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Abstract

The key problems in the development of fusion technology as a possible energy source are
linked to the understanding of the behavior of materials, components and systems under
working conditions of the fusion environment. As a consequence, it has been recognized that a
neutron source able to produce neutrons with a fusion-like energy spectrum associated with a
gamma radiation field is necessary. In addition, this source must have an irradiation volume
large enough to allow the statistically relevant characterization of the macroscopic properties of
materials and components, a cumulated damage level above that expected in the reactor
operational lifetime, and an intensity strong enough to allow slightly accelerated testing. In this
publication we review the main possible ideas for a fusion-like neutron source, present the
concept of the neutron source based on the d-Li reaction, and discuss the stepped approach
which led to the design of the DEMO-oriented neutron source (DONES). The mission and
top-level specifications of DONES are presented and related to the different DEMO
requirements. In a dedicated section, the availability of DONES and the compatibility of its
parameters for the experiments in which the main tritium breeding concepts—solid and liquid
metal based—can be validated are described. Apart from the development of fusion technology,
DONES has the potential to become a multidisciplinary neutron science facility. We discuss the
concept of a DONES neutron time-of-flight (TOF-DONES) experiment for nuclear physics
experiments such as cross section measurements and nuclear technologies studies (fusion and
fission), astrophysics and particle physics. Last but not least, some considerations for a
preliminary irradiation programme at DONES are presented to demonstrate a possible timeline
for the exploitation of the facility to tackle the foremost problems of DEMO and fusion reactor
technology.
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1. Introduction

The development of nuclear fusion reactions as a possible
energy source is being receiving renewed interest in the last
few years due to several breakthrough results obtained recently
in a number of facilities (NIF [1], JET [2], JT-60, Tokamak
Energy [3]). This interest coincides with a significant burst
of private funds investing in a number of different start-up
companies focused on the development of fusion as an energy
source (more than 7000 M€ in the period 2018-2024 and more
than 45 different companies all around the world [4]).

Irrespective of the specific approach used for the realization
of the fusion reactions (although this paper will be focused on
the D-T reactions fuel cycle considered as the most feasible
one in the short term), the feasibility of fusion as an energy
source is controlled by three key parameters:

- The tritium self sufficiency, essential to assure the tritium
availability required for the plant operation (in reality it is
needed more than just self-sufficiency because, in order to
produce fuel for the additional future reactors, some Tritium
overproduction is needed).
The availability of the reactor, i.e. the number of yearly
hours the machine is running. This parameter is essential to
make a low cost of electricity feasible. It is a complex func-
tion of the machine design, in which redundancy can have a
significant role; of the lifetime of the used components and
materials—linked to the key characteristics that define the
performance of the related system—because it defines the
mean time to failure (MTTF) and consequently the mainten-
ance operations required; of the planned maintenance sched-
ule and especially the remote maintenance strategy.

- The efficiency of the reactor, i.e. the ratio between the net
electric power and the generated nuclear power. This para-
meter is mainly defined by the internal energy consump-
tion of the plant—for heating, pumping and other plant
functions—and the thermal efficiency of the heat extraction
system that relies mainly on its working temperature.

All these three parameters require to solve significant tech-
nology issues. Without the intention to be fully exhaustive,
some of the more relevant ones are strongly related to materi-
als behavior. For example: (i) the tritium fuel cycle, in which it
is needed to demonstrate tritium breeding and extraction tech-
nologies; (ii) heat and particles exhaust from the plasma; (iii)
materials—with special focus on structural ones but also many
others—able to survive in the harsh environment of a fusion
reactor; (iv) maintenance by Remote Handling devices; (v)
high temperature operation, and (vi) fusion safety and envir-
onmental impact.

A classical way of evaluating the degree of technology
development to address these issues is to use the so-called
technical readiness analysis (TRA). TRA was started as a tool
for communication of technology maturity and for planning in
the 1980's and it is currently being used to analyze and manage
the technical risk in research and development projects. This
type of evaluation is increasingly being used in fusion energy
development [5-9].

In this approach, the different TRA levels are linked to the
different phases of the project development. The lower levels
are linked to the understanding of the behavior of individual
elements of a system or component under relevant working
conditions and the higher levels are linked to the understanding
of the behavior of the whole system.

The working environment in a fusion reactor—at least in
the areas with harsher conditions—involve significant tem-
perature levels, the presence of magnetic field, vacuum and,
most importantly, a very high level of radiation involving
a mixed radiation field with relatively high-energy neutrons,
high fluxes of charged particles and ionizing radiation. All of
the components under the radiation field also exhibit very sig-
nificant gradients [10].

Taking this into account, one of the key problems in the
development of fusion technology is that there is no neutron
source available with the required characteristics and, as a con-
sequence, TRA evaluation for the different proposals cannot
go over a relatively low TRA level unless the radiation aspect
is skipped (and, as a consequence, the developed designs are
only relevant for conceptual experimental machines but not for
the power plant design).

It is also important to note that the understanding of the
behavior of individual elements, components and systems in
the working environments as required by the TRA evaluation
methods should include the different abnormal situations like,
for example, the different types of possible accidental events.
That means that, for example, in the case of materials, it is
needed to know the full behavior of the material at differ-
ent temperatures even if they are far away from the ‘nominal’
working conditions.

All these considerations clearly demonstrated already many
years ago [11] the need of a fusion-like neutron source in
which fusion reactor relevant experiments could be developed
in order to qualify system’s components of the future fusion
reactors, with special focus on materials.

Key requirements for this neutron source are that it must
be able to produce fusion-like neutrons with (i) an irradiation
volume large enough to allow the statistically relevant char-
acterization of the macroscopic properties of the materials
of interest required for the engineering design of the power
plant, (ii) a damage level above that expected in the reactor
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operational lifetime, and (iii) an intensity high enough to allow
slightly accelerated testing. By accelerated testing it is meant
that the results are obtained in a shorter time than the expected
lifetime in a fusion reactor.

These generic requirements are translated to different num-
bers depending on the fusion reactor concept and design but
generally speaking and without going into more details a neut-
ron source is required which is capable to produce around
10" ns~! or more in an irradiation volume of several hundreds
of cm? with a neutron flux over 10'* n (cm—2 s—') and with a
high availability in such a way that an irradiation to the end-
of-lifetime of the component under analysis can be obtained
in 1-3 years of operation.

2. The d-Li concept history

In this section, the d-Li approach to develop the required
fusion-like neutron source will be reviewed, but first it is
needed to briefly summarize how the different possible altern-
atives can be compared.

The interaction of radiation with materials can take place
essentially by two different mechanism: in one side, elastic
interaction of the incident particle with the ions in the material
and, in the other, by nuclear reactions.

In the first case, as a consequence of the interaction, some
energy is transferred to the lattice ion giving rise to the so-
called primary knock-on atom (PKA). This ion moves inside
the lattice possibly displacing a lot of other ions and tempor-
arily creating a region in the material that is fully disordered
(called ‘cascade’) that after some time results in the creation
of a number of new defects in the material.

The amount of energy transferred to the PKA and, as a con-
sequence, the extent of the cascade and the final number and
type of the defects is a strong function of the type and energy of
the incident particle as well as of the materials characteristics,
being mainly point defects in the case of ‘low’ PKA energies
and more clusters and dislocation loops in case of ‘high’ PKA
energies [12, 13].

In the second case, due to nuclear reactions, ions of new ele-
ments appear inside the material, giving rise to new impurities
(in the case of fusion materials main ones are He and H but
others can also be of importance—see for example the effect
of Os and Re produced in the transmutation of W). Activation
of the material can also be induced (some of these new impurit-
ies can be radioactive isotopes). The amount and the specificity
of new ions are a function of the type of incident particle, its
energy, the target ion and the nuclear reaction cross section.

Considering all these aspects, the comparison between the
different possible irradiation sources should be made based
on the parameter ‘dpa’ (displacement per atom) taking into
account the total dose and the dose rate, and by using some
parameters that allow to measure the number and type of nuc-
lear reactions as compared with the number of dpa. The most
popular ones are Helium or Hydrogen production rate com-
pared to the dpa rate: the so-called H/dpa and He/dpa ratio. It

is also relevant to analyze the production of other impurities,
to take into account the nuclear reactions effects, plus other
obvious comparison criteria such as the available irradiation
volume and environmental conditions with special emphasis
on the temperature range available [14].

