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Abstract — The EUROfusion Consortium is conducting a preconceptual design and feasibility study of
a volumetric neutron source (VNS) facility to address perceived needs in the development of integrated
breeding blanket and fuel cycle testing and qualification, with aim to mitigate risks stemming from the
current low reliability and technical maturity of present design concepts for a DEMO fusion reactor. The
main requirements driving the selection of key physics and technical concepts have been identified to cope
with a construction and operation schedule consistent with the DEMO design activities.

The VNS needs to provide a steady-state plasma operation based on reliable beam-target fusion
plasmas with a fusion power at 30 MW, generating a peak neutron wall load of at least 0.5 MW/m’ up
to neutron fluences of 30 to 50 displacements per atom. Neutronics assessments are requested to provide
essential nuclear loads and shielding performances of this device. To support the technical feasibility of the
VNS tokamak, a series of analyses were conducted in support of the architecture and system design concept.
The preconceptual design of the VNS was based on ITER-like shielding structures at the inboard side (ca.
70 cm radial depth) and enhanced outboard side shielding (about a 120-cm radial depth).

According to the assumed port configuration and toroidal segmentation of the VNS tokamak, a torus sector
model of 60 deg has been generated from available computer-aided design models and converted to MCNP
geometry descriptions. The primary objectives of the initial nuclear analyses and scoping assessments were the
radial build on the inboard side to protect, specifically, the toroidal field coils and the shielding environment around
the neutral beam injector (NBI) port duct, as well the divertor and lower ports, which are critical areas for ex-vessel
shielding objectives. It could be demonstrated that the protection from a radial build adopting tungsten-based
shields is adequate, whereas additional measures on shielding and integration of NBI ports and lower ports are
required.
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I. INTRODUCTION

The development of fusion energy and the deploy-
ment of future fusion reactors rely heavily on the perfor-
mance and reliability of the breeding blanket (BB). Its
primary mission is to ensure tritium self-sufficiency dur-
ing reactor operation, combined with high-grade heat
extraction and contributions to the overall shielding
objectives. The European Union (EU) fusion develop-
ment strategy is based on main pillars to advance physics
and technology through ITER, IFMIF-DONES, and
a DEMOnstration fusion reactor.

Recent considerations on rebaselining the ITER pro-
ject in view of a staged nuclear operation at very low total
neutron fluence have stipulated reviews of the BB quali-
fication and the maturization strategy. It has been con-
ceived that the role of ITER, and specifically, its test
blanket modules (TBM) programme to de-risk the
DEMO design, is questionable and that new risk mitiga-
tion strategies need to be implemented.!'] A change in the
current strategy in the EU Fusion Roadmap, to rely on the
results of the ITER TBM programme and to use DEMO
itself as a qualification device, have been advocated.
A key element in this approach is the development of
a 14-MeV plasma volumetric neutron source (VNS) for
full validation of BB concepts up to high fluence
operation.

Il. MISSION AND CHARACTERISTICS OF A VNS

The critical role of a BB for development of fusion
energy, and further challenges due to the current design
maturity and technological readiness levels, demands
substantial strengthening and tailoring of the required
research and development efforts. The risks of attaining
trititum self-sufficiency and adequate system and plant
availabilities are joined by risks connected to the licen-
sing of a DEMO reactor with incomplete testing and the
qualification of a core nuclear system like the BB.

The change in the BB testing and qualification strat-
egy reintroduces the concept of a VNS to be run in
parallel both to ITER operation and the DEMO design
process.!' Its primary mission is to provide full valida-
tion up to at least 20 displacements per atom (dpa) of BB
concepts for DEMO in a relevant fusion environment.

To ensure its mission, several conceptual character-
istics have been specified for a VNS to enable, in parti-
cular, its construction and operation in parallel to ITER
operation and the DEMO conceptual and engineering
design activities (see Ref. [2]). Its availability goals
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require a steady-state plasma operation utilizing
a reliable plasma scenario in a compact device.

The nuclear performance objectives aim at peak neutron
wall loads (NWLs) of at least 0.5 MW/m? and total neutron
fluence on the first wall of well beyond 20 dpa, typically up to
50 dpa. As breeding capability is now assumed, the device
should operate at low fusion power, typically well below
50 MW. The tokamak option, based on beam-target fusion
(at Q <1), has been selected as the most promising approach.
In this concept, significant neutral beam injector (NBI) heat-
ing power (about 40 MW) is required.

