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Analysis framework for nuclear heating effects  
on HTS-based conductors in fusion power plants 

S. Sparacio, S. Viarengo, F. Ledda, D. Torsello, N. Riva, Z. S. Hartwig, L. Savoldi, and F. Laviano 

 

 Abstract—High-temperature superconducting-slotted cables, 
including the VIPER cable, are being investigated as possible 
candidates for winding the toroidal field coils of compact nuclear 
fusion machines, such as ARC. The higher performance of HTS 
materials in terms of magnetic fields and currents allows them to 
reduce their size compared to machines based on Nb alloys and 
compounds. However, compactness also means a closer interaction 
between the plasma products and the coils, creating new 
technological challenges to be faced. Among the others, the 
thermal effects induced on the superconducting materials by 
direct particles (i.e., neutrons), secondary particles and gamma-
ray heating, will be stronger than for low-field larger machines 
and must be quantified. In this paper, a detailed thermo-magnetic 
model is built up using the software COMSOL Multiphysics® to 
simulate the consequences of the D-T plasma operation products 
on the first turn of a toroidal field coil of the ARC preliminary 
machine design. The irradiation-induced heat load on the 
(RE)Ba2Cu3O7-δ tapes, computed via Monte Carlo simulations, is 
used as input for the thermal analysis of the VIPER cable. At the 
same time, a homogenized T-A formulation is developed for 
checking the performance reduction in the current/field operating 
conditions. 
 
Index Terms—ARC fusion reactor, thermo-magnetic modelling, 
irradiation-induced heat load, TSTC, VIPER cable  
 
 

I. INTRODUCTION 
N the quest for efficient and sustainable energy production, 
fusion reactors have emerged as a promising solution due 
to their potential to provide abundant clean energy [1]. 

However, realizing practical fusion devices requires 
overcoming various engineering challenges, including the 
development of advanced superconducting cables capable of 
withstanding the demanding operating conditions and the harsh 
environment in which they are placed [2].  

Traditional low-temperature superconductors (LTS) have 
been employed in earlier reactor designs, but their limitations 
in terms of lower critical temperature (Tc) and critical magnetic 
fields have prompted the exploration of high-temperature 
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superconducting (HTS) materials for next-generation compact 
fusion plants [3]. Among the emerging HTS-based cable 
technologies, the Cable-in-Conduit Conductors [4], the Cross-
Conductor Cables [5], the Roebel Cables [6], and the Twisted 
Stacked-Tape Cables (TSTC) [7], have garnered significant 
attention due to their remarkable advantages in terms of 
electromagnetic and mechanical stability, reduced AC losses, 
and current sharing characteristics.  

In particular, the VIPER cable [8]- which is a specific 
configuration of the TSTC HTS architecture - offers a space-
saving whorled arrangement of multiple HTS strands that enables 
efficient distribution of current. This enhances the overall 
current-carrying capability and current sharing of the cable 
system, thereby reducing AC losses.   

Despite their outstanding properties, HTS materials are not 
immune to performance degradation; key factors to examine in 
the fusion context are radiation damage, various heat loads, 
cyclic mechanical stresses/strains, magnetic self-field effects, 
and aging. To make things even worse, the reduced size of the 
emerging compact fusion machines, such as the ARC design 
proposed by MIT [9], limits their shielding capability, 
increasing the neutron flux on the HTS magnets [10].  

In the past, extensive research has been conducted to 
investigate the impact of nuclear load on TF coils for both large 
[11], [12], [13], [14] and compact machines [15]. These studies 
have approached the issue from different perspectives, with 
most of the focus being on thermal-hydraulic analyses [16], 
[17] and design criteria [18], [19]. 

In this paper, we explore the potential performance 
degradation of high-field high-current materials due to 
irradiation-induced heating and electromagnetic self-field, 
during normal operation.  

As far as the authors know, the present is a pioneering work 
accounting for the comprehensive local heat deposition 
retrieved by a full-3D Monte Carlo simulation considering both 
primary and secondary particles (i.e., protons and electrons), as 
well as the gamma-ray heating.  

The developed procedure can be applied to any cable layout, 
neutron environment and heat source; in this work the VIPER 
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layout, as proposed in [8], exposed to the neutron spectra 
coming from an ARC-like configuration is considered.  

