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ABSTRACT

Recent advancements in high-temperature superconducting (HTS) magnets have enabled tokamaks to reduce
dimensions and operate with higher plasma parameters. This opens to the possibility of using advanced fuel
mixtures such as Deuterium—>Helium (DHe3). Compared to traditional fuels, DHe3 offers the potential to
reduce neutron-induced activation and minimize the presence of tritium in the fuel cycle.

In a fusion reactor that uses a 50% Deuterium-50% *Helium mixture, neutrons are produced solely in the
Deuterium-Deuterium (DD) and Deuterium-Tritium (DT) side reactions, while Tritium can be produced during
DD reactions and is therefore absent at the startup of the machine.

This study proposes a comprehensive neutronic and activation analysis of a compact, high-field tokamak
employing DHe3 fuel. Using OpenMC, an open-source Monte Carlo code, the feasibility and performance of
this fuel mixture within the confines of a compact fusion reactor will be investigated. The activation analysis
will be limited to the First Wall, Blanket and inboard Toroidal Field coils, with some simplifications in the

tokamak layout.

By analyzing neutron interactions and activation processes, as well as design modifications, we seek to
assess the potential benefits and challenges associated with implementing DHe3 as fuel.

1. Introduction

The deuterium-tritium (DT) fusion reaction is considered the most
promising candidate for future fusion reactors because of its high cross
section at relatively low temperatures and significant energy release,
which facilitate ignition. However, it presents major issues related to
safety and radioactive waste. The 14 MeV neutrons produced by the
reaction require thick shields to protect personnel and sensitive materi-
als, such as superconducting magnets. These neutrons can also activate
materials, resulting in substantial amounts of low and medium-level
radioactive waste.

Furthermore, tritium (T), unlike deuterium (D), is scarce and ra-
dioactive, making it a hazard to people and the environment. It is easily
absorbed by materials and its decay hinders the possibility of storing
large amounts of tritium for extended periods of time; this generates
the necessity for efficient in situ breeding techniques to ensure self-
sufficiency. With only about 35 kg of tritium available worldwide [1],
future DT reactors must efficiently breed sufficient tritium to sustain
continuous operation and support the startup of additional reactors.
Achieving this requires careful consideration of numerous factors, in-
cluding Tritium Breeding Ratios (TBR), material selection, Tritium
Burning Efficiency (TBE) [2] and fuel cycle optimization [3].

Given the challenges associated with DT fusion, alternative fuel cy-
cles could be investigated. One possible candidate is deuterium—>helium
(DHe3) fusion, as it produces fewer neutrons, reducing damage and
activation. DHe3 fusion also decreases the tritium inventory, as tritium
is mainly produced in one channel of the deuterium-deuterium (DD)
side reaction and is quickly burnt due to its larger cross-section.
Additionally, DHe3 generates 14.7 MeV protons, that could poten-
tially be used for direct conversion to electricity [4]. Although DHe3
fusion offers significant advantages, it also introduces new obstacles,
especially in meeting the demanding plasma conditions needed for
ignition, which pose physical and engineering challenges. Moreover,
3helium is scarce on Earth, and existing reserves, originating mainly
from tritium decay and as a byproduct of natural gas extraction [5], are
insufficient for large-scale energy production. Despite these obstacles,
these challenges may be overcome in the future. Advancements in HTS
magnets technology and may enable the higher plasma parameters
necessary for DHe3 ignition. Looking forward, the integration of novel
reactor designs and optimization strategies — such as spin-polarized
fuels to boost fusion reaction rates [6], operating in the plasma’s second
stability region, and exploring direct energy conversion [4]— should
be considered to enhance the feasibility of DHe3 fusion. Additionally,
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research into extracting *He from lunar regolith, as explored in the
ARTEMIS program [7], could mitigate resource scarcity issues.