Due to the very different neutron energy spectra, neither
fission reactor irradiations nor spallation sources are able to
reproduce the H/dpa and He/dpa ratios required to mimic
fusion reactors neutron spectra [15, 16].

The different approaches proposed along the time for build-
ing a neutron facility able to fulfill the testing requirements
discussed above has been reviewed in [15]. The only concept
currently developed into an engineering design phase is
the so-called IFMIF-DONES (International Fusion Materials
Irradiation Facility—DEMO Oriented Neutron Source) pro-
ject. It is based on the interaction between a light ion (D+)
and a light target (Li).

It has been also proposed to use direct ion irradiations
in order to mimic neutron irradiation effects in materials.
Simultaneous irradiation with different ion beams, i.e. H, He
and Fe in the case of steel, with a similar range in the mater-
ial can give rise to simultaneous dpa, He and H defects pro-
duction. Some facilities of this type are running [17] or have
been proposed [18]. Main drawback of this approach is the
very short range of ions in materials and the very high dose
rate in the irradiated area (orders of magnitude different to the
one in a fusion reactor). Besides this, there are also basic con-
cerns which still require significant studies about the type of
damage that is produced in these experiments and their com-
parison with the neutron irradiation ones.

Alternatively, it is also possible to irradiate with H ions.
Direct proton irradiations also produce displacement damage
and, above certain energy, will cause nuclear reactions produ-
cing He. Fusion-relevant He/dpa ratios can be obtained with
proton energies in the range of 20-30 MeV. Again, main draw-
back of this approach is the limited affected thickness (even if
it is higher than in the previous case) of the irradiated mater-
ial useful for fusion studies [19-21]. In any case, these tech-
niques could be very interesting to progress in the scientific
understanding of radiation damage in fusion materials and as
a screening tool to select the most promising alternatives of
materials prior to their irradiation in the fusion-like neutron
source.

The idea of using the d-Li concept as a fusion-like neutron
source came up in the early 80s based on the results obtained in
the framework of the FMIT project [22] giving rise to a num-
ber of different proposals including ESNIT in Japan [23] based
on a variable energy (up to 35 MeV) deuteron beam impinging
on a flowing lithium target, or other even more ambitious con-
cepts proposing to reach currents up to 1000 mA by a modular
approach combining several 250 mA accelerators as well as
different angles of incidence [24].

In the 90s, under the auspicious of the IEA and in the frame-
work of a wide international collaboration involving USA, EU,
Russia and JA, the so-called International Fusion Materials
Irradiation Facility (IFMIF) conceptual design was developed
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in different phases including a conceptual design activity [25],
the key element technology phase [26] and the IFMIF compre-
hensive design report [27].

Later on, EURATOM, together with several European
countries, has been supporting the preparation for the IFMIF-
like neutron source; first, in collaboration with Japan, through
the IFMIF/EVEDA (Engineering Validation and Engineering
Design Activities) project initiated in 2007 and still running
today, implemented by the European Joint Undertaking for
ITER and the Development of Fusion Energy (F4E) [28]. In
the framework of IFMIF/EVEDA, one of the projects included
in the EU-Japan Bilateral Agreement to a Broader Approach
to Fusion, the IFMIF Engineering Design was advanced and
the IFMIF Intermediate Engineering Design Report (IIEDR)
issued [29]. For validating the proposed design features, pro-
totyping sub-projects were developed, including design, man-
ufacturing and testing. The most relevant ones are [28]:

(i) the LIPAc accelerator prototype at Rokkasho (Japan),
including a low-energy high-current (9 MeV and 125 mA)
D beam fully representative of the IFMIF one with the
objective of continuous wave operation;

(ii) the experimental lithium test loop (ELTL) at Oarai
(Japan), a lithium loop integrating all elements essential
to the IFMIF Lithium Target Facility at a 1:3 scale; and,

(iii) Testing in the helium cooling loop (HELOKA-LP)
at Karlsruhe Institute of Technology (Germany) of
the critical components of the high flux test module
(HFTM).

A second step in the preparation of the IFMIF-like neut-
ron source has been made from 2015 onward, through the
EUROfusion Consortium of European research units and
industry which develops the advanced engineering design
of DONES to be built in Granada (Spain) [30, 31]. Since
2018, the preparation of DONES is also carried also out
under the ESFRI (European Strategy Forum on Research
Infrastructures) framework [32]. Finally, on March 2023 the
DONES Programme Steering Committee was created as the
governance body of the Programme, the Programme Team
has been established and, formally, the Construction and
Integrated Commissioning Phase of the DONES Programme
has been started.

The high level schedule of the DONES Programme estim-
ates a construction time of 11 years which is supported by the
ongoing construction of several auxiliary buildings (to be com-
pleted by the end of 2024) and the planned start of the con-
struction of the main DONES building in 2025. Starting from
2029 the installation, testing and commissioning of compon-
ents and systems will begin. The integrated commissioning
phase and power ramp-up is planned to last until 2034 end-
ing with the starting of full power operation phase in 2034.
DONES is designed for 30 years lifetime.

This schedule will allow to produce a first set of samples
with fusion-like irradiation effects in the materials relevant to
fusion technologies before 2040 and a much more complete

database along the 2040°s. Even if the schedule for DEMO
construction (either the European one or others) is not yet
fully fixed and will evolve with time, this time framework is
well aligned to the end of the preliminary engineering design
phase of DEMO and the related preparation of the licensing
application [33].

Based on the IFMIF-EVEDA results previously mentioned,
also the advance fusion neutron source (A-FNS) project is
being developed in Japan. Its engineering design is not as
advanced as the one of IFMIF-DONES and no formal sched-
ule has been announced for its development [34, 35].

3. DONES: a stepped approach to IFMIF

The IFMIF configuration is based on the interaction of deuter-
ons accelerated up to an energy of 40 MeV deuterons, hitting
on a liquid lithium target 25 mm thick and moving in front of
them at 15 m s~'. In order to produce enough neutrons and to
optimize irradiation volume, the deuteron beams are acceler-
ated in two high —125 mA- current accelerators and shaped to
have a nominal footprint of 200 mm x 50 mm [29].

With this design it was possible to fulfill technical specific-
ations and requirements defined by the materials users com-
munity and considering the needs of a fusion power plant
[36]. It is important to note that the fusion power plant needs,
linked to the present understanding of the main characteristics
of a generic fusion power plant, are quite clearly defined in
the long-term. On the other side, and taking into account the
evolving design characteristics of the different DEMO con-
cepts in the world as well as a number of uncertainties, the
short term (20 years) irradiation needs are not so well defined
[37].

The different ways to manage these uncertainties, as well as
other type of considerations i.e. risks related to the construc-
tion or performance of the facility systems, budgetary con-
straints, etc. suggest a stepped engineering approach. The first
step focused on the short-term DEMO needs and also on a sig-
nificant cost-containment effort is the DEMO-oriented neutron
source (DONES) to be followed by a second step focused on
the development of the full performance IFMIF facility. Thus,
the DONES approach leads to the generation of the engineer-
ing and scientific data base for DEMO [38].

Based on the previous discussion, the implementation of
the stepped approach with a first DONES step assumes a
simplification of the IFMIF Engineering design, in order to
take profit of the technology validated in the IFMIF/EVEDA
project and, at the same time, maintain the capability of
a future upgrade to the future full performance IFMIF
configuration.

All these aspects can be fulfilled if the DONES facility is
built using one of the 40 MeV IFMIF accelerators, together
with a strong simplification of some of the systems, the most
relevant one being the limitation of the maximum irradiation
dose to about 50 dpa in around 2—4 years as well as the specific
focus on a single irradiation module (the HFTM) designed



Nucl. Fusion 65 (2025) 122006 A. lbarra et al
ACCELERATOR LITHIUM
ol IRRADIATION Accelerator Systems
TESTS Accelerator Ancillaries
MODULE Test Systems
= Test Cell
RF Power System
L d LEBT 1 1 4 jos Test Systems
el ) WEBT Ancilaries “
e m (& -y ORE 1 1N M
e L e e ’ - Lithium Systems Ancilsries
¢ Oump -~
§ -
| impurty monoring
= —-— loop.
= -
impurity Controt 1=
System
U Oump.
o - L
Figure 1. Schematic view of the operational principles of the — e
IFMIF-DONES facility. SHGTBURAGES Lavowt & Site nfrasiructures SRS oo Systam

to comply with the DEMO low activation structural steels
requirements.

