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A B S T R A C T   

The Divertor Tokamak Test (DTT) [1] is presently in the start-up phase of construction. Among diagnostics, the 
magnetic ones are the first components that will have to be ready for installation and commissioning when DTT 
vacuum vessel and magnets will be assembled. In this paper, the white noise characterization of DTT in-vessel 
pick up coil measurements and the thermo-mechanical analysis of ex-vessel pick up coils will be presented 
referring to the 2021 probe configuration. In particular, the systematic error due to white noise affecting the 80 
internal pick-up coil measurements on plasma position reconstruction has been assessed. Such plasma recon
struction has been done by assuming a filamentary representation of the plasma current density. The effect of 
noise on the measurements is characterized evaluating the mean error, the mean square error and the standard 
deviation, on the difference between the noisy inverse reconstruction and the ideal inverse reconstruction 
evaluated on suitable plasma-wall gaps. 

Moreover, a feasibility study of mounting a torlon pick-up coil between the vacuum vessel and the thermal 
shield, in terms of bulk has been developed. In addition, the probe thermomechanical stresses are preliminarily 
investigated for backing and operative conditions, assuming a welding as mounting solution. The study shows 
that no bulk criticality is present for mounting the external pick-up coil. The operative temperature results to be 
far from thermomechanical critical condition. On the contrary, the baking temperature T = 220 ◦C presents some 
critical issues. The achieved results are propaedeutic to make more detailed choice in the following design steps, 
such as the probe fixing solution, the bolt dimension and the materials. When detailed pick-up coils mounting 
solution will be defined, the stresses on the contact region between the pick-up coils and the vacuum vessel 
accurately evaluate.   

1. Introduction 

In a tokamak device, magnetic diagnostics plays a key role in the 
understanding of plasma physics, machine protection, plasma control, 
and equilibrium reconstruction. The magnetic diagnostics system in
cludes measurements of magnetic fluxes, plasma current, and diamag
netic flux made inside and outside the vacuum vessel [2–3]. In-vessel 
and ex-vessel pick-up coils are electromagnetic transducers addressed to 
the local magnetic field measurements. 

Characterization of white noise, affecting the pick-up coil 

measurements, is a key design driving requirement for the plasma 
equilibrium reconstruction. To this purpose, Section 2 is devoted to the 
characterization of the systematic error on the inverse boundary 
reconstruction due to white noise referring to 2021 DTT probe config
uration [4]. In particular, Section 2.1 reports the magnetic reference 
configuration and the input parameters for the inverse reconstruction. 
Section 2.2 reports the optimization of the pseudo-inverse reconstruc
tion tolerance in presence of noisy measurements. Finally, in Section 2.3 
the effect of noise on the measurements is presented in terms of the mean 
error (ME), the mean square error (MSE), and variance (σ2) on the gap 
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evaluation, and in terms of maximum and mean error in percentages on 
the plasma current value and the plasma barycenter position. 

Concerning the feasibility study of mounting an ex-vessel probe [4], 
Section 3 reports a FEM analysis aimed to evaluate the mounting bulk 
and thermomechanical stresses. The bulk available for the probe 
mounting is verified by evaluating the vacuum vessel (VV) thermal 
expansion. In addition, a thermomechanical analysis has been devel
oped to preliminarily investigate the mechanical stresses on the pick-up 
coil and the screw due to both the different thermal expansion of ma
terials and the VV dilatation, for both operative and baking conditions. 
The developed study allows us to estimate the external probe rotation 
and VV displacement during the operative conditions, which are 
essential in view of evaluating the inverse boundary reconstruction error 
by the external probe measurements. In Section 3.1 the main thermal 
and structural assumptions are reported. The results of the steady-state 
thermal analyses are reported in Section 3.2, whereas static structural 
analysis is presented in Section 3.3. 

2. Systematic error characterization for the inverse boundary 
reconstruction 

In this section, a procedure to evaluate the systematic error on the 
inverse boundary reconstruction due to a white noise has been devel
oped. The white noise characterization is needed to guarantee high 
performance in several fields, such as the plasma magnetic control, 
which must rely on an accurate shape reconstruction. Thus, the reli
ability of the measurements totally affects the equilibrium 
reconstruction. 