This work is situated within this context, exploring how DHe3 fusion
can be exploited to reduce the neutron flux in a high-field tokamak. The
primary focus of this paper is to compare the performance, regarding
material activation, of DT and DHe3 fuel mixtures, while also briefly
addressing key challenges and advantages that could be considered in
the implementation of this advanced fuel and suggesting potential steps
that could be taken in future works.

The design considered in this study is an Affordable, Robust, Com-
pact (ARC)-class tokamak, equipped with a 2LiF+BeF, (FLiBe) liquid
immersion breeding blanket. This material provides efficient breeding,
shielding and activation characteristics [8], but may present some prob-
lems regarding materials compatibility and costs. For these reasons, an
alternative blanket configuration using borated water instead of FLiBe
was examined. Borated water was chosen due to its neutron-absorbing
properties and compatibility with existing technologies, making it a
practical substitute for FLiBe in the case of DHe3 fuel. This con-
figuration emphasizes the potential to eliminate the breeder blanket
entirely, thereby simplifying reactor design while leveraging a more
technologically established material.

Section 2 outlines the methodology followed to perform the neu-
tronic analysis, executed on OpenMC [9], detailing the steps taken to
develop a simplified CAD model of a compact tokamak along with the
neutron source. The following sections describe the results derived from
the neutronic analysis (Section 3) and the activation analysis carried
out with FISPACT-II [10] (Section 4) respectively.

2. Setup for the neutronic analysis
2.1. Geometry and materials

This study considers parameters similar to the ARC (Affordable
Robust Compact) tokamak — 2015 design [11] - in order to com-
pare the results of the neutronic analysis with other studies done
on a compact tokamak employing HTS magnet technology. While
DHe3 presents unique challenges for tokamak designs, the ARC-class
configuration was selected due to its innovative approach to com-
pact, high-performance operation, making it an interesting choice for
exploring advanced fuel cycles in magnetically confined systems.

The geometry was created using the Parametric “SingleNullSub-
mersionTokamak” available in the Paramak Python package [12] and
taking dimensions similar to ARC. Paramak creates CadQuery objects
that can be saved in various CAD files types and converted to Direct
Accelerated Geometry Monte Carlo (DAGMC) h5m format, using the
Cad-to_DAGMC tool [13].

The parameters used to create the selected geometry are summa-
rized in Appendix, while Fig. 1 shows a cross-section of the reactor,
as well as the materials used for the analysis; their composition is
summarized in Table 1. The modeled geometry and materials repre-
sent a simplified version of an ARC-class tokamak. This simplification
was made to reduce computational demands while retaining the key
neutronic features necessary for a meaningful qualitative comparison.

More detailed geometries, including a refined radial build, may be
explored in future studies to assess more complex activation patterns.

The volumes on which the neutron flux was calculated were:

» The pure tungsten (W) First Wall, that has a thickness of 7 cm
and a volume of 15 m3

The blanket made of FLiBe molten salt, or Borated Water for
the additional DHe3 simulation, has a volume of 278 m?.

The inner Toroidal Field (TF) coil, made of YBCO and with a
volume of 37 m? (neglecting the top and bottom sections, that are
part of the outboard TF coils). The superconducting magnets are
modeled as being composed entirely of YBCO, with no inclusion
of substrate or buffer layers. This represents a deliberate modeling
assumption aimed at simplifying the analysis while preserving the
main neutronic characteristics of the system.

Fusion Engineering and Design 222 (2026) 115491

3.26m '

6.73m

l YBCO HTS magnets
Il ¥ Stainless Steel 316L(N)-IG
Plasma (Hydrogen)
Tungsten
M Titanium Hydride

Fig. 1. Cross section of the geometry used for the analysis. Indicative dimen-
sions are shown along the radial dimension. Materials are specified for each
component, except for the blanket, that can be either FLiBe or Borated water.
A more detailed description of the thicknesses of the layers can be found in
Appendix.

These components were selected because they are the most critically
exposed to neutron flux or, as in the case of the inboard TF coil, the
effect of high neutron fluxes may be detrimental to their operation.