Taking these considerations into account, the DONES sys-
tems and components have, in some cases, only a quantitat-
ive difference with respect to the original IFMIF ones, but
in other cases, a redesign work has been required to adapt
them to the DONES characteristics [30, 31]. The facility is
based on a liquid lithium loop and a 125 mA deuteron accel-
erator. Deuterons accelerated up to 40 MeV and shaped to
have a rectangular footprint in the range from 100 x 50 mm?
to 200 x 50 mm?, impinge on a 25 mm thick liquid lithium
curtain cross-flowing in front of them at a velocity of about
15 m s™'. The D + "'Li stripping reactions generate at this
beam energy a large amount of neutrons that interact with the
samples of materials located immediately behind the lithium
target, in the test modules. Figure 1 shows a schematic view
of the operational principles of the IFMIF-DONES Facility.

The A-FNS project is also based on the same conceptual
design of IFMIF and a similar simplification approach has
been implemented, although the possible future upgrade to the
full IFMIF performance has not been considered as a require-
ment. Besides this, the A-FNS features a number of design
changes, as compared with the IFMIF design, resulting in the
experimental area and capabilities being markedly distinct to
those of DONES [39].

Figure 2 shows a schematic view of the current configur-
ation of the IFMIF-DONES Plant. Based on this configura-
tion, a fusion-like neutron source capable of producing up to
7 x 10'® n s~ is achieved. Figure 3 displays the neutron spec-
tra in the high flux region of the Test (irradiation) Cell, where
fluxes up to 1-5 x 10'* n cm~2 s~! can be attained.

The systems dedicated to produce and deliver the high
power beam are grouped under the accelerator systems (AS)
and they are described in detail in [41]; the systems related to
the lithium target management constitute the lithium systems
(LSs) [42]; the systems in charge of the irradiation test mod-
ule(s), the test cell and their support systems constitute the test
systems (TS) [43]; the systems overseeing the overall control
of the plant are grouped as central instrumentation and control
systems (CICS) [44] and finally the site, building and plant
systems (SBP) include the buildings and the systems providing
power, cooling, ventilation, remote handling of components
and services to the other systems [45, 46].

Buildings
HVAC, Electrical Power Supply, HRS, etc
Remate Handling System

& Plant
Systems

Machine Protection System
Safety Control System

Control Systems

Figure 2. IFMIF-DONES schematic plant configuration (2024
update). Reproduced from [30]. © 2018 EURATOM. CC BY 3.0.

It is important to put emphasis on the previously mentioned
flexibility of the design. Different beam size configurations are
feasible (in the range from 100 x 50-200 x 50 mm? as men-
tioned before) as well as different beam energies (ranging from
25 to 40 MeV). Additionally, both continuous wave and pulsed
beam operations are possible.

This flexibility opens the door to tune the irradiation condi-
tions to the requirements of specific experiments. For example,
beam size flexibility allows to increase the total dose for a
limited number of samples. Figure 4 shows the available irra-
diation volume vs the minimum irradiation dose in the given
volume (dpa/fpy) for different 40 MeV beam configurations.

On the other side, beam energy flexibility allows to modify
the He/dpa and the H/dpa ratio at the cost of a lower dpa rate
[47, 48]. More details are provided in section 6.

4. DONES missions and top-level specifications

The mission of the DONES Programme was formally
approved on March 2023 by the DONES Steering Committee
(the committee in charge of the DONES Programme gov-
ernance) [49]:‘The mission of the DONES Programme is to
develop a database of fusion-like neutron irradiation effects
in the materials required for the construction of fusion power
reactors, and for benchmarking of radiation response of
materials. To do so, a neutron source producing high-energy
neutrons at sufficient intensity and irradiation volume must be
built.
The main objectives of the DONES Programme are:

(a) to provide a neutron source producing fusion-like neutrons
at sufficient intensity and irradiation volume;

(b) to generate materials irradiation test data for the design,
licensing, construction and safe operation of a fusion
demonstration power reactor;

(c) to set up a database for benchmarking of radiation
responses of materials hand in hand with computational
material science;
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(d) to develop a complementary experiments’ work
Programme relevant for other scientific and technological
areas.’

Moreover, the material properties dataset generated by
DONES will potentially be used also for comparison with
larger volumes of irradiations data obtained from other non-
fusion installations (like fission reactors, spallation sources,
etc.). Given the fact that DONES will be available during
ITER operation, the possibility that DONES could assist ITER
in some aspects of its nuclear operation phase must also be
considered.

According to [49] and in order to achieve its mission and
objectives, the [IFMIF-DONES Facility has to comply with the
following project requirements:

(a) The neutron spectrum should simulate the neutron spec-
trum of fusion power plants as faithfully as possible to
provide the same response as the one of the material under

irradiation in terms of primary recoil spectrum (PKA),
important transmutation reactions, and gas production
(He, H).

(b) The neutron fluence must also be comparable to the ones
expected in fusion power plants with accumulation in the
high flux region:

i. fluences entailing 20 dpaNRT (displacements per atom
calculated by the NRT model) iin less than 2.5 years
and applicable to a 0.3 | volume, and

ii. fluences of 50 dpaNRT in less than 3 years applicable
to at least a 0.1 | volume.

(c) Temperature range: the high flux region needs to be
equipped with temperature-controlled test modules that
can cover the temperature ranges from at least 250—
550 °C.

(d) Dpa and temperature gradients in high flux region: over a
gauge volume corresponding to standardized miniaturized
specimens, the dpa gradient must be less than 15% of the
gauge volume and temperature gradient within +3% with
the long-time stability in the same order.

(e) Simultaneous irradiation of several irradiation modules
must be feasible.

After irradiation, the DONES Programme will be also in
charge of (i) the analysis of the irradiated samples, either on-
site or in a network of associated laboratories, and (ii) the
production of the related materials database required for the
design and licensing of fusion reactors.

Complementary scientific experiments are also considered,
beyond materials irradiation. Possible areas of these exper-
iments will be nuclear physics, radioisotope production,
medicine or other industrial applications. These experiments
will be using the remaining neutron flux behind the HFTM
and/or a fraction of the deuteron beam deflected at 40 MeV
energy.

The IFMIF-DONES facility shall be designed for a min-
imum lifetime of 30 years, with at least 20 years of irradi-
ation experiments on a three-shift basis, 24 h/7 d per week.
Additionally, an average operational availability goal of 70%
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for the whole facility over a calendar year was established as
a target.’

The operation of DONES should be defined in such a way
that the DEMO needs in fusion materials expressed in previous
sections are satisfied. Therefore, DONES operation schedule
will be determined taking into account that it is being directly
coupled to DEMO schedule.

Aside from the technical objectives, the priority of the
DONES design, construction and operation activities is to
ensure the safety, security, public health and sanitation, and to
protect the environment, by preventing accidents and by lim-
iting their consequences related to radiological and conven-
tional safety. The safety approach of DONES are explained in
more detail in [50].

5. Irradiation performances (including flexibility
features) for different materials in the HFTM

The neutron and photon flux maps under the nominal con-
dition of a 200 x 50 mm? deuteron beam profile are shown
in figure 5. In order to develop these calculations, high flux
region has been filled with a schematic irradiation module
in which samples are distributed in four rows of eight rigs
of around 80 x 40 x 10 mm?® dimensions each one. More
details of the HFTM design can be found in [51]. The neut-
ron field is strong in toward the beam downstream, due to the
high neutron yield of d-Li at the forward angle dominant neut-
ron energy of 14-16 MeV, with other angles contributed by
neutron mainly with 1-2 MeV energy. The gamma flux dis-
tribution is more isotropic, as gammas are produced isotrop-
ically by deuterons and neutrons in the Li-target and high flux
regions. The neutron flux spectra in figure 3 show that the
neutrons produced in DONES resemble the 14 MeV fusion
neutrons by a broad peak around 14-16 MeV. The impact
of changing the nominal beam footprint of 200 x 50 mm?
to a reduced footprint of 100 x 50 mm? does not have a
visible effect on the neutron spectra, but more on the local
intensities [47].