IIl. NEUTRONICS AND SHIELDING APPROACH

As part of the technical feasibility study of
a tokamak-based VNS option, physics and engineering
challenges have been addressed to identify potential
showstoppers and to demonstrate a credible concept for
advancing to a conceptual design (see Ref. [3]).
Neutronics analyses have been requested to support the
engineering assessments of nuclear performance and to
address the main shielding issues.

l1.A. Objectives

The primary objectives of the neutronics and shield-
ing approach are to verify the main nuclear performance
targets and the capabilities to adequately shield the toka-
mak environment. It should be noted that further nuclear
performance related to activation, radiation mapping,
plant radiological protection, and radiological waste
issues will be conducted in the future.

The shielding of the VNS tokamak needs to be
addressed to verify the provisional protection objectives
and the assumed radial build, which have been proposed
to optimize magnetic field and overall size of the toka-
mak. Accordingly, the following assessments have been
requested within the feasibility study team and are
reported in this paper:

1. Nuclear shielding of the toroidal field coil (TFC)
at inboard (IB) side.

2. Nuclear shielding around the NBI ducts.

3. Nuclear loads at the divertor and surrounding
areas.

I11.B. Models and Assumptions

Based on an initial reference architecture of the VNS
concept (see Table I), a conceptual computer-aided
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TABLE I
VNS Parameters
Pulse Steady state
Major radius, aspect ratio 2.55m/5.3
Magnetic field at plasma 6T
axis
Fusion power 30.5 MW
Number of toroidal field 12
coils
Peak heat flux on divertor 79 MW/m?
targets

design (CAD) model has been devised by the engineering
team. The neutronics modeling and simulation approach
started with the selection of a representative 60-deg sec-
tor incorporating two TFCs and one NBI duct (see
Fig. 1). The torus sector model was developed by deploy-
ing modular elements to enable efficient modifications of
single system models. Given the scope of the feasibility
study and model status, the neutronics model relies on
layered representations of blankets and NBI ducts and
generally homogenized material compositions.
Structural, functional, and coolant materials have
been selected according to the experience gained in
the ITER and DEMO designs, as well as considera-
tions regarding the expected total neutron dose and
moderate coolant temperatures. Provisional material
choices for in-vessel and vessel parts involve 316-
L(N) steels for all structures, water coolant at moder-
ate (11 to 31 bar) pressure, and various choices of
shield materials for scoping studies. The TFCs are
composed of 316-L(N) casings and Nb3Sn supercon-
ductors. The duct liner of the NBI port contains
CuCrZr as the heat sink material, and the divertor

Fig. 1. VNS neutronics CAD model of torus sector with
a single NBI duct. Numbers denote the blanket segments
used for NWL identification.
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adopts plasma facing components (PFC) materials
(W, CuCrZr) as in the ITER/DEMO designs. It should
be noted that reduced activation behavior currently has
not been considered as a material constraint, except
for the BB test arcas (based on EUROFER as struc-
tural material). For this, a material mixture based on
the DEMO water-cooled lithium lead (WCLL) concept
with PbLi as the breeder/multiplier material has been
adopted.

Radiation transport simulations have been performed
following the neutronics workflows adopted in DEMO
neutronics studies* using the MCNP (version 5.0 and
6.2) code and JEFF3.3 nuclear data. Nuclear responses
have been tallied according to the specific task. In parti-
cular, the IB shielding adopted a one-dimensional mesh
(5 cm lateral extent) at the equatorial midplane to capture
radial profiles from the first wall to the winding pack of
the TFC. Typically, up to 10° source particles have been
used with weight window meshes generated by the
ADVANTG code to obtain the relative errors of the
requested responses below 3% to 4%. Global nuclear
performance parameters have been assessed versus the
criteria given in Sec. II.

The nuclear shielding criteria for the TFC are pro-
vided as a target of 450 W/m® of nuclear heating in the
torodial field (TF) conductor and 50 MGy of absorbed
dose to the epoxy insulator within 10 full power years
(FPY). Additional shielding criteria with regard to the
protection of the vacuum vessel (VV) (2.75 dpa) and
concerning the reweldability of the steel pipes [1 atomic
parts per million (appm) helium] have been adopted from
DEMO."!

