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A B S T R A C T

Nuclear fusion stands out as a promising energy source, with numerous experimental reactors currently oper
ational and larger ones in various stages of construction. As reactor dimensions increase, the precise measure
ment of the plasma total emitted radiation becomes increasingly crucial. This quantity not only helps in 
evaluating tokamak power balances but also enhances the understanding of the underlying physics in different 
processes. To optimize the performance of large nuclear fusion reactors, for example, various radiative scenarios 
have been proposed. These involve injecting gas into the plasma to induce radiation emission, thereby reducing 
the heat load on the reactor plasma facing components. Additionally, analysing the radiation pattern within the 
plasma provides valuable insights into impurity transport. A key technique for extracting information on plasma 
radiation is tomography reconstruction based on bolometric measurements. Addressing the resulting inverse 
problem, an effective approach involves utilizing maximum likelihood methods, which not only facilitates the 
reconstruction but also offers an estimation of the reconstruction errors. This study aims to investigate the impact 
of the bolometer diagnostic geometry on the reconstruction performance, a critical aspect for designing bo
lometers for future fusion machines. Due to limited space availability, bolometer systems present a restricted 
number of projections, rendering the optimization of the geometry fundamental for minimizing the sources of 
error. The analysis performed consists of reconstructing synthetic images in different geometries, varying angles 
of view and the number of lines of sight. Finally, an optimal criterion is defined to guide the selection of the 
geometry, ensuring robust reconstruction with minimal susceptibility to measurement errors.

1. Introduction

In tokamaks, radiation measurements provide fundamental infor
mation for plasma control and the study of its dynamics [1]. From these 
measurements, it is possible to identify the onset of instabilities that can 
lead to anomalous phenomena in the plasma [2–5]. Furthermore, un
derstanding the plasma emission is essential for determining plasma 
energy losses and assessing the heat load on the divertor [6–8].

Diagnostic tools, such as bolometers or soft X-ray detectors, produce 
line-integrated measurements from different channels [9]. To extract 
meaningful spatial information, a tomographic inversion is required. In 
the field of tomography for fusion reactors, various approaches have 
been employed, such as Maximum Entropy [10], Minimum Fisher 

Information [11], and Gaussian Processes [12]. The quality of the 
reconstruction depends significantly on the geometry of the lines of sight 
observing the cross-section of the tokamak [13]. The design of the lines 
of sight is typically determined by reconstructing specific phantoms 
while considering the engineering constraints of plasma accesses 
[14–15]. Generally, the goal is to maximize the achievable resolution in 
the areas of interest by ensuring that multiple lines intersect these re
gions. This article demonstrates how the maximum likelihood tomog
raphy enables a more robust design of the diagnostic layout. Indeed, the 
maximum likelihood algorithm not only permits to estimate the emis
sivity but also accounts for the propagation of the uncertainties without 
relying on Monte Carlo methods, which are computationally intensive 
(Section 2). This can be used to assess the sensitivity of a given geometry 
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to the measurement errors [16]. Consequently, the maximum likelihood 
allows, during the design phase, an assessment of a given line-of-sight 
configuration, not only in terms of reconstruction accuracy but also 
regarding the sensitivity of the geometry to the measurement errors 
affecting the line integrals (Section 3). The objectives of the present 
work are to document this aspect for a JET like geometry and to intro
duce two indicators, the geometric coverage and the error factor, to 
quantify the quality of a given diagnostic layout (Section 4). These 
metrics can help finding the best trade-off between accuracy of the re
constructions and their vulnerability to measurement errors (Section 4). 
The proposed criteria are fully general, can be applied to other tomo
graphic problems and can be extended to take into account also the 
uncertainties in the magnetic topology (Section 5).

2. Maximum likelihood tomography

In a tokamak, various diagnostics observe the plasma and provide 
integrated measurements. The geometry of the bolometric system on 
JET [17] is shown as an example in Fig. 1. The lines of sight are defined 
by the geometry of the detector and the collimator, and the resulting 

measurements are determined by the contribution of the radiation 
emitted along their entire line of sight. In reality, the radiation observed 
by the detectors does not originate from a single line but from an 
emission volume [18]. For this reason, it may be necessary to determine 
how each volume element contributes to the measurements, a task that 
can be performed using ray-tracing simulations [19]. In particular, the 
examples presented in this work will refer to the poloidal cross-section of 
JET. The goal of tomographic inversion is therefore to determine the 
emissivity field responsible for producing the measurements.

After discretizing the domain in pixels, the tomographic problem can 
be summarized with Eq. (1)

g = Hf (1) 

Here, g [W/m2] represents the set of measurements, f [W/m3] is the 
emissivity that we aim to reconstruct, and H is the geometry projection 
matrix, which defines the contribution of each pixel to each measure
ment. A brief explanation of the maximum likelihood principle is pro
vided below; for further details, the interested reader is referred to 
[20–22].