The algorithm for the inverse boundary reconstruction determines 
the plasma boundary from the poloidal field coil currents and by 
assuming a filamentary representation of the plasma current density [5]. 
The poloidal flux map is computed by the Eq. (1): 

ψ(r) =
∫

R2

G0(r, r̃)Jφ (̃r)dS̃ (1)  

where G0is the Free Space Green’s Function, which represents the flux 
produced by an infinitesimal toroidal filament carrying a unitary current 
and Jφ is the toroidal current. As shown in [5], the use of G0 allows the 
discretization of the problem. Thus, the inverse boundary reconstruction 
problem can be faced as a FEM problem described by Eq. (2): 

|ψ |n×1
= |G0ψ |

n×(ncoil+nel)⋅|i|(ncoil+nel)×1 (2)  

where, n is the number of the mesh nodes in the whole domain, ncoil is 
the number of the active current filaments (icoil), located at the mesh 
element barycentre inside the poloidal field coil domains, and nel is the 
number of fictitious currents iel placed on ellipse located inside the 
possible plasma region (magenta line in Fig. 1). Among the currents i, 
those from the active coils are provided as inputs, whereas the values 
and the number of the fictitious plasma current filaments need to be 
optimized. 

2.1. Magnetic reference configuration and input data 

The provided magnetic configuration (see Fig. 1) contains the input 
data for the inverse reconstruction algorithm:  

• DTT geometry  
• 24 active currents (icoil) from poloidal field coils and central solenoid  
• 80 magnetic field measures from 40 pick-up coils (40 measures of the 

radial component and 40 of the tangential ones)  
• mount positions and orientations (with respect to the VV) of the 40 

pick-up coils  
• mesh nodes domain [4]: n = 29,589. 

2.2. Optimization of pseudo-inverse parameters 

The iel currents are evaluated by Eq. (3): 

|iel|
nel×1

=
(
pinv

⃒
⃒G0B,el

⃒
⃒
)nel×nm ⋅

⃒
⃒Bplasma

⃒
⃒nm×1 (3)  

where Bplasma is obtained subtracting from the poloidal magnetic field 
(Bpol) measurement the contribute due to active current filaments, 
nm=80 is the number of poloidal field measurements Bpol, and G0B is a 
no-square matrix of the Free-Space Green’s Functions implemented in 
[6,7]. The function pinv indicates the pseudo inverse operation carried 
out through the Singolar Value Decomposition (SVD) technique [8]. In 
the pseudo-inverse operation, a tolerance, which defines the lowest 
singular value to be considered in the truncated SVD, needed to be 
defined. In addition to the tolerance value, the performance of 
pseudo-inversion also depends on the number of fictitious current fila
ments nel, which must be much lower than nm. In fact, the higher the 
number nel, the more the problem is ill-posed, and the larger must be the 
tolerance to avoid flux map aberration. Thus, a good compromise be
tween the tolerance and nel values needs to be found in order to guar
antee a reliable and correct boundary reconstruction. To this purpose, an 
optimization procedure has been developed that minimizes the differ
ence of the plasma boundary flux values between the inverse and the 
direct reconstruction. The number nel was varied in the range 10÷30 
(with a step resolution equal to 5) and, for each nel value, the size of the 
singular value vector is optimized in the range 1÷ nel (with a step res
olution equal to 1) by changing the tolerance of the pseudo inverse 
operation. 

Fig. 2 shows the errors of the inverse reconstruction with respect to 
the direct one in terms of difference of the plasma boundary flux values 
ΔΨbound (upper subplot), distance between X-points ΔXP (middle sub
plot) and difference of the plasma currents ΔIp (bottom subplot), in the 
nel range 10÷30. For nel = 30, the magenta vertical line identifies the 
tolerance that minimizes ΔΨbound, instead the green line indicates the 
tolerance required to avoid flux map aberration. The light blue vertical 
line corresponds to the tolerance that minimizes ΔΨbound without any 
flux map aberrations for nel = 10. 