111.C. Glohal Nuclear Performances

Coupled neutron and photon transport simulations
have been conducted with MCNP to assess the global
nuclear responses in the devised VNS torus sector model
using a DT neutron emission density of the nominal
30.5-MW fusion power. Shield blankets (SBs) (steel/
water mixtures within steel case segments) have been
adopted on the IB side and in most outboard (OB)
parts, except as the port plug of a testing port and
where full poloidal segments could be available for seg-
ment testing. In these cases, blanket segments with
a WCLL material mixture have been integrated.

As concerns the NWL, a coarse poloidal segmenta-
tion (number 1 is lower IB segment and number 8 is
lower OB segment, see Fig. 1) has been adopted to
resolve its poloidal variation. Peak NWL is at 0.5 MW/
m?® averaged across the OB equatorial level, indicating

@ANS
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TABLE II

NWL and Power Deposition

NWL (MW/ Power
Segment m?) Component MW)
1 0.241 IB blanket 12.30
2 0.413 OB blanket 12.48
3 0.381 Divertor 5
4 0.320 VV shell 0.17
5 0.332 VV shield 0.6
6 0.430 TFC 2.6E-3
7 0.499 Total 30.55
8 0.317
Average 0.367

the achievement of the respective performance targets.
Over a broad poloidal range, the NWL is generally
above 0.3 MW/m?, thus supporting a still relevant test
environment over the full poloidal height.

Global power deposition has been obtained for the
full torus, as presented in Table II, with the objective to
guide the thermal layout of the VNS tokamak systems.
Nearly 24.8 MW are deposited in the blanket system,
5 MW in the divertor cassettes, whereas heating power
is very modest within the VV at about 0.8 MW. About
3 kW was assumed to be taken by the TFC. Refined
models and assumptions are required in future work to
provide detailed spatial heat deposition data.

IV. IB SHIELDING

The original provisional radial build assumed for the
VNS was based on an ITER-like shielding structure, i.e.,
standard steel/water structure with a SB thickness of
40 cm and a VV thickness of about 35 cm. However, as
preliminary neutron transport simulations have shown
insufficient overall shielding capabilities toward the
TFC, but good protection of the VV, a new radial build
has been proposed utilizing a thinner blanket (25 cm) and
providing margins on the VV thickness (starting point:
46 cm) (see Fig. 2) by the selection of suitable shielding
materials across the radial build.

The objective of a series of scoping shielding studies
was to evaluate attractive shield material configurations
and to suggest an updated and optimized radial build
compliant with the TFC protection objectives. The out-
come could also suggest a potential reduction in the VV
in-wall shield and optional margins for the SB thickness.

The current list of potential shielding materials
includes tungsten-based materials (pure W, WC, W,Bj5)

@ANS
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Fig. 2. Radial build at the VNS IB side: (left) original
geometry and (right) updated geometry.
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Fig. 3. Radial flux profiles at the VNS IB with three
selected blanket/vacuum vessel configurations in the
updated geometry.

and B4C. Radial profiles of the neutron flux density for
three selected configurations are shown in Fig. 3. They
are based on screening through combinations of the mate-
rial choices, highlighting the outstanding neutron attenua-
tion performance of W,B;5 and the efficient performance
of WC in the SB. The cases depicted in the figure are
casel (SB: W,Bs VV: B4C), maximum (SB: WC VV: W,
Bs), and optimum (SB: WC VV: WC + W;Bs).

The choices and results indicate that sufficient TFC
protection at the IB side can be secured by deploying
tungsten-based shields with further optimization needs.
An example of such optimization is shown in Table III,

FUSION SCIENCE AND TECHNOLOGY - VOLUME 00 - XXXX 2025
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TABLE III
Nuclear Loads on the TFC Winding Pack*
Dose/10 FPY (MGy) Nuclear Heat (W/m?)
Thickness within
Vacuum Vessel (tyv) 48 cm 43 cm 38 cm 48 cm 43 cm 38 cm
W,B5in VV 0 31 537

(cm) 0 53 88 830 1199

5 20 35 235 323

10 13 23 126 212

20 6 12 54 91

*VV based on B4C and W,Bs5; SB based on W,B5); italic values are above target values.

where the nuclear loads on the winding pack of the TFC
at IB are shown varying the radial extent of W,Bs in
a range of overall VV thicknesses. The results indicate
that a VNS VV between a 38-cm and 43-cm thickness
could be sensible based on the use of mostly WC or W,
Bs as the blanket shielding material and only small addi-
tions of W,B5 (or any other highly optimized neutron
absorber) in a boron-containing VV (e.g., as B4C).