2.2. Definition of the source in OpenMC

The possible reaction types in a DT plasma (where the number
in parenthesis represents the kinetic energy associated to each fusion
products) are:

D+ T — n (14.08 MeV) + a (3.52 MeV)

D+D — p (3.02 MeV) + T (1.01 MeV)

D+ D — n (2.45 MeV) + *He (0.82 MeV)

The two DD reaction branches have nearly equal probability (~50%).
In a DHe3 plasma the main reaction is:

D +*He — a (3.6 MeV) + p (14.7 MeV)

but also the aforementioned reactions for a DT plasma can occur. Other
secondary reactions, such as TT, T°He and *He’He have not been
considered in this study due to their significantly lower reactivity.

The formula used to calculate the fusion power resulting from the
two different fuel mixtures is simply the sum of the energies of each
fusion reaction (the two DD branches, DT or DHe3) multiplied by
the respective reaction rate and weighted on the probability of each
reaction occurring.

Pfus=ZEi'pi'Ri
i

where E; [J] is the energy of the reaction of type i, p; [-] is the probabil-
ity of the reaction of type i to occur, R; [s~!] is the reaction rate of the
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Table 1
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Materials used in the simulation. Weight percentage composition by element and density is also reported.

Material

Composition by element
[weight %]

Density [g/cm?]

HTS magnets (pure YBCO) Y: 13.34, Ba: 41.23, Cu: 28.62 6.3
0: 16.81
SS316L(N)-IG (forged) [14] C: 0.027, Mn: 1.67, Si: 0.34, 8.0

P: 0.018, S: 0.001, Cr: 17.39,
Ni: 12.35, Mo: 2.42, N: 0.072,
Cu: 0.09, Ti: 0.009, Nb: 0.01,
Ta: 0.009, Co: 0.02 Fe: 65.574

Tungsten W: 100 19.3
Titanium Hydride (TiH,) Ti: 95.96, H: 4.04 3.75
Borated water H: 11.18, O: 88.72 1

FLiBe 8000 ppm B solution [15]

B: 0.8 (95% B,, enriched)

reaction of type i, calculated using an average value for temperature
and densities, and i can be either DT and DD (two channels) for a
50%D-50%T fuel mixture, or DHe3, DD (two channels) and DT for a
50%D-50%He3 fuel mixture.

To compare the performance of DHe3 fuel against DT, both were
evaluated at a fusion power of 525 MW, as calculated in [11]. The
average temperature and electron density chosen to achieve this power
are:

* Tpr = 153 keV, npr = 7- 103 cm™?
* Tppes = 69 keV, n.ppez = 1.3+ 101 cm ™3

This study did not examine the physical factors affecting plasma sta-
bility and ignition, as these will be addressed in future research.
However, preliminary calculations indicate that the DHe3 plasma den-
sity approaches, but remains below, the Greenwald limit based on the
parameters of the ARC reactor design.

One of the major obstacles in developing the model was establishing
the DHe3 neutronic source. Although the primary reaction (D-He3)
is inherently aneutronic, DD reactions have about a 50% chance of
generating 2.45 MeV neutrons and 14.1 MeV neutrons are produced
through DT reactions stemming from tritium formed by the other
branch of DD reactions. In order to mimic this behavior, the reaction
rates of DT and the two DD channels were set according to the thermal
reactivities suggested in [16] and implemented in the cfspopcon Python
package [17], while the DHe3 reaction rate was calculated following
the derivation done in [18], considering a steady-state scenario and a
tritium particle confinement time value of 7 ~ 5s. This tentative value
was chosen as a compromise between the value of 7;; = 23.5 s used
in [18] for ARIES-III, and a more conservative value comparable with
the energy confinement time calculated for ARC in [11], 7 = 0.64 s.
This figure serves as an approximation to incorporate realistic dynamics
into the analysis, given that scaling laws for a DHe3 fuel mixture in
a tokamak are not yet well established. Further studies are needed to
define a more realistic neutronic source, both in the spatial and energy
distribution.