On the other hand, thermal loads arising from off-normal 
conditions, such as plasma disruption, can become dominant 
with respect to neutron irradiation – even if on much shorter 
time scales – but out of the scope of this work. 

Section II provides an overview of the cable design and 
parameters; the same are used also for the neutronic analysis, 
which results are detailed in Appendix A. In section III the 
modeling framework is deeply discussed, while section IV 
highlights the main results of both the thermal and the 
electromagnetic simulation. Finally, Appendix B deals with the 
reliability of the simplified model comparing it with a detailed 
2D analysis.  

II. CABLE DESIGN AND PARAMETERS 
The VIPER arrangement, as reported in Figure 1, is 

composed of a central stabilizer copper core, with a single 
circular cooling channel in the middle, and four helicoidal slots 
for arranging the stacks. Each strand comprises 40 parallelly 
stacked SuperPower Inc. tapes. The SCS4050 conductors are 4 
mm wide and less than 0.1 mm thick. To obtain the highest 
electromagnetic performances, the strands are rotated by 90° 
with respect to each other (i.e., up/down stacks are placed 
horizontally, while left/right stacks are placed vertically).  To 
provide, respectively, thermal and mechanical stability to the 
assembly an internal copper (Cu) and an external stainless-steel 
(SS) jacket are set in place. The cable is also twisted with a 20 
cm pitch to reduce the electromagnetic interferences, enhance the 
current carrying capability, and mitigate the AC losses. 

This simplified layout, together with a vacuum pressure 
impregnation (VPI) single solder process – which enables an 
integrated mechanical, electrical, and thermal connection among 
different regions of the cable – makes it suitable for applications 
with limited installation space, such as compact fusion reactors. 
Such a cable is, in fact, designed to achieve 25-75 kA in the high-
field region (> 10 T). 

However, further advancements are still needed to optimize 
the electromagnetic response under transport current and high 
operating temperatures, thereby unlocking their full potential for 
practical applications. 

III. ASSUMPTIONS AND MODELLING FRAMEWORK 
In the present work, each of the 40-tape HTS stacks is 

equivalently represented by an anisotropic bulk, with properly 
homogenized/rescaled properties, as described in the next 
paragraphs. This choice has been proved to be justifiable in terms 
of computational costs and results accuracy both for the thermal 
[20] and the electromagnetic [21] analysis.  

Indeed, notwithstanding the different (RE)Ba2Cu3O7-δ 
(REBCO, RE = rare earth) constituent materials properties, a first 
rough evaluation of the characteristic thermal diffusion timescale 
within each tape at 20 K led to a maximum value of about 10-5 s, 
much smaller than the seconds-lasting plasma pulse. As a result, 
on the long timescale, the temperature gradient within each tape 
approaches zero. This is verified in Appendix B. 

 Nonetheless, from the electromagnetic point of view, the T-A 
approach and its homogenized version differ by less than 1% [21]; 
being careful, though, that even in the full-scale model the fields 
cross-section profile of the various superconducting (SC) layers is 
convoluted in a 1D thin sheet. This approximation is not always 
straightforwardly admissible, for example when strong gradients 
along the thickness are present. Such cases should be addressed in 
future works.  

The commercial software COMSOL Multiphysics® [22] was 
adopted for the numerical solution of the present task. Thermal 
and electromagnetic physics have been independently solved, 
and each model incorporates appropriate material properties, 
heat generation/temperature profile, and boundary conditions. 
Both the heat load and the temperature profiles were 
superimposed onto the cable operating conditions to evaluate 
their impact on the thermal and electromagnetic performance, 
respectively. Here, the heat load refers to the power extracted 
by the Monte Carlo simulation, while the temperature profile is 

Fig. 1. Fully parametrized high-field VIPER cable. (Right) 2D sketch with the main quotes and color legend. (Left) 3D CAD and 
user-defined modelling mesh. 
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the one obtained by the thermal analysis and used as input in 
the electromagnetic part. 

 
 A. Thermal analysis 

The thermal response of the cable is of paramount importance 
in assessing its performance. The radiation environment, 
especially in compact fusion reactors [10], can induce 
significant heat generation within the cable, leading to 
temperature gradients and potential degradation of the 
superconducting properties. Therefore, a comprehensive 
analysis is conducted to evaluate the cable capability to 
dissipate heat and maintain its SC characteristics.  