Fig. 1. DTT geometry (red) and the domain mesh (blue). The yellow line is the 
plasma boundary of the magnetic reference configuration. The green points are 
the 40 pick-up coils. 
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Fig. 3 shows, on the left plot, the reconstructed boundary with nel =

30 and a tolerance value corresponding to the magenta vertical line in 
Fig. 2. This unsuitable combination of nel and tolerance values leads to 
flux map aberration in the plasma center region. In the middle plot of the 
same Fig. 3, the reconstructed boundary with nel = 30 and a tolerance 
value corresponding to the green line in Fig. 2 is reported. In this case, 
using a higher tolerance, the flux map aberration is avoided, but ΔΨbound 
increases, and the reconstructed boundary (green line) does not overlap 
the reference one (black line). Finally, the right plot reports the 
boundary reconstruction for the optimum tolerance value (light blue 
vertical line in Fig. 2) with nel = 10. By reducing both nel and the 
tolerance the numerical error is slightly reduced still avoiding the flux 
map aberration. The reconstructed boundary (blue line) overlaps the 
reference one (black line). This reconstructed boundary is used for the 
white noise characterization of the pick-up coil measurements, 
described in the following subsection. 

2.3. White noise analysis 

The presence of white noise on the pick-up coils outputs has been 
simulated adding a small random contribute to Bpol. A parametric study 
increasing values of probe noise variance (σ2

WN), i.e., 2 mT, 4 mT and 8 
mT, has been performed. For each variance value, the inverse recon
struction, optimized as described in Section 2.2, was repeated a thou
sand times to better simulate the noise random effect on the inverse 

reconstruction. The noise effect is characterized evaluating the mean 
error (ME), the mean square error (MSE) and the variance (σ2

GAP) on the 
gap difference between the noisy optimized inverse reconstruction and 
the ideal one. These gaps are evaluated on some of the most significative 
chords, reported in Fig. 4. The ME, MSE and σ2

GAPvalues, for the different 
noise variance, are reported in Table 1. Moreover, Table 2 reports, on 
columns two and three, the maximum and the mean values of the per
centage error on the plasma current value, respectively. Whereas the 
mean errors of the plasma barycenter position (r0,z0) are reported in 
column four and five, respectively. 

The results show that errors on the gaps evaluation due to the white 
noise effect is quite negligible since, for the noise variance values 

Fig. 2. The trend of the difference of the plasma boundary flux values (ΔΨbound,

upper subplot), the distance between X-points (ΔXp, middle subplot) and 
difference of the plasma currents (ΔIp, bottom subplot), between the inverse 
reconstruction and the direct reconstruction, for nel in range 10÷30, at vary
ing tolerance. 

Fig. 3. Inverse boundary reconstruction for different combinations of nel and tolerance values. Left plot: a flux map aberration in the plasma center is obtained with 
nel = 30 and a tolerance value of about 10− 14 (magenta vertical line in Fig. 2). Middle plot: the flux map aberration is avoided with a tolerance value of about 10− 6 

(green line Fig. 2). Right plot: optimum flux map reconstruction achieved with nel = 10 and a tolerance value of about 10− 8 (light blue vertical line in Fig. 2). 

Fig. 4. Chords considered for gaps evaluation.  

M. Lacquaniti et al.                                                                                                                                                                                                                            



Fusion Engineering and Design 192 (2023) 113775

4

considered, the ME, MSE and σ2 result to be lower than 7 mm. Instead, 
the%Iperr,max (> 0.1%) appears to be not negligible for all the considered 
conditions. 

3. Bulk analysis for mounting external pick-up coils 

The feasibility of mounting ex-vessel probes in terms of bulk has been 
investigated. The VV dilatation, determined by FEM analysis, allows us 
to verify the possibility of assembling the pick-up coil on the vessel 
between the thermal shield (TS) and external VV wall. The distance of 
these two components is about 2 cm, and the thermal gradient is about 
300 ◦C. In this analysis, the VV and the ports are modelled as a unique 
surface body. This assumption leads to some important advantages: no 
contacts need to be defined between VV and ports; a mapped mesh with 
aspect ratio approximately equal to one can be easily obtained, which 
allows a reduction of at least 33,3% of the elements number. Moreover, a 
120◦ VV portion is considered, as the entire vessel can be obtained with 
an axisymmetric revolution around the toroidal axis. 