The damage doses based on NRT model are calculated on
the high flux volume in figure 6, assuming the sample mater-
ial to be EUROFER steel and a specific specimen distribution
[40]. The central 4 x 4 rigs provide essential irradiation
volume, whereas side-rigs serve as reflectors. Under the nom-
inal beam footprint, the center 4 columns receive high DPA
reaching 20 dpa/fpy at the front rigs, which can be further
increased to 3040 dpa/fpy by focusing the beam to the 10 x 5
cm? footprint. The reduced beam footprint increases the dam-
age dose rate but limits the relevant irradiation volume. As
shown in figure 6, DONES maintains the flexibility of beam
footprint dimension, to balance the user’s need between the
required volume and urgency of data on a particular irradiation
campaign.

Reviewing the top-level DONES requirement of 50 NRT-
dpa in <3 years, 0.1 1 volume can be reach by focusing the
beam on 10 x 5 cm?, which produces damage rates of more

l
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Figure 5. (a) Neutron flux (n em™ 2 s7 1) and (b) photon flux
(y em™2 s~") maps at the target and the high flux regions. Reprinted
from [52], Copyright (2019), with permission from Elsevier.

than 23 dpa/fpy, thus equivalent to 50 NRT-dpa in <3 calen-
dar years taking into account the target availability of 70%.
Similarly, 12—13 dpa/fpy is available for 0.3 1 of volume, thus
20 NRT dpa in <2.5 years can be provided.

The gradient of two beam footprints on both the X-axis
(beam direction) and Y-axis (transversal direction) are shown
in figure 7. Considering the case with nominal footprint
(200 x 50 mm?), for the X-axis, the gradient at the central
two columns is in the range of 10%—-20%/cm while for the Y-
axis, <10%/cm is expected with the value increased to 10%—
20%/cm at the next two columns. The higher gradient on the
X-axis is due to distance increases from the neutron source
location, and the gradient on the Y-axis is lower as a result
of using a rectangular footprint of 200 x 50 mm? compared
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Figure 6. DPA rate in NRT model (NRT_dpa/fpy) for the (a)
nominal beam footprint of 200 x 50 mm? and (b) reduced beam
footprint of 100 x 50 mm?. Reprinted from [40], Copyright (2025),
with permission from Elsevier.

to the 100 x 50 mm? one. High gradient is expected on the
edge of the footprint, as well as for the reduced beam foot-
print size. The samples are loaded with the smallest dimension
(e.g. thickness) on the X-axis and the longest dimension on
the Y-axis (e.g. length). Therefore, considering the top-level
requirement of 15% dpa gradient over the gauge volume and
the typical thickness of 2-3 mm and length of 5-7 mm for
the specimen gauge dimensions, samples positioning can be
optimize to maximize the available irradiation volume.

As already mentioned, the He production is another key
parameter of material irradiation and testing, as it has a dir-
ect impact on the diffusion of damage effects on materials
and a synergistic effect with the primary displacement dam-
age rate. He production in reduced activation ferritic martens-
itic (RAFM) steel are contributed by threshold reactions of
neutrons of several MeV. As shown in figure 8, the nominal
beam footprint produces an He/dpa ratio of 12—15 for most
of the volume, which is similar to the full IFMIF with the
beam current of 250 mA. Instead, the reduced footprint of
100 x 50 mm? shifts the peak to a higher value with a flat-
ter distribution. The estimated value for DEMO is between
11-14 He-appm/dpa, which is overlapped with the DONES
irradiation conditions.

IFMIF-DONES maintains the flexibility of adjusting the
deuteron beam energy up to 40 MeV. As d-Li neutron yield
decreases sharply with reducing the beam energy, decreasing
the beam energy will reduce significantly the damage dose
rate (see figure 9). However, one benefit of reducing the beam
energy is that, the He/dpa ratio can be tuned to the specific
design features of the DEMO reactor, i.e. at 35 MeV, the
He/dpa ratio resembles the condition of the DEMO water cool
lithium lead (WCLL) concept (see figure 9). So, for example,
it has been shown that the He/dpa ratio can be tuned from
around 8-14 appm/dpa if the beam energy changes from 25
to 40 MeV (at the same time the dpa dose rate goes from 8 to

Figure 7. DPA gradient for nominal beam along X-axis (a) and
Y-axis (b). Similarly for reduced beam along X-axis (c) and
Y-axis (d).

27 dpa/fpy) in the case of EUROFER [47]. Similar results can
be obtained for W (He/dpa ratio goes from 4 to 10 appm/dpa if
beam energy changes from 25 to 40 MeV) or CuCrZr (He/dpa
ratio goes from 4 to 7 appm/dpa for the same beam energy
change) [48]. Hence, a dedicated material testing environment
can be provided bearing in mind the shortcomings of a lower
damage rate.

Besides structural materials such as RAFM steel, DONES
can be used for irradiating functional materials such as tung-
sten and Cu-alloy which are used for first-wall and diver-
tor heat sinks [53]. The DPA (dpa/fpy) maps of irradi-
ated tungsten and CuCrZr alloy in the HFTM are shown in
figure 10.

The DPA on tungsten are in principle factor of 2 lower than
that of RAFM steel, directly influenced by the displacement
energy, being 40 eV for iron and 70 eV for tungsten [54]. In
the case of copper (the heaviest element in the CuCrZr alloy)
it has a displacement energy of 33 eV, somewhat lower than
the displacement energy of iron, so the DPA data are higher
for the alloy than for EUROFER97.
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Figure 8. Irradiation volume of different He-DPA ratios under
IEMIF (with 2 x 125 mA beam) and DONES under several beam
footprint (200 x 50 mm?, 100 x 50 mm? and optimized

140 x 50 mm® beam).
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Figure 9. (a) Available irradiation volume (cm®) vs DPA (dpa/fpy)
under different beam energy, (b) He-DPA ratio in the central rigs
under different beam energy compared with the DEMO conditions
of helium cooled (HCPB), water cooled (WCLL) and dual cooled
(DCLL) blanket concept. Reprinted from [40], Copyright (2025),
with permission from Elsevier.

The potential drawback of irradiating tungsten in DONES
is that the gas production in the center rigs is a factor of 4—
5 higher than in the DEMO environment [48], thus making

DPA Rate [NRT_dpa/fpy]
0o 0 02 0s 1 2 5 o
(b)

Figure 10. DPA (NRT_dpa/fpy) of irradiated tungsten (a) and
CuCrZr alloy (b) in the high flux region. Reproduced from [48].

© 2025. The Author(s). Published by IOP Publishing Ltd on behalf
of the IAEA. CC BY 4.0.

it less useful to irradiate tungsten in the central high flux
regions. In addition, the transmutation of tungsten to rhenium
and osmium is observed in fusion reactors after long-term irra-
diation, and the transmutation rate could be slightly different
in DONES due to the high energy tails above the 14 MeV
neutron energy. A dedicated irradiation volume with a tailored
neutron spectrum can be designed for tungsten and Cu-alloy,
based upon the specific needs.

6. Irradiation performances for tritium technologies

Beyond the performances offered by IFMIF-DONES for crit-
ical material testing for DEMO and the future fusion power
plants, the facility includes further capabilities for experi-
mental campaigns related to other remaining fusion chal-
lenges, one of the most important being the tritium produc-
tion techniques better known as the breeding blanket (BB)
technologies.

The challenging character of tritium production experi-
ments is linked to the very specific and highly complex work-
ing environment of the breeding zone (BZ) components which
includes multiple fields of neutrons, particles, photons, heat
fluxes, etc. with high absolute intensities and steep gradients
and transients. In fact, the nuclear heating field and its very
sharp gradients drive most of the blanket phenomena [10].

One of the top level goals for the DEMO reactor is the
demonstration of tritium self-sufficiency and closed-cycle tri-
tium fuel cycle. To ensure this goal, tritium breeding with a
high enough Tritium Breeding Ratio (TBR) is integrated as
a functional requirement for the BB, along with the feasible
tritium extraction from the breeding components to the fuel
cycle.

There are four main BB concepts considered over the time
in Europe: WCLL, helium-cooled lead-lithium (HCLL) and
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dual-coolant lead-lithium (DCLL), all of them based on liquid
metal technologies; and Helium-Cooled Pebble Bed (HCPB),
which is based on solid breeding components [55].