Since the plasma pulse develops on a timescale much longer 
than any other cable thermal characteristic timescale, the 
following stationary governing equation has been considered:  

  
− 𝛻𝛻 · (𝑘𝑘𝑖𝑖(𝜃𝜃)𝛻𝛻𝛻𝛻) = 𝑄𝑄 (1) 

 
where 𝑘𝑘𝑖𝑖(𝜃𝜃) [𝑊𝑊/(𝑚𝑚 ∙ 𝐾𝐾)] is the temperature-dependent 

thermal conductivity of the ith material,  𝜃𝜃 [𝐾𝐾] is the 
temperature, and 𝑄𝑄 [𝑊𝑊/𝑚𝑚3] is the irradiation-induced thermal 
load (considering both neutrons and secondary particles) 
computed by Monte Carlo simulation [34], as described in 
Appendix A and reported in Fig. 2. 

 

 
 
Fig. 2. Power density deposited within the cable because of the 
neutron flux of an ARC-like reactor at the inboard midplane of 
a toroidal field coil.  
 

All the thermo-physical properties are temperature 
dependent and taken from [23], [24], [25], [26]. The 
homogenization approach of the HTS stacks follows the 
commonly used electrical analogy [27] and accounts for the 
tape microstructural anisotropy. While the effective mass 
density, 𝜌𝜌, and specific heat, 𝐶𝐶𝑝𝑝, are derived using an average 
weight for the tape cross-section.  

The cable is treated as immersed in vacuum, meaning that the 
external surfaces are considered adiabatic. This choice results 
from having neglected the thick layer of insulation between the 
considered cable and its nearest neighbor, in the real winding 
pack design. As a result, the increased thermal diffusion time 
scale of the real cable structure makes the adiabatic condition a 
reasonable choice for the present research.  

Exploiting the symmetry of the problem, a single cable pitch 
is simulated, and periodic boundary conditions are set on the 
lateral surfaces.  

A steady state turbulent heat transfer coefficient [28] 
 

ℎ = 0.0259 �
𝑘𝑘𝐻𝐻𝐻𝐻(𝜃𝜃)
𝐷𝐷ℎ

� 𝑅𝑅𝑒𝑒0.8𝑃𝑃𝑃𝑃0.4 �
𝜃𝜃
𝜃𝜃𝑜𝑜𝑜𝑜

�
−0.716

 (2) 
 
is imposed at the cooling channel interface emulating the 

convection process of 2 g/s supercritical helium at 10 bars. In 
Equation (2), ℎ [𝑊𝑊/𝑚𝑚2 ∙ 𝐾𝐾] is the heat transfer coefficient 
towards supercritical helium, 𝐷𝐷ℎ  [𝑚𝑚] is the hydraulic diameter 
(i.e., the cooling channel diameter in our case), 𝑘𝑘𝐻𝐻𝐻𝐻(𝜃𝜃)  [𝑊𝑊/𝑚𝑚 ∙
𝐾𝐾] and 𝜃𝜃𝑜𝑜𝑜𝑜 [𝐾𝐾] are the thermal conductivity and the bulk 
temperature of the supercritical helium, respectively; 𝑅𝑅𝑅𝑅 and 𝑃𝑃𝑃𝑃 
are the non-dimensional Reynolds and Prandtl numbers. 

The governing contribution to the thermal propagation 
within the cable are, in the end, the thermal resistances between 
the different constituent materials. These resistances arise due 
to imperfect thermal coupling between layers of the cable and 
since realistic values may depend on the operating temperature, 
materials roughness, and contact pressures, their evaluation is 
intrinsically complex [29], [30]. In this work, a parametric 
study has been performed to determine the influence of all these 
factors on the thermal stability of the cable. An initial mesh 
independence analysis provided a relative difference of the 
order of 10-2 mK, guaranteeing a mK accuracy of the solution.  

 

B. Electromagnetic analysis 
Besides the thermal analysis, the electromagnetic behavior 

of the cable is of crucial importance in assessing its operating 
condition. In this work, the T-A homogenized formulation is 
employed, which enables a simplified analysis by 
homogenizing the complex structure of the tapes. For a detailed 
description of the T-A formulation, the reader is referred to 
[21]; here, we briefly recall the main aspects of the considered 
approach [31].  