An interesting point for future studies would be to examine the
activation and damage effect of high energy protons generated by
DHe3 fusions. If the protons have sufficiently large energies, they
may escape the magnetic confinement. A preliminary calculation of
their gyration radius, using the simple formula for the Larmor radius:
o= (m, - vy)/(q + B), where m, and q, are the proton mass and
charge, respectively, while v, is the thermal velocity associated with
the kinetic energy, can show how the 14.7 MeV protons should be
safely confined in a high-field (B = 9 T) tokamak such as ARC, having a
value of r;, = 6 cm, much smaller than the plasma chamber dimensions.

The simulations for both the fuel mixtures were carried out using
over 10° particles run on a high-performance computing (HPC) system.
Only neutrons were included in the simulations, as photon sources

were not accounted for, and their inclusion would have significantly
increased computational time.

TENDL-2019 [19] was the chosen nuclear data library used for the
neutronic analysis.

The total neutron fluxes, summarized in Table 2, were obtained by
normalizing the neutron tally calculated by OpenMC. This procedure is
described in Chapter 8.3 of the OpenMC User’s Guide.

3. Results of the neutronic analysis

This chapter presents the results of the neutronic analysis for three
key components: the First Wall (FW), the Blanket, and the portion of the
Toroidal Field (TF) coil located on the inboard side, hereafter referred
to as the inner TF coils. The considered cases are: DT fuel with FLiBe
blanket, DHe3 fuel with FLiBe blanket and DHe3 fuel with a borated
water blanket.

It was calculated that in a DT fuel mixture, the average energy per
fusion reaction, weighting the energies of DT and DD reactions on their
probability of occurring, is 17.5 MeV and about 80.06% is carried by
neutrons. In comparison, a DHe3 mixture produces slightly less energy
per reaction at 16.4 MeV, but only 2.9% of its total energy is carried
by neutrons. This shows how a DHe3 mixture can significantly reduce
the neutron energy contribution compared to the DT mixture.

The analyses, summarized in Table 2, indicate that the use of DHe3
reduces the total neutron flux by at least an order of magnitude across
all components, highlighting the primary advantage of this advanced
fuel. Comparing the spectra for the two analyses carried out with a
FliBe blanket, plotted in Fig. 3, it can be seen how the reduction
is consistent throughout the energy spectrum, with the DT scenario
having a prominent peak above the 10 MeV mark, due to the 14.1
MeV neutrons produced during the DT reactions. Conversely, the DHe3
scenarios display a more significant peak at approximately 2 MeV,
due to a higher frequency of DD reactions, which generate 2.45 MeV
neutrons.

As described in Section 1, the use of DHe3 fuel eliminates the
necessity of breeding tritium. This permits the substitution of the
FLiBe breeding blanket with a material that poses fewer technological
challenges, serving solely as a coolant and ideally as a shield. Conse-
quently, an informed choice in this regard was the substitution of the
FLiBe blanket with borated water, widely used in the nuclear industry
due to the high neutron capture cross-section of boron. Additional
simulations demonstrated that this substitution does not significant
alter the total neutron flux, that remains within the same order of
magnitude for both DHe3 scenarios. This suggests that replacing the
FLiBe blanket with borated water has a minimal impact on neutron
flux levels. However, the neutron spectrum shows an increase in the
slow neutron range (0.025 eV to 1 keV) on both the first wall and the
blanket. This phenomenon can be attributed to the moderation effect of
hydrogen atoms in water, which effectively slows down fast neutrons
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Fig. 2. Total and elastic scattering macroscopic cross sections cm™' of borated
water (H20B) and FLiBe, obtained with the plot_xs function available in
OpenMC, using the TENDL-2019 nuclear data library.

Table 2

Neutrons per second and total neutron fluxes produced in
each fuel mixture, averaged on the whole volume of the
component. The upper rows report the relative contribution
of main and secondary fusion reactions.

