss the key find-
ings and conclusions drawn from our research.

2. Fast tomography inversion

Tomographic inversion utilizes line-integrated measurements to
reconstruct local information [18,19]. In this study, our primary focus is
on its application to bolometers for the estimation of the plasma total
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Fig. 1. (a) Lines of sight of bolometer cameras in JET. (b)) Lines of sight collected together forming the six macro-views. (c) The eight regions of the fast tomography.
The acronyms in plot (c) stand for: HFL: High Field Low, HFT: High Field Top; LFT: Low Field Top; LFR: Low Field Right; LFB: Low Field Bottom.

radiation emission, but this methodology can also be applied to other
diagnostics [20-22]. Even if this work is based on synthetic cases, the
Joint European Torus (JET) geometry and bolometer lines of sight are
used as reference [23,24]. The transfer to other geometries, tokamaks,
and diagnostics does not pose any conceptual problem but might require
some specific adjustments.

JET bolometric system consists of two cameras: one horizontal and
one vertical. Each camera provides 24 lines of sight, slicing through the
poloidal cross-section, as shown in Fig. 1(a). Each line of sight, identified
with the subscript “m”, measures the line-integrated emissivity g, so
that:

&n = /edl (@D)]

In

where I, is the m-th line of sight length and € the plasma emissivity. The
local emissivity is reconstructed on a matrix of n pixels. Then, the
reconstructed line-of-sight measurements given the emissivity matrix
should be equal to the actual measurements:

&m = ZHmnen (2)

where Hy,, represents the contribution of pixel n to the overall mea-
surement m. Therefore, starting from the m measurements, in principle
tomography could provide the emissivity €, for each pixel by inverting
Eq. (2). This inversion poses a challenge though, as it is an ill-posed
problem (n, the number of unknowns, is usually much larger than m,
the number of equations), requiring regularization to obtain a solution
consistent with the expected physics [25]. Various approaches are used

to address this issue, but they often demand significant computational
resources or extensive calibration using a large set of experimental
measurements. The aim of this method is to offer a rapid emissivity
reconstruction without making assumptions about regularization or
necessitating training [26,27].

The key concept is to reduce the grid size, significantly reducing the
number of unknowns and, consequently, the computational demand for
inversion. While reducing the grid can introduce inaccuracies in the
reconstruction, careful definition of the macrogrid allows us maintain-
ing sufficient resolution and accuracy in detecting anomalous radiation
from different regions of the plasma. This is achieved by assuming the
existence of three macroscopic views for each camera, formed by
grouping the corresponding lines of sight as shown in the Fig. 1(b). The
intersection of these lines defines eight distinct regions Fig. 1(c). With
this configuration, the tomographic inversion task requires solving the
following set of equations:

&u, = épivHpivh, + éursHimsn,

8, = enurHurL b, + €coreHcoreH, + ELrrHLER Hy

81, = eurrHurrn, + €ropHropn, + errrHirra, 3)
8y, = eursHirsy, + eurrHirry, + €rrrHirry,

8v, = SDivHDiv.Vz + ECOreHCQre.Vz + gTopHTop.Vz

8v; = EHFTHHFT,V3 + EHFLHHFL.V3

Here, g represents the line-integrated measurement of the macro-
scopic line evaluated as the sum of the collected lines, ¢ indicates the
emissivity, and H stands for the contribution of the corresponding re-
gion. This system of equations consists of six equations with eight un-
knowns. When we introduce non-negativity soft constraints (4) for each
emissivity R, these equations become readily invertible.
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Fig. 2. (Upper) The numerical built emissivity through the time. (Bottom Left). The power in the eight regions, both numerical calculated and reconstructed. (Bottom
right) Calculated peaking factors.