V. NEUTRAL BEAM DUCT SHIELDING

The integration of the NBI heating systems requires
large-sized open ports into the VV; in the case of the
VNS study, there are 4 such ports out of 12 on the
equatorial level. This is generically a challenge for the
shielding architecture of a tokamak, as neutrons can leak
easily out to ex-vessel areas and into the building (NBI
cell). The main objective of the current study was to
inform the designers on suitable integration to protect
particularly the OB TFC neighboring the ducts. Critical
areas concern the limited clearances between the TFC
case structure, VV, and NBI port. Accordingly, hot spots
of excessive nuclear loads both to the VV and TFC need
to be identified and design considerations for mitigation
of those issues should be studied.

A neutron flux map in the horizontal plane, as
depicted in Fig. 4, helps to understand the challenges.
Leakage pathways are prominently seen at the direct line
of sight of the plasma neutrons toward less covered areas
of the VV. These are affecting the close corner of one
TFC. It should be noted that the responses on the TFC at
the sector reflective boundary are significantly lower;
further tests using periodic boundary conditions con-
firmed the choice of the other TFC as the most conserva-
tive case.

FUSION SCIENCE AND TECHNOLOGY - VOLUME 00 - XXXX 2025
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Fig. 4. Neutron flux map at the equatorial level across
the NBI port region affecting a close TFC (no additional
shielding).

Evaluations of the impact of open upper and lower
ports on the responses at equatorial level, i.e., around the
NBI ports, have demonstrated that their neutron leakage
contribution does not contribute to the responses of inter-
est. This is due to the fact that, indeed, the neutron
leakage through the NBI port ducts is dominant. These
findings point to a local shielding problem at the NBI
duct integration.

To this end, and to mitigate the weak shielding cap-
abilities, an additional outer layer (NBI shield) of 60 mm
has been assumed (filled by mixture of 80% W,Bs and
20% water). Further studies will address additional mea-
sures, such as plug-like inserts between the port and TFC
structure. The spatially inhomogeneous loads are clearly
visible (see Fig. 5). Whereas the localized peak nuclear
heating density (on a 5-cm linear resolution) could be as
high as 700 W/m?, poloidal averages over segments of
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Fig. 5. Distributions of (left) nuclear heat density and
(right) absorbed insulator dose rate at the TFC equatorial
level (with additional shield layer).

3 and

about a 0.5- to 1-m length are between 70 W/m
180 W/m’.

Similarly, localized (1-cm mesh resolution) absorbed
dose in the TFC insulator material is as high as 150 MGy
(10 FPY). As this is a (local) lifetime criterion, further
efforts are required to improve the protection in this
respect.

With regard to the protection of the VV in the port
integration area, the locally exposed areas at the corner of
the port suffer from a lifetime damage of up to 1.8 dpa
(10 FPY) in the 316-L(N) steel. This is well below the
DEMO design limit of 2.75 dpa.

It was concluded from this study that the NBI port
duct integration remains challenging, mainly due to geo-
metrical constraints. TFC nuclear loads require signifi-
cant enhancements of the shield structures between the
VV and TFC, but there are no integration issues concern-
ing the protection of the V'V itself.

VI. DIVERTOR INTEGRATION

To study the neutronics and shielding impacts of
the divertor integration, the generic model, used in
other shielding studies, has been updated with
a detailed representation of a divertor cassette design
adopted from the DEMO divertor (see Fig. 6). The
main objective of this study was to assess integration
issues with respect to nuclear loads at the VV and
TFC, and also on the divertor coolant pipes guided
through the lower port duct. The latter would require
cutting and rewelding at positions subjected to poten-
tially high neutron flux levels, which in turn may
generate high levels of helium concentration, hinder-
ing rewelding.