The maximum likelihood tomography is one of the most widely used 
methods to perform tomographic reconstructions. The core idea is to 
maximize the likelihood L of obtaining the emissivity g given the set of m 
measurements gm, as illustrated in Eq. (2). 

L(g|f) =
∏

m
L(gm|f) (2) 

From Eq. (2) and assuming that the measurements g are affected by 
the noise n, whose uncertainty propagates into emissivity estimation, 
one can write: 

g = g + n (3) 

f = f + ε (4) 

It is possible to demonstrate that an iterative estimation of the 
emissivity f and the associated uncertainty ε is provided by the following 
relations (5) and (6): 

fk+1 =
fk

Hʹ1
⋅Hʹ g

Hfk (5) 

ε k+1 =
[
I − Ak]εk + Bkn (6) 

In equations (5), the dot represents the element-wise product, while 
in the absence of a dot, the operation is understood as the standard 
matrix-vector product.Division is always intended as an element-wise 
operation. In an element-wise operation, each element of a vector is 

Fig. 1. Layout of JET Bolometer Diagnostic.

Fig. 2. Phantom (Left), Reconstruction (middle) and uncertainty (right) obtained with isotropic smoothing. The magnetic field lines are reported to guide the eye but 
are not used in the reconstruction.
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multiplied or divided by the corresponding element of the other vector, 
resulting in a vector of the same dimension as the original two vectors. 
Meanwhile, 1 is a vector of ones of the same length as the number of 
projections, H′ is the transpose of the geometry projection matrix H and I 
is the identity matrix. The entries of the matrixes A and B are given by 
Eqs. (7) and (8). 

Ak =
fk

Hʹ1HfkH
ʹ;H (7) 

Bk =
fk

Hʹ1HfkH
ʹ (8) 

In tokamaks, the number of lines of sight is typically limited by the 
access constraints to the vacuum vessel. This means that the available 
information is underdetermined, making tomographic inversion a 
highly ill-posed problem [23]. To address this, it is necessary to 

introduce prior information to constrain the solutions. Various ap
proaches exist in the literature [24]. One common method involves 
imposing smoothness on the radiation field, ensuring that the second 
derivatives along the x and y directions are zero. To evaluate the 
effectiveness of a method or geometry, given the ill-posed nature of the 
problem, synthetic cases called phantoms can be constructed. These 
allow deriving the expected measurements and then performing the 
inversion on this data. This approach provides a reference solution to 
compare against the results obtained. In the present work, since the 
phantoms are synthetic cases, all the indicators and uncertainties are 
expressed in arbitrary units.

Fig. 2 shows an example of an inversion obtained from the phantom 
on the left, along with the uncertainty propagation, using the introduced 
isotropic regularization but without any information about the magnetic 
topology.

An effective indicator for assessing the quality of the reconstruction 

Fig. 3. Phantom (Left), Reconstruction(middle) and uncertainty(right) obtained by regularizing along the magnetic field lines.

Fig. 4. (Left) Geometry with two fixed angles of view incrementing the number of lines of sight. (Right) Geometry with a fixed number of lines of sight increasing the 
number of viewing angles For each case the columns report: Reconstruction (Left), Uncertainty (Middle) and Geometry (Right).
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is the Root Mean Square Error (RMSE) in (9). This metric indicates how 
close the reconstructed image is to the original one. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
npixels

∑npixels

i=1

(
fphantomi − freconstructioni

)2

√
√
√
√ (9) 

An additional indicator is introduced to estimate the impact of un
certainties: the relative uncertainty, defined as the ratio of the uncer
tainty ε divided by reconstructed emissivity freconstructioni . 

Relative uncertainty =

(
εi

freconstructioni

)

(10) 

This value is evaluated for the pixels where the radiation exceeds a 
certain threshold to avoid overestimation. The average relative uncer
tainty is then the mean of the relative uncertainty mediated over the 
pixels with the emissivity above the threshold. In the present work the 
threshold has been chosen at the level of 20 % of the maximum emis
sivity. For the example of Fig. 2, the RMSE obtained is equal to 9765 [a. 
u.] and the average relative uncertainty is 5.2 %.

Another widely used approach involves imposing smoothness of the 
radiation along the magnetic field lines. In Fig. 3 the reconstruction and 
uncertainty obtained with this regularization is reported. The RMSE is 
obviously lower than previously because the phantom itself is smoothed 
along the magnetic field, but this is what is expected in the experiments. 
Furthermore, it is important to notice that the propagation of the un
certainties depends also on the regularisation.

For this example, the RMSE obtained is equal to 2427 [a.u] and the 
average relative uncertainty is 8.6 %.