For all the different breeding concepts mentioned before,
some of the following key technical issues needing further
technical readiness level (TRL) increase are listed next [10]:

e Ensure tritium self-sufficiency, including adequate control
on transport and permeation. In this regard, residence time of
tritium as a function of temperature is of particular interest.

o In the case of liquid breeders,

o chemical reactivity of liquid breeders with the interfacing
materials,

o strong interaction between magnetic fields and liquid
metals resulting in undesired MHD interactions,

o corrosion, transport of activated corrosion products and
their deposition in the cold section of the liquid breeder
loop.

In the case of the solid breeder,

o thermal-physical properties of pebble beds, e.g. thermal
conductivity,

tritium release, inventory and control, e.g. characterization
at very low purge gas velocities,

material interaction and thermomechanics, e.g. differen-
tial stresses affecting the breeder performance due to
strong temperature gradients,

effect of irradiation environment on the pebble bed per-
formance, e.g. irradiation-induced sintering or cracking of
pebbles, or porosity distribution changes induced by the
working conditions.

Interaction of the pebble beds with the interfacing mater-
ials, e.g. dimensional stability with eventually swelling
neighbor materials, or variable contact area of pebble with
interfacing components along time.

(o)

In order to progress in the development of the BB design sev-
eral validation phases should be developed [55]:

- aphase aimed to investigate single effects at laboratory level
(corresponding to level 3 of the TRL analysis) and multiple
effects on small scale. A phase in which multiple effects at
medium to large scale should be addressed (corresponding
to the level 5-6 of the TRL analysis), and

- a phase in which significant prototypes will be tested in
real environment and that will accompany the engineering
design and the DEMO construction.

Taking into account that IFMIF-DONES will be the only facil-
ity able to provide a fusion-like radiation environment in a
relatively short time, it is obvious that [IFMIF-DONES can
provide significant contributions at least to the first two phases
mentioned before. According to the needs described so far,
the scope of the experiments that should be performed var-
ies from single-effect tests to integrated experiments. For each

BB concept and, taking into account the IFMIF-DONES con-
straints, the scope of the experiments will be different.

On one side, single experiments aim to explore a single-
effect phenomenon or the integration of a few phenomenon by
means of a dedicated setup which is not significant in terms of
the architectural design as compared to DEMO. In this regard,
the most promising experimental setups proposed for DONES
are focused on the tritium breeding ratio, purge and transport
both for solid and liquid breeders:

o Tritium release test module (TRTM) [see [51] for additional
details], which is based on the HCPB concept and is focused
on the solid breeding components -lithium ortosilicate and
metatitanate- performance within a wide range of temperat-
ure, amongst other important variables.

Liquid breeder validation module (LBVM) [see [51] for
additional details], which is based on the liquid metal con-
cepts and is focused on the PbLi performance for tritium
breeding, purge and transport within a wide temperature
range, amongst other important variables.

On the other side, IFMIF-DONES will allow for more
advanced validation activities within the space available for
experiments inside the test cell (TC), linked to the previously
mentioned second phase, focusing on experiments where most
of the critical environmental conditions present in DEMO
will be closely reproduced. These experiments can include the
same architecture as well as most or all the critical compon-
ents at a scaled or even real-size configuration as proposed for
the DEMO BB concepts in question. Indeed, the complexity
of such modules is much higher as compared to the single-
effect modules, its level of significance for DEMO being as
well much higher.

These capabilities are linked with the strong neutron flux
and gamma gradient along the X-axis in IFMIF-DONES, that
can be made similar to the ones it is possible to find in some
regions of the different DEMO BB.

On the other side, gradients in the Y-axis or in the Z-axis
are even stronger, making the section perpendicular to the
beam direction available for this type of experiments relatively
limited (around a few hundred squared cm). Fortunately, this
is enough to accommodate typical unit cells of most of the
presently proposed BB concepts.

Based on these ideas, a number of experiments have
been proposed for functional testing of HCPB BB concept
[56] in which an integrated experiment with a dedicated
small-portioned, full-scale multi-component irradiation set-up
upon an extent limited to 7-breeding, hexagonally-disposed
pin assemblies. Similar approaches are being developed for
WCLL [57] or DCLL concepts. Concerning the WCLL, its
experimental needs would require the IFMIF-DONES facil-
ity to provide fast flux neutron fields in the range of 10'4—
10" necm™2 s~! and 0.2-9 dpa per year.

These capabilities could also be useful for the ITER test
blanket modules (TBM) Programme [58] because they allow
to check the nuclear performance of an equivalent unit cell
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component. It is important to note that the expected neutron
dose at the ITER TBM'’s is relatively low [59] and, as a con-
sequence, these results can be obtained in DONES in the very
early operation phase.

Last but not least, the IFMIF-DONES baseline design
includes a significant space (600 m?) adjacent to the TC for the
accommodation of ancillary systems supporting the operation
of the tritium-related irradiation modules. It is therefore con-
cluded, that IFMIF-DONES is very well positioned to provide
a highly relevant environment for DEMO tritium technologies
validation.

7. Irradiation performances for nuclear physics

The outstanding characteristics of the DONES accelerator
open the path to world leading nuclear physics experiments
and applications at DONES. Besides the test cell where the
material specimens will be irradiated in the HFTM, two addi-
tional experimental areas will be available for setting up and
running a large variety of experiments:

The neutrons traversing the HFTM can be collimated and
used behind the test cell, for producing continuous neut-
ron beam which, at the entrance of the collimated neutron
beam experimental area will reach an intensity of 1.5 x 10'!
ncm~2 s~! with a beam footprint of 8§ cm diameter [60]. Such
a neutron beam can be used for a broad range of experiments
and applications with fast neutrons: fast neutron imaging, non-
destructive inspection analysis via prompt and delayed gamma
activation, isotope production, irradiation of electronics, cal-
ibration of sensors, detectors and dosimeters, irradiation of
cell cultures for radiobiology studies, or even complex nuclear
structure experiments with the combined use of magnetic and
v-ray spectrometers. The beam energy of the beam could also
be degraded with cryogenic moderators for producing thermal
neutrons for material science studies or coupled to a slowing
down spectrometer or a graphite pile. Most of these applica-
tions are already in a preliminary design phase [61].

On the other side, the extraction of ~0.1% of the 40-MeV
deuteron beam before reaching the liquid lithium target is cur-
rently being investigated. Pulses of deuterons would be extrac-
ted by means of a kicker, bunched into 5.3 ns pulses separated
by atleast 5.7 us (i.e., 175 kHz or lower frequencies) and direc-
ted one floor below. In this area, experiments with pulsed deu-
terons or pulsed neutron beams produced by deuteron-induced
reactions on a secondary target could be carried out.

Neutron time-of-flight facilities are the most flexible
installations for performing energy dependent neutron induced
reaction cross section and secondary particle emission meas-
urements. The pulsed neutron beams travel along a known
flight path and interact with the samples at a given time of flight
(TOF) which allows to compute the incident neutron velocity.

A preliminary study shows that the extremely high intensity
of the DONES deuteron accelerator could be used for driv-
ing one of the most intense neutron TOF facilities world-
wide: TOF-DONES. The comparison of the performance of
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Figure 11. Top: neutron flux as a function of energy at
TOF-DONES compared to other TOF facilities. Bottom: expected
energy resolution at two TOF-DONES flight paths.

two TOF-DONES beam lines with world leading neutron TOF
facilities is shown in figure 11. The results for TOF-DONES
correspond to a graphite production target, neutrons travelling
along an unmoderated 20 m flight path at 0° (175 kHz repeti-
tion rate) and along a 10 m flight path at 20° (88 kHz), after
crossing a W degrader, a H,O moderator and boron filter (for
the removal of thermal and epithermal neutrons). As can be
seen, both beam lines provide neutron fluxes in the 10 keV to
30 MeV range comparable to or larger than the currently most
intense neutron TOF facilities: n_TOF Experimental Area 2
(EAR2) at CERN [62, 63] and neutrons for science (NFS)
[64] at SPIRAL-2. Also visible are GELINA (at JRC-Geel)
and the 185 m flight path at n_TOF (EAR1), various orders of
magnitude below TOF-DONES in the MeV range. One should
notice as well that the repetition rates of the particle beams
driving the neutron sources vary from 0.8 Hz (n_TOF) to
888 kHz (NFS), thus leading to distinct duty cycles expressed
in neutrons/(cm?-pulse). The lower panel in figure 11 shows
the energy resolution at the two flight paths, with and without
the combination of degrader, moderator and boron filter. It can
be seen that at 20 m the resolution will be better than 3% for
both moderated and unmoderated neutron spectra.
TOF-DONES could cover a large variety of cross section
measurements and nuclear structure experiments required for
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nuclear technologies (fusion and fission), nuclear astrophys-
ics, particle and astro-particle physics: (n,el), (n,y), (n,n’7y),
(n,xn), (n,f), (n,p), (n,d), (n,t), (n,a), (n, charged particles),
etc. Details on the nuclear data priorities for nuclear techno-
logies can be found in [65-67] and for nuclear astrophysics
in [68-70].