Eregion > 0 4) strategy, it is possible to achieve rapid reconstruction of these 8
important regions in less than 50 ps per time slice, without relying on

The system of Eqs. (3) has been solved by using a simple non- any a priori knowledge, while ensuring that radiation remains positively

negative least square minimisation method [28]. By following this
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Fig. 3. (Upper) The evolution of the numerical emissivity phantom with the time. (Bottom Left). The power in the eight regions of Fig. 1, both numerically calculated
using the phantom (blue) and reconstructed (red). (Bottom right) Evolution of the peaking factors vs time showing that they cannot always identify properly the
location of the emission. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (Upper) The evolution of the numerical emissivity phantom with the time. (Bottom Left). The power in the eight regions of Fig. 1, both numerically calculated
using the phantom (blue) and reconstructed (red). (Bottom right) Evolution of the peaking factors vs time showing that they cannot always identify properly the
location of the emission. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

valued.
3. Numerical tests

In this section, we present an analysis using numerical phantoms.
Three synthetic cases are shown, which accurately reflect important
anomalously radiating phenomena observed in experiments. The
objective of this analysis is to prove the method capability to identify the
emitting region, to trace its motion within the plasma, and additionally
to compare the results with the traditional indicators reported in the
literature and called peaking factors [14]. The 48 lines of sight for each
phantom have been calculated and then combined to determine the
emission from the macro-regions of the high time resolution tomogra-
phy. It has been decided to simulate three 10 s plasma discharges with a
time resolution of 10 ms. For each case, the synthetic radiation patterns
scan the entire parts of the poloidal cross section covered by the corre-
sponding radiative features in the actual JET experiments.

3.1. Moving central blob

In this example, a radiative blob traversing the poloidal section,
progressing from the low-field side to the high-field side, is simulated as
illustrated in Fig. 2 (Upper). The circular blob has a radius of 0.3 m and
homogeneous emissivity of 100 W/m3.The 10 phantoms presented
represent only a subset of the complete simulated discharge, which
comprises a thousand instances. They are shown to provide an overview
of the movement evolution. From the fast tomography inversion, the
power radiated for each of the 8 regions is obtained as shown in Fig. 2
(Bottom left). By examining these values, the trajectory of the blob
across the poloidal section becomes easily discernible. In fact, at time 0,
a high radiation value can be observed only in the core, then it starts to
decrease while increasing in the HFL, indicating the transfer of radiation
from one region to the other. After 2.5 s, the radiation in the HFL de-
creases, increasing again in the core. The same mechanism can be

observed from 5 s from the Core towards the LFR. In this way, by
observing the decrease in radiation in one region and the corresponding
increase in another, it is possible to determine the movement of the blob
from the reconstructed powers. However, the peaking factors hold less
significance in this context as they do not manage to identify the
anomalous region with the same accuracy, see Fig. 2 (Bottom right). This
is a very important aspect because depending on the emitting regions
completely different remedial actions can be appropriate as discussed in
[27]. Indeed, the fact that the horizontal peaking factor tends to be
unnecessarily high can generate false alarms in many situations, as
discussed in detail in [17]. The vertical one in its turn can detect only
radiation anomalies in the center, whereas acting earlier when the ra-
diation increases at the edge can make the difference between success
and failure of control strategies.

3.2. MARFE-like

In this example a radiative blob moving along the wall in the high
field region has been generated, simulating a MARFE-like anomaly [29],
combined with an emission from the divertor, see Fig. 3 (Upper). This
example, with two regions of high emission simultaneously present, is
particularly challenging for any reconstruction method, given the layout
of JET diagnostic. The blob simulating the MARFE is circular with ho-
mogeneous emissivity of 100 W/m?®. It has been made to move along the
edge on the high field side, from -n/2 to + n/2 (angle calculated from
the centre of the cross-section). The shape is determined by the inter-
section with the vessel, which cuts it. The radiation pattern in the
divertor is constant and homogeneous, emitting 50 W/m® for Z<—1.2 m.