DHe3 DHe3
Fuel mixture (50-50 DT
uel mixture (50-50) (FLiBe) (H,0+B)
DT % 99.46% 2.18% 2.18%
DDn % 0.28% 6.94% 6.94%
DDp % 0.26% 5.92% 5.92%
DHe3 % 0.0%  84.96%  84.96%
Neutrons per second 1.91-10%  2.71-10"  2.71-10"
?10;::11?;15); on first wall o 00 101 094.10°  7.56- 107
Total fl blank
[f;:mz;ls); on blanket 514108 468.102  132-10
Total flux on TF coil 303-10°  1.04-108  1.35-108

[1/cm?/s]

through elastic scattering (see Fig. 2). Although some of these slowed
neutrons are absorbed by 1°B, the dominant effect is a net increase in
backscattered thermal and epithermal neutrons returning to the wall,
hence the elevated thermal-to-slow-neutron intensity seen in Fig. 3(a).

These results demonstrate the potential of DHe3 fuel to simplify
reactor design by eliminating the need for a breeding blanket. However,
fully realizing these benefits requires a reevaluation of the reactor
configuration to optimize its advantages. In particular, while the use of
borated water provides a level of neutron moderation and absorption,
it may not be optimal as a standalone shielding solution. In partic-
ular, the use of borated water does not provide superior shielding
compared to FLiBe, requiring careful balance between technological
simplicity, cooling efficiency, and shielding effectiveness. Furthermore,
while DHe3 offers certain design benefits, it presents greater challenges
as a fusion reaction, which must be considered in conjunction with
these trade-offs.

4. Activation analysis

The activation analysis of the selected reactor components is pre-
sented for exposure to two Full Power Years (FPY) of irradiation from
either DT or DHe3 neutron source. This analysis reflects the expected
operational lifespan of the vacuum vessel and blanket of the 2015
ARC reactor design [11]. The results obtained from this analysis should
therefore be considered conservative, as a more realistic scenario would
consist of cycles of irradiation and cooling phases.

It should also be underlined that the scope of this work is to
provide a preliminary assessment of the advantages that the use of
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(b) Neutron spectra averaged on the whole Blanket for the three
simulations considered

Neutron Spectrum: Inboard TF Coil

— DT (FLiBe)
10 ~—— DHe3 (FLiBe)
10 —— DHe3 (borated water)

1014

106

Flux [n/cm2/s]
=
o =
e

H
S
)

H

2
L
(=]

10°° 1077 107 103 107! 10t

Energy [MeV]

(c) Neutron spectra averaged on the whole inboard TF coil for the
three simulations considered

Fig. 3. Neutron spectra of the three simulation types: DT with FLiBe blanket
(blue), DHe3 with FLiBe blanket (orange) and DHe3 with borated water
blanket (green) for the three components considered: First Wall (FW), Blanket
and inboard Toroidal Field (TF) coils. The error is represented as a shaded
area of the same color of the respective plot.

DHe3 may provide in terms of activation. The optimization of materials
and geometry of the reactor is beyond the aims of this work and will

be assessed in future studies.
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for the three simulations considered

Activity
1 min 1 hour 1 day Im 1y 10y 100y
109 4—g—
———3 T3
SN
108
107 T
2106
T
210°
2z
2104
g
103
102{ —— TFDT
" +— TF DHe3
10 —4— TF DHe3 (borated water)

B T T
Time after irradiation (years)

(c) Activity concentration [Bqg/kg] averaged on the whole inboard
TF coil for the three simulations considered

Fig. 4. Activity concentrations [Bq/kg] for: DT with FLiBe blanket (blue),
DHe3 with FLiBe blanket (orange) and DHe3 with borated water blanket
(green) for the three components considered.

The main inputs for the activation analysis on FISPACT-II, besides
the irradiation time, are the total neutron flux, energy spectrum on each

component and its composition in terms of elements before irradiation.
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Fig. 5. Dose Rates [Sv/h] for: DT with FLiBe blanket (blue), DHe3 with
FLiBe blanket (orange) and DHe3 with borated water blanket (green) for the
three components considered. Limits for nuclear workers, for the public and
background radiation dose are showed with dashed lines.