In addition, the pulsed neutron beams could be used
for inducing fission and performing nuclear structure stud-
ies on the resulting fission fragments [71, 72], by coupling
advanced ~-ray detection setups to a high resolution magnetic
spectrometer.

The pulsed deuteron beam could also be used for produ-
cing valuable (d,x) reaction data for a broad range of applica-
tions, including fusion. In particular, ®’Li(d,xn), '>!3C(d,xn),
10B(d,xn) data for improving the modeling of the neutron
sources (including the one of DONES), radiation damage
studies or for possible fusion reactor plasma diagnostics.
Deuterons could also serve for the production of isotopes via
(d,x) reactions and drive nuclear structure experiments based
on deuteron induced fission reactions (d,f).

8. Some ideas for a preliminary irradiation
programme

This section will focus only on the irradiation program asso-
ciated with the previously described high flux neutron region
that will be reserved for high-priority fusion-related experi-
ments. It is also understood that the initial key experiments
related to the fusion program should be focused on the valid-
ation of materials properties, although in the long-term exper-
iments related to the validation of some other fusion-related
key technologies could be also of interest (for example, valid-
ation experiments related to different blanket concepts seem
feasible).

8.1. Objectives and key parameters of an irradiation program

Fusion-like irradiation effects must be characterized for mater-
ials to be used as structural materials of the reactor (presently
the only feasible candidate material for this application is a
ferritic-martensitic steels, EUROFER type), materials for heat
sink (presently the only feasible candidate material for this
application are Cu alloys), materials for first wall (presently
the only feasible candidate material for this application are W-
based alloys) and different types of functional materials (Li-
based ceramics, beryllides, maybe some other ones for dia-
gnostics functional characterization).

In the case of ferritic-martensitic steels, properties to be
characterized are:

o with high priority: strength, ductility, fracture toughness

o with lower priority: low cycle fatigue, creep, fatigue-creep
interaction, fatigue crack growth and other basic properties
required to understand materials behavior.

In order to properly define in a qualitative way the irradi-
ation program it is important to take into account the following
aspects:

(iii)

(i) some key properties of ferritic-martensitic steels show a
strong temperature dependence and, as a consequence,
several data points are needed at temperatures relatively
close;

evaluation of material properties requires a statistical ana-
lysis and the typically assumed Gaussian distribution may
not be applicable in the case of irradiation effects (prob-
ably a Weibull distribution is more appropriate). The num-
ber of samples to fully characterize irradiation effects on
some materials is also a function of the assumed statistical
distribution;

as it has been shown previously, DONES irradiation cap-
abilities during operation phase will be in the range of 12—
25 dpa/fpy in around 300 cm® dpa/fpy. Thus, a typical
experiment will last between 1 to 4 years of continuous
irradiation depending on the dpa target level, the required
volume of irradiated material and the obtained availability
(design target is 70% but it is reasonable it will take some
time to reach this level);

irradiation dpa level will not be uniform in all the irra-
diation volume. For example: based on data included in
figure 4, if we target to an irradiation of at least 20 dpa in
a volume of around 500 cm?, it will require 2 full power
years of irradiation but it will include 12 cm?® irradiated
over to 80 dpa, or 100 cm? irradiated up to 50 dpa. Each
irradiation experiment will produce a number of samples
irradiated at different dpa levels with higher statistical rel-
evance at ‘low’ dpa’s and lower statistical relevance at
‘high’ dpa’s;

(i)

@iv)

After irradiation, the Irradiation Module must be dis-
mantled, samples extracted, distributed to different labs
(on-site and off-site) and characterized. It is estimated
this procedure will take around two years (based on
the experience obtained in several other fission-reactor
irradiations).

Taking into account the time required for the preparation
of each irradiation campaign, the decision on the possible
experiments to be included and their contents must be taken
a few years before the start of the irradiation (steps to be
covered are: decision on the scientific contents of the experi-
ments, design -if needed- or adaptation of the irradiation mod-
ule, preparation of the related safety file, manufacturing and
assembly).

8.2. Preliminary draft proposal for an irradiation program

Based on all these considerations, and taking into account only
technical aspects, in the following is included a proposal for
the irradiation program of IFMIF-DONES for about 10 first
years of operation. It is to be noted that this is an early proposal
subject to agreement between the scientific community and the
DONES Program parties:

e JR1. EOL for ITER materials.

The 1st irradiation campaign should focus on EOL ITER
materials and possibly the TBM-related mock-ups with the
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objective to test all the disassembly and characterization
procedures.
(1-3 months of irradiation + 2 years PIE)

o IR2. Key properties of DEMO structural materials.

The 2nd irradiation campaign should focus on the rough eval-
uation of key properties of DEMO structural materials up to
Early DEMO EOL (a volume of several hundred cm® with at
least 20 dpa) for engineering design validation:

o Materials to be included: 1 or 2 reference materials -i.e.
EUROFER and F82H-. If only one material is irradiated the
number of samples will be significant and a relatively large
irradiation data set at different dpa levels will be available. If
two materials are included, the number of samples for each
material will be lower but, on the other side, the compar-
ison of the behaviour of the two materials—if similar- will
increase confidence in the obtained results.

Temperatures: 275, 300, 325, 350 °C.

Sample types: as many samples as possible for evaluation of
the properties relevant at ‘low’ temperatures and a reduced
number for other temperatures.

(2 years irradiation + 2 years PIE)

For the 3rd irradiation campaign and as a function of the
fusion program priorities, the following alternatives can be
planned:

o IR3a. More detailed properties of DEMO structural
materials.

The 3rd irradiation campaign could focus on more detailed
evaluation of key properties of DEMO structural materials up
to Early DEMO EOL (a volume of several hundred cm?® with
at least 20 dpa) for further engineering design validation and
increasing the covered temperature range:

o Materials to be included: 1 or 2 reference materials

o Temperatures: 250, 350, 450, 550, 650 °C

o Sample types: wide type of samples for evaluation of a rel-
evant package of different properties. Samples must be pro-
duced from a different manufacturing batch than the previ-
ous one in order to check reproducibility. Irradiation should
include also ‘technology’ samples (i.e. with welds, etc.) of
the ones to used in the future DEMO components.

(2 years irradiation + 2 years PIE)

o IR3b. Functional testing of DEMO blanket design.

The 3rd irradiation campaign could focus on a functional test-
ing of the reference BB concept selected for DEMO locating
the related irradiation module as close as possible to the neut-
ron source (i.e. excluding the HFTM) that will, probably, allow
it to reach neutrons fluxes and gradients very similar to the one
in DEMO reactor.

(2 years irradiation + 2 years PIE)

e IR4. Rough evaluation of key properties of DEMO advance
structural materials.

This irradiation campaign should include ODS steels or some
other advanced steels and heat-sink materials up to Early
DEMO EOL dpa level for engineering design validation. Due
to the wide range of materials and properties considered the
number of data points for each property will be limited. Key
objective of this irradiation will be to identify ‘hot’ points that
will require further exploration in other irradiations later on.

o Materials to be included: Heat sink reference materi-
als + Advance steel

Temperatures: TBD

Sample types: samples for evaluation of key properties of the
considered materials. Irradiation should include also ‘tech-
nology’ samples (welds, etc.).

(2 years irradiation + 2 years PIE)

IRS. The 5th irradiation campaign focused on evaluation
of key properties, including technology samples, of DEMO
structural materials up to EOL of the DEMO second phase
(50 dpa) for engineering design validation

Materials to be included: 1 or 2 reference materials
Temperatures: 300, 350, 400, 500, 550, 600 °C (to be con-
firmed depending of results obtained previously)

Sample types: wide number of samples for evaluation of a
relevant package of different properties. Irradiation should
include a relevant fraction of ‘technology’ samples (welds,
etc.).