Although the radiation is expected to be smoother along the mag
netic field lines, introducing the magnetic topology as a prior constraint 
would not only increases computational demands but would also 
introduce a potentially confusing element (the results would depend on 
the configuration of the fields and the associated uncertainties). 
Consequently, to keep the treatment as simple and intuitive as possible, 
the isotropic regularization without any information about the magnetic 
field lines will be discussed in the following. This approach permits to 
converge on a sufficiently robust geometry that does not rely on the 
introduction of prior information.

3. Geometry design application

To show how incorporating the uncertainty propagation can improve 
the quality of the selected geometry, two representative examples are 
discussed in this section. In the first example, only two access points are 
available for viewing the cross-section, and the number of their lines of 
sight is varied. In the second example, the number of lines is fixed at 200, 

while the viewing angles are incrementally increased. The results are 
summarized in Fig. 4 for the case of the phantom reported in Fig. 3.

For each geometry, the obtained reconstruction is presented along 
with the uncertainty propagation, considering a 5 % relative measure
ment error. Additionally, the error of the reconstructed emissivity with 
respect to the phantom is reported, expressed in terms of RMSE and the 
average relative uncertainty. As expected, for the fixed viewing angles in 
Fig. 4 (left), increasing the number of lines improves the reconstruction 
quality, and the RMSE decreases. Similarly, the relative uncertainty also 
decreases, indicating reduced sensitivity to measurement errors. On the 
right of the Fig. 4, it can be observed that, as the viewing angles increase, 
the reconstruction improves significantly, while the relative uncer
tainty, although lower than with two angles, appears to remain un
changed. This means that a given acquisition geometry can produce 
reconstructions of better quality but can also be more sensitive to 
measurement errors.

4. Indicators

As observed from the previous examples, given a detection geometry, 
the reconstruction quality can be assessed by comparing the recon
structed image with the phantom. Additionally, by examining the un
certainty propagation, the sensitivity to measurement errors can be 
understood. To evaluate a given geometry, two synthetic indicators are 
introduced to provide a concise overview of the geometry.

The first is called the geometric coverage in the following. It in
dicates the ability to reconstruct accurately the emission in a given re
gion and is proportional to the number of lines passing through that 
region. In detail, it is defined for each pixel as the sum of all the geo
metric factors intersecting that pixel. The geometric coverage can be 
calculated as the product of the geometry projection matrix H and the 
vector 1 defined as a vector of ones with the same length as the number 
of projections, as reported in Eq. (11). 

G = H ∗ 1 (11) 

The second can be called the error factor. It indicates the uncertainty 
propagated by the system in each pixel, also determining the potential 
incidence of artifacts in any region of the cross-section. The error factor 
is evaluated as the uncertainty εi associated to each pixel when recon
structing a homogenous phantom of emissivity equal to 1.

Fig. 5 shows the geometric coverage and the error factor for the 
geometry reported on the right, which consists of 6 angles and a total of 
120 lines.

From the geometric coverage, it can be observed that the areas with 
fewer intersections on the left side of the section are those where lower 
accuracy can be expected. From the error factor, it is possible to identify 
regions where greater error propagation or artifact production is likely. 

Fig. 5. Geometric coverage (Left) and Error factor (Middle) of the optimized geometry (Right).
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In this geometry, the top-left or centre-left areas of the cross-section are 
particularly vulnerable to showing artefacts.

In Fig. 6, the reconstructions and errors for two complex phantoms 
are shown, using the geometry of Fig. 5 (right). Although the recon
struction is not perfect, it is noticeable how the emission shapes are 
reconstructed without the need to introduce information from other 
diagnostics.

5. Conclusions and future developments

This work is aimed at presenting an innovative approach for the 
design of systems measuring line-integrals such as bolometers and SXR 
tomographies. The idea is to determine a geometric layout, in compli
ance with design constraints, that best optimizes reconstruction reso
lution and sensitivity to measurement errors. Using the maximum 
likelihood algorithm, it has been shown how different geometries can 
yield varying results. In particular, a given layout can provide more 
accurate reconstructions but be more sensitive to measurement errors 
and therefore associate larger uncertainties to the local emissivities. By 
introducing two original metrics, the geometric coverage and the error 
factor, it is possible to perform a comprehensive analysis of an acqui
sition geometry. Based on this method, the geometry can be optimized 
by properly weighting these indicators depending on the requirements 
and priorities of the design. The cases reported exemplify optimizations 
without the knowledge of the magnetic topology, corresponding to the 
aim of minimizing the dependence on prior information and of sup
porting real-time operation. Taking into account the geometry of the 
magnetic surfaces, to maximize the scientific exploitation in offline 
analysis, would be an immediate extension of the proposed methodol
ogy. It should be mentioned though that other design aspects, such as the 
dimensions of the viewing cones, the sensitivity to the deformations of 
the hardware in operating conditions and overlap of adjacent lines of 
sight, can have also a significant impact on the quality of the final 

reconstructions. These aspects are beyond the scope of the present paper 
but will be addressed in the very near future.
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