Within the framework of finite element method (FEM), 
this numerical technique couples the current vector potential T 
(exclusively defined over the SC layer) and the magnetic vector 
potential A (defined over the entire domain) through Ampere 
(3) and Faraday (4) law, as follow: 

 

𝛻𝛻 × �
1
𝜇𝜇
𝛻𝛻 × 𝑨𝑨� = 𝑱𝑱 (3) 

𝛻𝛻 × (𝜌𝜌𝜌𝜌 × 𝑻𝑻) = −
𝜕𝜕𝑩𝑩
𝜕𝜕𝜕𝜕

 (4) 

 
where 𝛻𝛻 × 𝑨𝑨 = 𝑩𝑩 and 𝛻𝛻 × 𝑻𝑻 = 𝑱𝑱.  
 
Here, 𝑩𝑩 = �𝐵𝐵𝑥𝑥,𝐵𝐵𝑦𝑦 , 0� and 𝑱𝑱 = [0, 0, 𝐽𝐽𝑧𝑧] are the magnetic flux 

density and the current density, respectively. 
The latter is assumed to circulate only within the 

superconducting domain – which, in this case, is a homogenized 
anisotropic SC bulk instead of a densely packed arrangement of 
tapes (see Fig. 3) – while the remaining part is considered non-
conducting. μ is the permeability of vacuum and ρ is the 
electrical resistivity in the superconducting region. 
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Fig. 3. T-A homogenization steps and boundary conditions as 
shown in [21]. The multilayer composite arrangement is 
condensed into a homogeneous bulk.  

 
The coupling term (5) is expressed by an effective external 

current density within the A-domain (schematized in the right-
hand side of Fig. 3), which will lead to the definition of the field 
strength vectors (𝐻𝐻1 and 𝐻𝐻2) just above and below the 
superconductor. 

 

𝒏𝒏 × (𝐻𝐻1 − 𝐻𝐻2) = 𝑱𝑱 ∙
𝛿𝛿
Λ

 (5) 

 
Here 𝛿𝛿 and Λ are, respectively, the thickness of the SC layer 

and the thickness of the whole tape. Their ratio rescales the 
current density flow within the bulk (as obtained from the 
model) as if it were flowing only within a fraction of it (i.e., the 
SC film), as physically expected.  

The boundary conditions are related to the vector A, whether 
any external magnetic field or magnetic insulation is imposed 
at the boundary of the considered universe (brown circle in the 
right-hand side of Fig. 3), and to the vector T – as the integral 
of the current density J over the cross-sections of the tapes – at 
the lateral surfaces of the homogenized domain (schematized in 
the left-hand side of Fig. 3). The latter, being always 
perpendicular to the SC layer, takes the following expressions 
(6): 

 
𝐼𝐼 = (𝑇𝑇1 − 𝑇𝑇2 )𝛿𝛿 (6) 

  
𝜕𝜕𝑻𝑻
𝜕𝜕𝒏𝒏

= 0 (7) 

 
Where, depending on the tapes arrangement, 𝑇𝑇1 and 𝑇𝑇2 are 

the imposed potential at the periphery of the strips/bulk, as 
indicated by the blue vertical lines of Fig. 3, and (7) avoid 
spurious currents outside the SC domain. 

The material response to external stimuli is provided by the 
widely used power law relationship (8). 

 
𝑬𝑬
𝐸𝐸𝑐𝑐

= �
𝑱𝑱

𝐽𝐽𝑐𝑐(𝐵𝐵,𝜃𝜃)�
𝑛𝑛

 (8) 

Here 𝐸𝐸 = [0, 0,𝐸𝐸𝑧𝑧] is the electric field, 𝐸𝐸𝑐𝑐 = 1 𝜇𝜇𝜇𝜇/𝑐𝑐𝑐𝑐 is the 
critical electric field for determining the critical current density 
by the voltage criterion, and 𝑛𝑛 is the creep exponent. 

The critical current density 𝐽𝐽𝑐𝑐 is defined by the following 
parametrized fitting curve (9), as reported in [27].  