(4 years irradiation + 2 years PIE).

9. Summary

In this paper it has been shown that DONES is the only feas-
ible fusion-like neutron source that is ready to implement and
could be available in the next 10 years, with intensity high
enough to address the key fusion reactor challenges. High-
level requirements of the facility are defined in order to be able
to fulfill this role.

The facility has been designed focusing mainly on the prob-
lems related to the fusion materials qualification (steels, tung-
sten, Cu alloys,...) and, after detailed neutronic characteriz-
ation, it has been shown that dpa ranges over 20 dpa can be
achieved in a volume of around 300 cm? after 2.5 calendar
years of operation.

It is also important to emphasize that the facility design
allows some degrees of flexibility either by changing the deu-
teron beam energy, the beam footprint size or the type of oper-
ation (pulsed or continuous), in such a way that the experi-
ments to be developed can be tuned to specific requirements.

Besides fusion materials qualification, the unique neut-
ron environment (very similar to the one in a fusion reactor
but limited to a relatively small volume and without mag-
netic field) allows the possibility of many different types of
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experiments either focused on functional materials properties
(i.e. physical or chemical properties) but also on the validation
of other fusion technologies.

More specifically, a significant effort has been reported in
the area of tritium technologies. Very different types of experi-
ments related to tritium technologies, that could be developed
in DONES, have been proposed, going from individual phe-
nomena identification and characterization to functional small
scale tests of complete BB concepts. DONES can become
in the future a key tool for the initial validation of some the
presently considered BB concepts.

Taking into account the uniqueness of the facility, it has
been shown that DONES can be also relevant in other scientific
and technological areas with special emphasis on the nuclear
physics sector where the possibility to build an n_TOF facil-
ity competitive with the best presently available ones has been
identified.

Finally, a first very preliminary proposal for an Irradiation
Programme is made in which the present understanding of the
main priorities of the fusion programme is taken into account.

Taking all this into account it can be said that the successful
construction and operation of DONES is on the critical path for
the development of fusion as an energy source.

Acknowledgments

This work has been carried out within the framework of
the EUROfusion Consortium, funded by the European Union
via the Euratom Research and Training Programme (Grant
Agreement No. 101052200—EUROfusion). Views and opin-
ions expressed are however those of the author(s) only and
do not necessarily reflect those of the European Union or the
European Commission. Neither the European Union nor the
European Commission can be held responsible for them.This
work has been co-financed by the Polish Ministry of Education
and Science in the framework of the International Co-financed
Projects (PMW) programme. It has been also supported
by the European Union’s FEDER program, IFMIF-DONES
Junta de Andalucia’s program at the Universidad de Granada
and by MCIN/ AEI/ 10.13039/ 501100011033/ FEDER, UE
(PID2022-137543NB-100).

ORCID iDs

A. Ibarra (@ https://orcid.org/0000-0002-2420-2497
W. Krélas @2 https://orcid.org/0000-0002-2199-4281
S. Becerril-Jarque @ https://orcid.org/0000-0001-9009-1150

References

[1] Abu-Shawareb H. et al 2022 Lawson criterion for ignition
exceeded in an inertial fusion experiment Phys. Rev. Lett.
129 075001

[2] Mailloux J. et al 2022 Overview of JET results for optimising
ITER operation Nucl. Fusion 62 042026

[3] McNamara S.A.M. et al 2023 Achievement of ion
temperatures in excess of 100 million degrees Kelvin in the
compact high-field spherical tokamak ST40 Nucl. Fusion
63 054002

[4] The global fusion industry in 2024: Fusion companies survey
by the Fusion Industry Association, 2024

[5] Bhattacharya S., Kumar V. and Narayan Nishad S. 2022
Technology readiness level: an assessment of the usefulness
of this scale for translational research Productivity
62 112-24

[6] Tillack M.S. et al 2010 An evaluation of fusion energy R&D
gaps using technology readiness levels Fusion Sci. Technol.
56 949-56

[7] Richardson M., Gorley M., Wang Y., Aiello G., Pintsuk G.,
Gaganidze E., Richou M., Henry J., Vila R. and Rieth M.
2021 Technology readiness assessment of materials for
DEMO in-vessel applications J. Nucl. Mater. 550 152906

[8] Branas B. et al 2024 TRL analysis of IFMIF-DONES Fusion
Eng. Des. 202 114328

[9] International Atomic Energy Agency 2024 Considerations of
Technology Readiness Levels for Fusion Technology
Components, IAEA-TECDOC-2047 (1AEA)

[10] Abdou M., Morley N.B., Smolentsev S., Ying A., Malang S.,
Rowcliffe A. and Ulrickson M. 2015 Blanket/first wall
challenges and required R&D on the pathway to DEMO
Fusion Eng. Des. 100 2—43

[11] Knaster J., Moeslang A. and Muroga T. 2016 Materials
research for fusion Nat. Phys. 12 424-34

[12] Sekimura N. 1996 Primary knock-on atom energy dependence
of cascade damage formation and interaction J. Nucl. Mater.
233-237 10804

[13] Wiedersich H. 1991 Effects of the primary recoils spectrum on
microstructural evolution J. Nucl. Mater. 179-181 70-75

[14] Mota E,, Vila R., Ortiz C., Garcia A., Casal N., Ibarra A.,
Rapisarda D. and Queral V. 2011 Analysis of displacement
damage in materials in nuclear fusion facilities
(DEMO, IFMIF and TechnoFusion) Fusion Eng. Des.

86 2425-8

[15] Donné A.J.H. et al 2021 Magnetic confinement
fusion—development facilities Encyclopedia of Nuclear
Energy vol 3, ed E. Greenspan (Elsevier) pp 635-54

[16] Vladimirov P. and Moslang A. 2004 Comparison of material
irradiation conditions for fusion, spallation, stripping and
fission neutron sources J. Nucl. Mater. 329-333 233-7

[17] Serruys Y. et al 2009 JANNUS: a multi-irradiation platform
for experimental validation at the scale of the atomic
modelling J. Nucl. Mater. 386-388 967-70

[18] Ibarra A. et al 2010 TechnoFusién, a relevant facility for
fusion technologies: the remote handling area Fusion Eng.
Des. 85 1659-63

[19] Jiménez-Rey D., Mota F., Vila R., Ibarra A., Ortiz C.J.,
Martinez-Albertos J.L., Roman R., Gonzilez M.,
Garcia-Cortes I. and Perlado J.M. 2011 Simulation for
evaluation of the multi-ion-irradiation laboratory of
TECHNOFUSION facility and its relevance for fusion
applications J. Nucl. Mater. 417 1352-5

[20] Broeders C.H.M. and Konobeyev A.Y. 2005 Helium
production in solid target and metallic windows materials
irradiated with intermediate and high energy protons J.
Nucl. Sci. Tech. 42 897-902

[21] Jepeal S.J., Snead L. and Hartwig Z.S. 2021 Intermediate
energy proton irradiation: rapid, high-fidelity materials
testing for fusion and fission energy systems Mater. Des.
200 109445