4.1. Reference dose limits for the activation analysis

The primary aim of employing DHe3 fuel is to reduce materials
activation, thus minimizing radioactive waste, which in turn enhances
the safety, the environmental impact but also the economic feasibility
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Fig. 6. Activity of the top three nuclides averaged on the whole first wall at selected timesteps for each of the three simulated scenarios.

of fusion reactors. Performance was measured against dose limits for
nuclear workers and the public established by the ICRP [20].

In this study, the assessment of recycling criteria and the consider-
ation of clearance of activated materials are not considered.

The annual dose limit for nuclear industry workers suggested by
the ICRP is 20 mSv/y [20], or 10~ Sv/h, considering constant ex-
posure for 5 days a week in an 8-h workday. The dose limit for the
public was set to 107® Sv/h, aligned with the limit of 1 mSv/y for
non-nuclear employees and assuming continuous exposure during the
working week. Furthermore, a dose rate of 2.74-10~7 Sv/h was included
for comparison with the average natural background dose worldwide
of 2.4 mSv/y [21], assuming continuous exposure throughout the year.

4.2. Results of the activation analysis

Fig. 4 shows that the reduction in activity resulting from the use
of DHe3 instead of DT is at least one order of magnitude for all
components when a FLiBe blanket is taken into account. This outcome
is consistent with the results of the neutronic analysis, as, if no other
parameter concerning materials, irradiation time and energy spectrum
is changed, the neutron flux is expected to be proportional to the

activity. This can be simply explained by considering the activity as:
A= No®(l-e e tw

where:

N is the number of target atoms,

o is the neutron cross section (cm?),
@ is the neutron flux (n/cm?/s),

A is the decay constant (s~1),

t, is the activation time (s) and #,, is the time between the end of
activation and the start of the count.

Immediately after irradiation on the first Wall, the most dominant
radioactive nuclides are all isotopes of tungsten. In particular W187,
W185, W185m, W183m and W181 represent together more than 95%
of the total activity in the DT case, and more than 99% in the two DHe3
cases.

After 10 years of cooldown the most dominant nuclide is tritium,
representing more than 90% of the activity in all cases. The presence
of tritium is most likely due to the W184(n,t) reaction with fast neu-
trons [22]. tritium stops being the highest contributor to the activity
after about 100 years, when Rel86 and Rel86 m become dominant.
Fig. 6 reports the three nuclides with the highest activity in the first
wall during the cooldown phase.
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Fig. 7. Activity of the top three nuclides averaged on the whole blanket at selected timesteps for each of the three simulated scenarios.

The activity of the FLiBe blanket, shown in Fig. 4(b) is approx-
imately one order of magnitude lower when using DHe3 instead of
DT, as anticipated. Tritium is the main contributor to the activity
throughout the entire cooldown period, as can be seen in Fig. 7. This is
due to the neutron-induced tritium generation from Li6 (accounting for
more than 99.9% of the production). In contrast, the use of a borated
water blanket shows a significantly lower activation compared to the
other cases. In this case, the dominant contributor to the activity is N16,
a short-lived isotope of Nitrogen with a half-life of 7.13 s. However,
its contribution to the total activity quickly becomes negligible with
respect to tritium, that is present in lower amounts relative to the FLiBe
blanket (see Fig. 4(b)).

The inboard toroidal field coil exhibits a significant presence of
Cu64 during the initial days of cooldown. Over time, Y88, Co60 and
Bal33 emerge as the most dominant nuclides, persisting up to approx-
imately one year. In the long term, Ni63 and C14 become the primary
contributors. This trend is shown in Fig. 8

Fig. 5 illustrates the total gamma dose rates calculated by FISPACT-
II for the three types of simulation in the components examined. It can
be immediately seen how the use of DHe3 can reduce the time required
for activated components to fall below the aforementioned limits.