 

𝐽𝐽𝑐𝑐  (𝐵𝐵,𝜃𝜃) =
𝐷𝐷 ∙ 𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖0

𝛽𝛽

𝐵𝐵 + 𝜀𝜀𝐵𝐵0
∙ 𝑓𝑓(𝑡𝑡)𝛽𝛽 ∙ �

𝑏𝑏
𝑓𝑓(𝑡𝑡)

�
𝑝𝑝

∙ �1 −
𝑏𝑏

𝑓𝑓(𝑡𝑡)
�
𝑞𝑞

 

 (9) 

𝑓𝑓(𝑡𝑡) = (1 − 𝑡𝑡)𝛼𝛼;    𝑡𝑡 =
𝜃𝜃
𝜃𝜃𝑐𝑐0

;    𝑏𝑏 =
𝐵𝐵 + 𝜀𝜀𝐵𝐵0
𝐵𝐵𝑖𝑖𝑖𝑖𝑖𝑖0

 

 
This experimentally obtained function is both field- and 

temperature-dependent and all the parameters inside are listed 
in Table I.   

 
TABLE I 

FITTING PARAMETERS [27] DEFINED IN (9)  
NAME UNIT VALUE 

D [N/(m3Tβ)] 5.2254×108 

Θc0 [K] 92 
Birr0 [T] 132.5 
B0 [T] 1.0 
p [-] 0.653 
q [-] 2.568 
α [-] 1.5 
β [-] 1.789 
ε [-] 0.0168 

 

C. Geometrical considerations 
The anisotropic nature and the helical pattern of REBCO 

require the adoption of general Curvilinear Coordinates 
accounting for the thermal properties’ modifications, 
particularly the thermal conductivity, and the current-potential 
direction, through the twisting. It is noteworthy that in the 
considered cable design the left/right stacks are 90°-tilted with 
respect to the up/down ones (or vice versa), meaning that the 
current vector potential, 𝑻𝑻, and the transversal thermal 
conductivity, 𝑘𝑘𝑇𝑇, have both two perpendicular components: 
𝑇𝑇𝑦𝑦 (𝑘𝑘𝑇𝑇,𝑦𝑦) for the up/down stacks and 𝑇𝑇𝑥𝑥  (𝑘𝑘𝑇𝑇,𝑥𝑥) for the left/right 
stacks. Of course, 𝑥𝑥 and 𝑦𝑦 have meaning only in the Cartesian 
Coordinate System. In the new frame of reference, they must be 
projected on the new corresponding unit base vector (i.e., 𝑒𝑒1 
(blue) and 𝑒𝑒2 (green), respectively); while 𝑒𝑒3 (red) is referred to 
the z-direction, similarly to how it was done in [32]. 
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Fig. 4. General Curvilinear Coordinates sketch on one of the 
four modeled stacks, highlighting the original cartesian frame 
of reference (x, y, z) and the new one (e1, e2, e3). 

IV. RESULTS AND DISCUSSION 
Fig. 2 highlights the necessity of a very material- and 

geometry-detailed analysis of the irradiation-induced heat load. 
The non-homogeneous power deposition within the cable 
builds up because of the different scattering cross-sections and 
cable position. Moreover, the presence of Ni within the 
Hastelloy substrate (about 50 wt% in the material) – which 
contributes to the (n, 2n) neutron multiplication within the SC 
tape - makes the most delicate component of the cable also the 
most affected in terms of deposited power. This, together with 
the large REBCO anisotropy and the presence of thermal 
contact resistances, suggests a further possible complication in 
the thermal stability of the cable. 

Despite the uneven heat source distribution, the analysis 
revealed that the peak thermal conductivities at ~20 K, the VPI 
solder to maximize surface contact, and the central helium 
cooling in close proximity to all parts of the cable, result in a 
low-temperature rise and a quite homogeneous temperature 
map within each cable component; even perpendicularly to the 
tape thickness, where the thermal conductivity is largely 
unfavored (see Fig. 5).  

These results corroborate what has been earlier proposed for 
the VIPER cable [3], [8] which provides an excellent capability 
to remove large amounts of nuclear heating without 
temperature rise or worrying gradients. 

It must be pointed out, however, that having considered a 
single cable only, the backscattered particle contribution 
coming from the nearest neighbors’ ones has not been 
considered, underestimating the deposited power at the upper, 
lower, and lateral (i.e., the side opposite to the neutron source) 
cable section. Moreover, because of the homogenization 
procedure, the thermal conductivity of the anisotropic bulk is 
orders of magnitude higher than the REBCO one and no inter-
tape resistance has been accounted for. This, again, results in an 
underestimation of the maximum temperature and the relative 
gradients within the tapes. 

On the other hand, the inclusion of thermal contact 
resistances allows a more realistic performance prediction of 
the HTS-based system, especially in the presence of interfaces 
between different materials. In this case, the temperature 
response depends on where these resistances arise, as well as 
their magnitudes. 