From the power reconstructed the fast tomography can easily track
the MARFE evolution (Fig. 3 Bottom left). Indeed, it is possible to
observe the reconstructed power varying through time. Initially, the
peak power is localized in the divertor region, subsequently transition-
ing through the midplane, progressing upward in the high-field area,
and ultimately reaching the top. By observing the increase in radiation
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The error in the various regions, calculated as the average relative difference between the power emitted by the radiation patterns and the reconstructed values in the

respective macro-regions over the entire time interval, expressed in percentage.

Case P tot LF down LF right LF up Divertor Core Top HF Left HF Top
Moving Blob -1.7% - 5.1 % - - 0.8 % - —24.6 % -
MARFE -2.8% - - - -10.1 % 5.2 % —6.9 % -15.3 % 19.8 %
MARFE and Asymmetry -3.7% - - - —20.0 % 42% —10.0 % -13.7 % 6.1 %

in one region and the decrease in another, it is possible to determine the
movement of the MARFE.

3.3. MARFE-like and crescent shape core emission

In this example, the evolution of a MARFE is depicted with an
asymmetric emission in the core region, as illustrated in Fig. 4 (Upper).
The feature simulating the MARFE presents homogeneous emissivity of
100 W/m>. It is a circular blob moving along the edge, covering angle
from -n/2 to + n/2 calculated from the centre of the cross-section. The
shape is determined by the intersection with the vessel, which cuts it.
The crescent shape radiation pattern is homogeneous and equal to 50
W/m?®. Its shape is a portion of a circle of radius 0.75 m, with centre in R
= 2.6 m and Z=-0.1 m, cut with a plane at 3.1 m.

Similarly to previous example, in this case, it is possible to trace the
movement of the MARFE through the reconstructed power in different
regions, as shown in Fig. 4(Bottom Left). Once again, the anomalous
radiation can be observed from the peaking factors Fig. 4 (Bottom Right)
but determining the specific region of excessive emission would be very
challenging.

In Table 1 the reconstruction error of the fast tomography is reported
for each region and for the total emitted power.

The error E is evaluated as in [30], as reported in Eq. (5)

E:M“OO% (5)

regP

where Pyeg ¢ is the one obtained for each region by the fast tomography
and Pregp is the one referred to the phantom. E is evaluated at each
instant and then averaged over the entire duration. The error calculated
in the three cases for the total power remains below 4 %, while the error
in the individual regions on average is below 20 %. Although this is an
acceptable error threshold, it should be considered that this is influenced
by the errors assessed during moments when the power in the region is
low, which can result in a large error.

4. Conclusions

In this paper, the performances of the new technique for obtaining a
fast tomography reconstruction have been analysed. The potential of
this approach has been substantiated by simulating different radiation
patterns. The reported results show that:

o The fast tomography is quite accurate in reconstructing the radiation
emission in the most important regions for stability on JET [27].

o This advancement enables precise tracking of anomalous radiation
movements within the plasma, improving disruption avoidance
strategies [27].

The fast tomography significantly improves the bolometric diag-
nostic capability of pinpointing emission sources in real time,
compared to the most used global indicators such as the peaking
factors as shown in detail in [17]

It has also been checked that adding to all the phantoms a reasonable
level of background emission, comparable to the diffuse emission
encountered in practice, does not change in any significant way the
reported results. On the other hand, in terms of maximum resolution, of
course only radiation patterns that have a significant size and intensity

relative to the macropixels can be detected. Small scale structures and
movements cannot be resolved, unless their emission is significantly
higher than the background radiation of the macropixels, in which they
are located.

Future developments will be focussed on defining and testing an
avoidance strategy in other working machines using this new procedure
to estimate the total radiation emission. Moreover, the methodology will
be proposed for other tokamaks, such as ASDEX-Upgrade and TCV, so
that a standard and multi-machine approach may be used for tokamak
control. Of course given the fact that bolometric diagnostics have
different layouts in different devices, the transfer of the approach will
require specific investigations and adaptations.
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