@ANS
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Fig. 6. Divertor cassette integration in the neutronics
model showing divertor cooling pipes extending into
the lower port.

2000

8

(AR

§

Fig. 7. Distribution of the absorbed insulator dose in the
lower section of TFC (10 FPY).

As anticipated, nuclear loads on the TFC are heav-
ily jeopardized by neutron leakage into the lower port,
leading to extended regions of response peaking (see
Fig. 7). In such completely unshielded ports, the peak
nuclear heating range extends to about 3000 W/m> and
an insulator lifetime dose up to 380 MGy (10 FPY).
The results indicate that significant efforts will be
required for the mitigation of neutron leakage through
the lower port.

The VV below the divertor cassettes is affected
mostly by the inclusion of a pumping slot, thus opening
a pathway for peaking of nuclear responses in the bottom
of the torus. Assessments of nuclear heating and damage
in the VV inner shell (see Fig. 8) demonstrate strong
peaking, but peak responses are not exceeding the limits.
As for damage, the lifetime damage peaks at 1.9 dpa
(10 FPY).

FUSION SCIENCE AND TECHNOLOGY - VOLUME 00 - XXXX 2025
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Fig. 8. dpa/FPY distribution at the VV inner shell around
the divertor cassette.
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Fig. 9. Radial profile of He production rates (appm/FPY)
along the divertor feeding pipes.

One of the key challenges of a regular divertor cassette
replacement is the cut-reweld procedure for the feeding
pipes. To address its feasibility, helium production rates in
pipe steels along the radial extent into the lower port have
been calculated (see Fig. 9). A limit of 1 appm applies to
thin pipe reweldability, which is jeopardized in positions
within the VV close to the divertor cassette. Mitigation
measures have been identified, such as optimizing the gap
between the blanket and divertor, and prominently, local
pipe shielding sleeves at potential rewelding locations.

From the presented results, it can be concluded that
divertor integration in conjunction with the lower port
configuration requires substantial improvements. This
needs to address neutron leakage through the lower port
and local pipe shielding for replacement procedures;

FUSION SCIENCE AND TECHNOLOGY - VOLUME 00 - XXXX 2025

additional work is reported in Ref. [5]. Lower port shield-
ing is also a prominent task for the further reduction of
radiation levels outside the tokamak.

Vil. CONCLUSIONS AND FURTHER WORK

Preconceptual neutronics and shielding analyses have
been conducted in support of a technical feasibility study
of a tokamak-based VNS. In this study, the main shielding
and integration challenges inside the tokamak have been
assessed. The protection of the TFC, at both the IB and OB
sides, is a key issue for the radial build and on the port
configurations. Specifically for the IB side, it could be
shown that the assumed radial build in favor of a lower
magnet field is sufficient to limit nuclear heating and
absorbed dose exposure in the TFC to acceptable levels.

The use of tungsten-based materials and its further
optimization provides prospect of margins to compensate
for the current lack of design details in the SB and VV.
Further work in this area will implement preconceptual
designs of the SB and VV to verify the current margins.
Scoping of moderator materials, such as metallic hydrides,
in combination with the experiences of this study should
aim at the more efficient use of material configurations.

The integration of NBI ducts at the OB side remains
challenging based on preliminary studies reported here.
The mechanical constraints in implementing sufficient
highly efficient neutron shields between the port duct
and TFC require further design considerations. They
should aim at optimizing duct-vessel integration versus
final sizing of the TFC. Shield plug fillers could be
placed between these structures, and optimizing of mate-
rial configuration will be studied in future work.

Similar challenges for the integration of the NBI
ducts are observed in the divertor area and the lower
port opening. Whereas nuclear loads to the VV are mod-
est, this does not hold for the TFC segments in the
proximity of the open port. Also the cut-reweld procedure
of the divertor water pipes, as a prerequisite for replace-
ment procedures of divertor cassettes, is impeded by
excessive helium production rates. Further work will
address both issues by revising or developing designs,
respectively, for the divertor and local shield elements for
the protection of water pipes and the mitigation of neu-
tron streaming through the port opening.

In the next phase of the feasibility and preconceptual
study of the VNS, further nuclear analyses are required
that address the issues of activation, radiation mapping,
plant radiological protection, and radiological waste
production.
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