The DHe3 simulations consistently surpass DT in every scenario,
achieving lower doses overall. Notably, DHe3 allows to reduce the dose

rate on the FW (Fig. 5(a)) below the limit for nuclear workers in about
10 years, whereas DT needs at least 100.

The use of a borated water blanket, combined with the choice
of DHe3 fuel mixture, outperforms DT as well. This highlights the
importance of exploring innovative solutions to minimize waste in
fusion devices while leveraging the unique advantages of DHe3.

5. Conclusions

This paper compares the performance of DT and DHe3 fuels in an
ARC-class tokamak using a FLiBe immersion blanket, focusing on neu-
tronic and activation characteristics. A simplified model for geometry,
materials, and the neutron source was used. The findings highlight the
significant advantages of DHe3 fuel, especially in reducing neutron
production, material activation and the elimination of the need for
tritium breeding. This simplifies the reactor design and may allow for
a more compact system.

In this study, we showed that using DHe3 fuel at a temperature
of 69 keV and an electron density of 1.3 -101% cm~3 reduces the total
neutron flux on the selected components (FW, Blanket and inboard TF
coils) by at least one order of magnitude compared to DT fuel at 15.3
keV and 7 -10!3 cm™3. This reduction directly translates into a decrease
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Fig. 8. Activity of the top three nuclides averaged on the whole inboard TF coil at selected timesteps for each of the three simulated scenarios.

in specific activity, allowing the dose rate to fall below regulatory
limits more quickly. An additional DHe3 simulation has considered the
substitution of the FLiBe blanket with borated water, since no breeding
is necessary if this advanced fuel mixture is utilized. The selection of
a less technologically challenging material, coupled with the use of
DHe3 fuel, proved to be advantageous from the activation perspective,
allowing a reduction of activation and contact dose on all the selected
components with respect to the DT simulations.

Despite these advantages, significant challenges remain with DHe3
fuel. Achieving ignition is more complex compared to DT, *Helium is
scarce on Earth, and DHe3 fusion technology and research is overall
less developed than DT. Although the advantages of DHe3 fuel are
evident, especially regarding safety and waste production, its economic
and technical feasibility must also be rigorously evaluated. Future
designs, building on concepts like ARIES-III [23], Apollo-L3 [24], Ig-
nitor [25], and Candor [26], should incorporate recent technological
breakthroughs, guiding the next generation of fusion reactors.

CRediT authorship contribution statement

A. Morandi: Writing - original draft, Methodology, Formal analysis,
Conceptualization. D. Pettinari: Writing — review & editing, Method-
ology, Conceptualization. M. Zucchetti: Writing — review & editing,
Supervision, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.
Acknowledgments

This publication is part of the project PNRR-NGEU which has re-
ceived funding from the MUR - DM 352/2022 and DM 117/2023.
Support from CINECA for high-performance computing is also acknowl-
edged.
Appendix. Geometric parameters used in paramak
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geometry file.
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Table 3
Parameters used to create the “SingleNullSubmersionTokamak” in Paramak.

inner bore radial thickness 300
inboard tf leg radial thickness 1000
center _column_shield radial thickness | 550
divertor radial _thickness 200
inner plasma gap radial thickness 60
plasma_radial thickness 2260
outer plasma gap radial thickness 60
firstwall _radial thickness 70
blanket rear wall radial _thickness 300
number of tf coils 18
support_radial _thickness 900
inboard blanket radial _thickness 188.7
outboard blanket radial thickness 1163.2
elongation 1.84
triangularity 0.50
pf_coil case thicknesses [110%(?' 110%(;'

- - . [200, 500,
pf_coil radial _thicknesses 500, 200]
pf_coil vertical _thicknesses EO%(?' 2%%(;'
pf coil radial position 17000, 7500,

- - - 7500, 7000]
pf coil vertical position [2700, 1000,

= = = -1000, -2700]
rear_blanket to tf gap 10
outboard tf coil radial thickness 700
outboard tf coil poloidal thickness 700
divertor _position lower
support _ position lower
rotation _angle 90
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