In addition, considering different temperatures and assuming a 
welding as mounting solution, the mechanical stresses on the pick-up 
coil and the screw, due to both the VV dilatation and the different 
thermal expansion of the VV and the screw, have been preliminarily 
evaluated. 

3.1. Technical assumptions 

For the steady-state thermal analysis, three different vessel temper
atures are considered: 50 ◦C as operative temperature, 110◦ e 220 ◦C as 
baking temperatures. The environmental temperature is − 200 ◦C. Since 
vacuum condition is assumed, no convection is considered, and every 
thermal exchange is conductive or radiative. Table 3 shows the emis
sivity assumed for each material defined in the model. The coil will be 
realized by enameled polished copper, thus a reduced emissivity is 
assumed for the thermal analysis, to take into account the wire insu
lation. The pick-up coil is fixed between the shoulder screw and the bolt, 
and the screw is welded on the VV. To model the welding a bonded 
constraint has been chosen. To model the welding, a bonded constraint 
has been chosen. 

Fig. 5 shows the mechanical constraints assumed for the VV structure 
for the static structural analysis: the central sector of the VV portion has 
a fixed support (blue region), which represents the VV pedestal; each 
port has a constraint along the edges (yellow line) simulating the flange 
constraint at the end of the ports. Thus, only displacements along x-axis 

are allowed as in [9]. 

3.2. Steady-state thermal results 

Fig. 6 shows the temperature distribution on the several pick-up coil 
materials for the backing temperature T = 220◦: the torlon support in 
subplot a), the polished copper coils in subplot b), the steel bolt in the 
subplot c). The temperature distributions on the different materials are 
qualitatively the same for all the considered operative and backing 
temperatures, but different minimum and maximum are achieved, as 
reported in Table 4 and Table 5 respectively. The temperature distri
bution is imported in static-structural analysis as an external load. 

3.3. Results of the static-structural analysis 

Fig. 7 reports the VV thermal dilatation; the vectorial representation 
clearly shows that the displacements are not constant along the profile. 
The maximum displacements take place just below the equatorial region 
(where the modelled pick-up coil is located) and in the upper region. 
Whereas, as expected, in the support region the displacement is the 
lowest, where the VV is bonded. As found for the pick-up coil temper
ature distribution, the VV displacement distribution is qualitatively the 
same for all the considered backing and operating temperatures, but 
different maximum and minimum displacements are achieved, as re
ported in Table 6. Note that, no relative displacement is allowed be
tween VV and the pick-up coil, thus a VV displacement causes the same 
shift of the pick-up coil. The maximum thermal dilatation of the vessel 
results in 7 mm at the equatorial region for T = 220 ◦C. Since the pick-up 
coil radial size is 9.6 mm, in the worst condition a free gap of 3.4 mm is 
still available between the probe and the TS. Thus, no bulk criticality is 
present for the external pick-up coil mounting. The result of the bulk 
analysis is not related to the probe mounting solution. The performed 
thermomechanical analysis allows to determine the stresses due to both 
the VV dilatation and the mounting solution. Indeed, a complete model 
of the VV was used instead of the local one, which would have been 
enough to evaluate the thermal expansion and the thermomechanical 
stress of the pick-up due to the mounting solution. 

The displacement achieved at the operative condition affects the 
field measurements, thus the displacement and the rotation of the pick- 
up coil have been evaluated (see Fig. 8), resulting in radial shift of about 
1 mm and a rotation of 0.002◦ A preliminary parametric study has been 
performed on the error of the inverse boundary reconstruction due to 
internal pick-up coil rotation, by ranging the pick-up toroidal rotation 
from one thousandth of a degree to half a degree. This study shows that 
the error of the inverse boundary reconstruction due to internal pick-up 

Table 1 
Gap errors.  

[mT] ME [mm] MSE [mm] σ2
GAP [mm] 

2 − 6 10− 1 1.4 10− 2 7.5 10− 4 

4 − 7 5.8 10− 3 3.0 10− 3 

8 − 7 2.4 10− 2 1.3 10− 2  

Table 2 
Maximum and mean error on the plasma current value and plasma current 
barycenter position (r and z coordinates).  