In Fig. 6 a)-c), an insight look on the most sensitive 
component is presented for three different cases (i.e., 0, 5×10-

4, and 5×10-3 m2K/W thermal contact resistance around the 
homogenized bulk). The temperature gradients within the 
simplified composites change profile manifesting the 
maximum temperature in the middle of the bulks (see Fig. 6 b 
and c). The temperature gradients span two orders of 
magnitude, for an order of magnitude change in the interface 
thermal conductivity; despite this, the overall temperature 
increment still remains not appreciable concerning the 
operating temperature. This confirms the possibility of 
modelling the cable through successive simplifications (e.g., 
0D object in the radial direction – considering the cable cross-
section with its own homogeneous temperature – and 1D 
object in the axial direction), as already tackled by other 
authors for different scenarios [20], [32]. 
 

 
 
Fig. 5. Temperature increment with respect to the mean wetted 
surface temperature (Tmean,ws = 20.606 K) of each cable 
component, in the case of no thermal contact resistance, on a 
log scale color legend for underlying the internal gradients. 
 

From the electromagnetic point of view, instead, it is 
crucial to evaluate whether any evident degradation of the cable 
performance develops because of the temperature increment 
and how the current density profile changes because of the 
internal gradients. This has been done by a two-step parametric 
analysis: in the first step, the electromagnetic response has been 
evaluated at a fixed temperature of 20 K (the expected operating 
condition); in the second step, we have introduced the "non-
homogeneous temperature map" obtained by the thermal 
analysis. The latter changes the local critical current density, 
changing the magnetic field penetration within the stacks, and 
changing again the critical current density.  

In both steps, a 25 kA (i.e., around 0.5Jc at 20 K and 10 T) 
current is equally forced through the 160 tapes. 

 Fig. 7 shows the relative difference between the current 
density profile evaluated by the parametric sweep. This is 
strongly non-uniform and related to the cable twisting, SC 
arrangement, and the non-uniform temperature distribution. 

No evident degradation of the electromagnetic performance, 
along the considered pitch, is observed because of the 
temperature increment, while a small difference in the current 
density profile is revealed because of the temperature gradients: 

This article has been accepted for publication in IEEE Transactions on Applied Superconductivity. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TASC.2024.3376490

© 2024 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Politecnico di Torino. Downloaded on March 26,2024 at 14:30:24 UTC from IEEE Xplore.  Restrictions apply. 



EUCAS23-3-LP-FM-06I 

reduced critical current density close to the external surfaces 
results in a reduced current capability there, and a higher 
magnetic field penetration, while in the middle no significant 
difference between the two cases is developed.  
 

 
 
Fig. 7. Relative difference between the current density profile 
evaluated at the temperature obtained from the thermal analysis 
and the one at 20 K. The 3D map (right) and the 2D detail 
(bottom-left) show a very small variation due to the temperature 
increment. 

V. CONCLUSION AND PERSPECTIVE 
By considering the interplay between electromagnetic and 

thermal phenomena, the present analysis provides a thorough 
assessment of the cable performance, and its ability to 
withstand challenging conditions in an irradiation-prone 

environment. The negligible temperature increment resulting 
from the normal operation of a compact fusion machine 
confirms the design choices and the possibility of successive 
modelling simplification. Despite these results originate from a 
homogenization technique, which did not allow to consider the 
thermal contact resistance between tapes, the proper material 
distribution of the tapes (both from the Monte Carlo point of 
view and the thermo-magnetic one), the proper thermo-physical 
properties of the tapes, and the appropriate current 
density/magnetic flux profile within each superconducting 
layer, no serious changes are expected in the full-scale 
approach.  

These conclusions are, nevertheless, well-founded only for 
the local stationary behavior of the considered machine. 
Different scenarios may require different considerations and it 
is important to carefully assess whether the benefits of 
simplification outweigh the potential loss of accuracy in 
specific applications. In this regard, extending the analysis to 
include the effect of insulation between cables and the winding 
pack is of huge interest for getting the behavior right for a large 
magnet, where the insulation will be the most critical thermal 
barrier.  

Finally, a complementary analysis could contemplate the 
accumulations of the deposited heat over the length of the cable; 
even a relatively small amount of heat power can significantly 
add up with increasing cable length and possibly make the 
dissipation mechanisms ineffective. A verification of this 
would require a computational thermal fluid dynamic analysis 
accounting for the temperature increment of the supercritical 
helium subjected to 15.5 W/m irradiation load, along the nearly 
25 m length of every individual CICC cable.  

Fig. 6. Temperature increment with respect to the mean wetted surface temperature (Tmean,ws = 20.606 K) of the four HTS-bulks 
in three different cases: a) no thermal contact resistance, b)-c) respectively 5×10-4 and 5×10-3 K m2/W contact resistance around 
the homogenized bulks, d) average temperature increment trend with respect the resistance magnitude. 
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APPENDIX A 
Together with the structural damage and material activation, 

the irradiation-induced thermal load on the coil system is of 
crucial importance in their performance characterization. In 
this frame, the neutron environment (i.e., neutron flux 
distribution and spectra) at the inboard midplane of a toroidal 
field magnet has been evaluated via a Monte Carlo simulation 
with the PHITS code and considering a 3D CAD model of the 
inner part of an ARC-like reactor and a neutron source 
respecting all plasma parameters [35]. It is worth mentioning 
that the neutron source coming from the deuterium-tritium 
reaction (reported in (10)) has, for a 525 MW fusion power 
machine, an emission intensity of about 1.8×1020 n/s.  
 

𝐷𝐷 + 𝑇𝑇 →  𝛼𝛼 (3.5 𝑀𝑀𝑀𝑀𝑀𝑀) + 𝑛𝑛 (14.1 𝑀𝑀𝑀𝑀𝑀𝑀) (10) 
 
The so-obtained neutron spectrum is used as a source for a 

second 3D Monte Carlo simulation of a VIPER cable, where all 
the secondary particles are transported, yielding the deposited 
energy distribution over the whole cable. Considering both 
neutrons and secondary particles (including photons) it is 
fundamental to accurately describe the nuclear reaction 
mechanisms within the reactor components. Figure 9 and 
Figure 10 show, respectively, the neutrons and secondary 
particles flux, at both the inboard midplane of a toroidal field 
coil (blue line) and on the superconducting stacks (red line). 

 

 
Fig. 8. Neutron spectrum at the toroidal field magnet position 
(inboard midplane) and on the HTS stack. The higher flux on 
the superconductors, over the whole energy range, is due to the 
multiplicative nature (n, 2n) of Nickel.  

 

 

 The choice to perform the Monte Carlo simulations in two 
steps is imposed by the complexity and extreme duration of a 
complete 3D simulation of the whole reactor down to the single 
cable detail. This approach allowed to reduce the statistical 
error down to less than 15 %. 

APPENDIX B 
This section provides a simulation-based validation study 

aimed at assessing the reliability of the simplified 
computational model designed previously. The homogenized 
approach offers computational efficiency while retaining key 
aspects of the complex phenomena but some features (such as 
the right constituent materials properties distribution and the 
thermal contact resistances between different layers) cannot be 
considered.  

In the absence of thermal inhomogeneity along the cable 
helix, a simple but detailed 2D thermal analysis is built up 
considering one cable cross-section (z = 0).  

 

 
Fig. 10. Temperature distribution on the central-upper stack 
with 5×10-3 Km2/W contact resistance between all the layer 
interfaces. The temperature is higher and more homogenous in 
the central part, while steeper gradients arise at the upper and 
bottom periphery of the stack. Despite these differences, no 
dangerous peak is reached.  
 

In this case, we were able to include thermal contact 
resistance at the interface of each layer. Figure 10 shows the 
temperature profile of the central-upper stack with 5×10-3 

Km2/W contact resistance. The simulation results, which do not 
show strong gradients between each tape in the stack, validate 
the predictions of the simplified model across all test cases and 
confirm its applicability in the long-term scenario. The 
deviation between the two is also due to the different power 
distribution along the cable length: in the 2D case, the in-plane 
heat load is indefinitely repeated in the z-direction (being the 
cross-section on the x-y plane), while in the 3D case, each stack 
spans over the entire wire diameter and faces different heat 
loads. Moreover, using the right material distribution and 
properties makes the gradients steeper, as predicted, but still 
with no concern on the superconducting performance (the 
maximum temperature increment is less than 1 K).  

Fig. 9. Secondary particles and gamma-ray spectra on the HTS 
stack. Among them, electrons and photons have the highest 
flux. 
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