[mT] %Iperr,max %Iperr,mean δr0,mean [mm] δz0,mean [mm] 

2 0.147 0.027 0.4 0.35 
4 0.244 0.055 0.8 0.7 
8 0.469 0.108 1.6 1.5  

Table 3 
Emissivity for each defined material.  

Torlon (coil support) Polished copper (coil) Steel (bolt and VV) 

0.5 0.02 0.3  

Fig. 5. Left side: VV fixed support (blue region). Right side: port edge con
strains (yellow lines). 
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coil rotation of few thousandths of a degree can be neglected. This 
means that the measurement errors due the external pick-up coil rota
tions of the same magnitude can be neglected. Once the external pick-up 
coil mounting details will be defined, a dedicated analysis about the 
inverse boundary reconstruction error due to the external probe rotation 
and deformation, and the VV displacements will be performed. 

Critical stress values on the pick-up coils are achieved only with the 
backing temperature T = 220◦C. Fig. 9 shows the equivalent Von-Mises 
stresses on the bolt. The critical values, σmax > σUTS (Ultimate Tensile 
Strength, 2.6 108 Pa [9]), is reached on the screw bottom surface. Note 
that two different steels were considered for VV (Structural Steel) and 
for bolt (Stainless Steel). The high stress values are probably also due to 

Fig. 6. Temperature distribution on pick-up coils (backing temperature T = 220 ◦C), a) torlon support, b) polished copper coils, and c) steel bolt.  

Table 4 
Minimum temperature values achieved for each material for operative and 
backing conditions.   

50 ◦C 110 ◦C 220 ◦C 

Torlon 2.6 38.7 106.3 
Polished copper 29.7 76.7 157.3 
Steel 45.1 101.7 203.4  

Table 5 
Maximum temperature values achieved for each material for operative and 
backing conditions.   

50 ◦C 110 ◦C 220 ◦C 

Torlon 48.3 107.1 214.2 
Polished copper 31.3 79.2 161.8 
Steel 50 110 220  
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the difference between the two steel thermal dilatation coefficients. 
Concerning the internal stresses, no criticisms are present in the 

torlon support, while no statement can be done for the copper coils 
before defining any further details about the copper wrapping solution. 

4. Conclusions 

The 2021 DTT reference magnetic configuration consists of 40 in
ternal pick-up coils, resulting in 80 poloidal magnetic field measure
ments. In this paper, the characterization of the systematic error due to 
white noise on the optimized inverse boundary reconstruction is pre
sented. The presence of white noise on the pick-up coils output has been 
simulated adding a small random contribute to the Bpol measurements 
with three different variance values, 2mT, 4mT and 8mT. For each value 
of the variance the inverse reconstruction was repeated a thousand times 
to better simulate the noise random effect on the inverse boundary 
reconstruction. The noise effect has been evaluated in terms of mean 
error, mean square error and variance on the gap difference between the 
noisy optimized inverse reconstruction and the ideal one. 

The paper reports the thermo-mechanical analysis of external torlon 

pick-up coils, placed between the TS and external VV wall, for backing 
and operative conditions assuming a welding as mounting option. The 
operative temperature (T = 50 ◦C) results in being far from critical 
condition both in terms of thermal stress and displacement. In fact, the 
VV and thus the pick-up coils present a radial shift of around 1 mm. This 
shift leads to a pick-up coil rotation around the toroidal axes of 0.002◦ At 
the baking temperature T = 220 ◦C, the gap between the VV and the TS 
results to be large enough to grant the maximum thermal dilatation of 
the VV, thus no limit is present for the external pick-up coil in terms of 
mounting bulk. Instead, criticisms are presents in terms of the bolt 
stresses due to different thermal expansion of the VV and the screw. A 
more detailed pick-up coil mounting solution needs to be defined in 
order to accurately evaluate the stresses on the contact region between 
pick-up coil and VV. In fact, overcoming σUTS is critical not only in terms 
of permanent pick-up coil deformation and displacement, but this can 
also cause the screw failure. Although the assembly condition of the 
probe, assumed in this paper, would not be the final one, the thermo
mechanical stresses behavior is a lesson learnt for the next step of the 
external pick-up coil design. 
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