https://orcid.org/0000-0002-2420-2497
https://orcid.org/0000-0002-2420-2497
https://orcid.org/0000-0002-2199-4281
https://orcid.org/0000-0002-2199-4281
https://orcid.org/0000-0001-9009-1150
https://orcid.org/0000-0001-9009-1150
https://doi.org/10.1103/PhysRevLett.129.075001
https://doi.org/10.1103/PhysRevLett.129.075001
https://doi.org/10.1088/1741-4326(ac47b4
https://doi.org/10.1088/1741-4326(ac47b4
https://doi.org/10.1088/1741-4326/acbec8
https://doi.org/10.1088/1741-4326/acbec8
https://doi.org/10.32381/PROD.2021.62.02.2
https://doi.org/10.32381/PROD.2021.62.02.2
https://doi.org/10.13182/FST09-A033
https://doi.org/10.13182/FST09-A033
https://doi.org/10.1016/j.jnucmat.2021.152906
https://doi.org/10.1016/j.jnucmat.2021.152906
https://doi.org/10.1016/j.fusengdes.2024.114328
https://doi.org/10.1016/j.fusengdes.2024.114328
https://doi.org/10.1016/j.fusengdes.2015.07.021
https://doi.org/10.1016/j.fusengdes.2015.07.021
https://doi.org/10.1038/nphys3735
https://doi.org/10.1038/nphys3735
https://doi.org/10.1016/S0022-3115(96)00446-1
https://doi.org/10.1016/S0022-3115(96)00446-1
https://doi.org/10.1016/0022-3115(91)90017-2
https://doi.org/10.1016/0022-3115(91)90017-2
https://doi.org/10.1016/j.fusengdes.2010.12.041
https://doi.org/10.1016/j.fusengdes.2010.12.041
https://doi.org/10.1016/B978-0-12-819725-7.00103-3
https://doi.org/10.1016/j.jnucmat.2004.04.030
https://doi.org/10.1016/j.jnucmat.2004.04.030
https://doi.org/10.1016/j.jnucmat.2008.12.262
https://doi.org/10.1016/j.jnucmat.2008.12.262
https://doi.org/10.1016/j.fusengdes.2010.05.010
https://doi.org/10.1016/j.fusengdes.2010.05.010
https://doi.org/10.1016/j.jnucmat.2011.02.010
https://doi.org/10.1016/j.jnucmat.2011.02.010
https://doi.org/10.1080/18811248.2005.9711041
https://doi.org/10.1080/18811248.2005.9711041
https://doi.org/10.1016/j.matdes.2020.109445
https://doi.org/10.1016/j.matdes.2020.109445

Nucl. Fusion 65 (2025) 122006

A. Ibarra et al

[22] Trego A.L., Hagan J.W., Opperman E.K. and Burke R.J. 1983
Fusion materials irradiation test facility- a facility for fusion
materials qualification Nucl. Technol. 43 695

[23] Noda K., Sugimoto M., Kato Y., Matsuo H., Watanabe K.,
Kikuchi T., Usui H., Oyama Y., Ohno H. and Kondo T.
1992 Capability of energy selective neutron irradiation test
facility (ESNIT) for fusion reactor materials testing and the
status of the ESNIT program J. Nucl. Mater.

191-194 1367-71

[24] Varsamis G.L. et al 1990 Conceptual design of a high
performance deuterium-lithium neutron source for
fusion materials and technology testing Nucl. Sci. Eng.

106 160-82

[25] IFMIF-CDA Team 1996 IFMIF CDA Final Report ENEA
Frascati Report RT/ERG/FUS/96/11 ed M. Martone

[26] IFMIF KETP 2000 JAERI Report JAERI-Tech 2000-052

[27] IFMIF International Team 2004 IFMIF Comprehensive
Design Report (available at: www.iea.org/Texbase/techno/
technologies/fusion/IFMIF-CDR)

[28] Knaster J. et al 2017 Overview of the IFMIF/EVEDA project
Nucl. Fusion 57 102016

[29] Knaster J. et al 2015 The accomplishment of the engineering
design activities of IFMIF/EVEDA: the European-Japanese
projects towards a Li(d, xn) fusion relevant neutron source
Nucl. Fusion 55 086003

[30] Ibarra A. et al 2018 The IFMIF-DONES project: preliminary
engineering design Nucl. Fusion 58 105002

[31] Bernardi D. et al 2022 The IFMIF-DONES project: design
status and main achievements within the EUROfusion FP8
work programme J. Fusion Energy 41 24

[32] ESFRI roadmap 2018 Strategy Report on Research
Infrastructures IFMIF-DONES) p 162 (available at: www.
roadmap2018.esfri.eu/media/1049/roadmap18-part3.pdf)

[33] Donne A.J.H. et al 2018 European Research Roadmap to the
Realisation of Fusion Energy (EUROfusion)

[34] Ochiai K. et al 2021 Conceptual design progress of advanced
fusion neutron source Nucl. Fusion 61 025001

[35] Sato S. 2024 Fusion neutron source (A-FNS)—Japan ed
L. El-Guebaly (Elsevier) ( Fusion Energy Technology R&D
Priorities) ch 4.3 (https://doi.org/10.1016/B978-0-443-
13629-0.00015-0)

[36] Garin P. et al 2011 IFMIF specifications from the users point
of view Fusion Eng. Des. 86 6114

[37] Bernardi D. et al 2019 Towards the EU fusion-oriented
neutron source: the preliminary engineering design of
IFMIF-DONES Fusion Eng. Des. 146 261-8

[38] Ibarra A., Heidinger R., Barabaschi P., Mota F., Mosnier A.,
Cara P. and Nitti F.S. 2017 A stepped approach from
IFMIF/EVEDA toward IFMIF Fusion Sci. Technol.

66 252-9

[39] Sato S., Kasugai A., Ochiai K., Masuda K., Nakamura M.M.,
Ohta M., Oyaidzu M., Kwon S., Sakamoto K. and Ishida S.
2021 Conceptual design of advanced fusion neutron source
(A-FNS) and irradiation test modules Nucl. Fusion

61106026

[40] Alvarez L. et al 2025 Comparative analysis of neutronic
features for various specimen payload configurations
within the IFMIF-DONES HFTM Fusion Eng. Des.

210 114729

[41] Podadera I. ef al 2025 Overview and current status of the
IFMIF-DONES accelerator systems Nucl. Fusion
65 122011

[42] Nitti S., Maestre J., Dezsi T., Gordeev S., Holstein N.,
Brenneis B., Buligins L., Molla J., Ibarra A. (EUROfusion
WPENS Team) 2025 The Lithium Systems of the
IFMIF-DONES facility Nucl. Fusion 65 122004

[43] Becerril S. et al 2025 Update on the status of the
IFMIF-DONES test systems Nucl. Fusion 65 122010

[44] Cappelli M. et al 2025 The IFMIF-DONES control
architecture: the state-of-the-art design of central and local
control systems and communication networks Nucl. Fusion
65 122003 ,

[45] Luque M., Ruiz Lépez M.F. and Ibarra A. 2025
IFMIF-DONES’ buildings and plant services Nucl. Fusion
65 122002

[46] Micciche G. et al 2025 Remote maintenance in
IFMIF-DONES: current status and future development
program Nucl. Fusion 65 122007

[47] Mota E., Ibarra A., Garcia A. and Molla J. 2015 Sensitivity of
IFMIF-DONES irradiation characteristics to different
design parameters Nucl. Fusion 55 123024

[48] Alvarez I. et al 2025 Assessment of the possibility of
irradiating Tungsten and Cu-alloys in IFMIF-DONES using
realistic specimens configuration Nucl. Fusion
65 026058

[49] Cara P. 2023 DONES Programme Framework (DONES
Report no. DONES-00-23-0001) private communication;
also preliminary discussed in [37]

[50] Torregrosa-Martin C., Martin-Fuertes F., Marugén J.C., Qiu Y.
and Ibarra A. (EUROfusion WPENS Team) 2025 Safety
engineering approach and licensing strategy of
IFMIF-DONES Nucl. Fusion 65 122009

[51] Arbeiter E. ef al 2025 The IFMIF-DONES irradiation modules
Nucl. Fusion 65 125001

[52] Fischer U., Bienkowska B., Drozdowicz K., Frisoni M.,

Mota F., Ogando F.,, Qiu Y., Stankunas G. and Tracz G.
2019 Neutronics of the IFMIF-DONES irradiation facility
Fusion Eng. Des. 146 1276-81

[53] Mota E., Palermo 1., Laces S., Molla J. and Ibarra A. 2017
Potential irradiation of Cu alloys and tungsten samples in
DONES Nucl. Fusion 57 126056

[54] Nordlund K. et al 2018 Improving atomic displacement and
replacement calculations with physically realistic damage
models Nat. Commun. 9 1084

[55] Cismondi F. ef al 2018 Progress in EU breeding blanket design
and integration Fusion Eng. Des. 136 782-92

[56] Zhou G. et al 2024 BLUME: a blanket functional materials
module for the helium cooled pebble bed breeding blanket
in IFMIF-DONES RAP Conf. (Granada, 10—12 June 2024)

[57] Arena P. 2024 Update of the WCLL design and the importance
of DONES for the validation 3rd DONES Users Workshop
(Zagreb, 1-2 October 2024)

[58] Giancarli L. et al 2024 Status of the ITER TBM program and
overview of its technical objectives Fusion Eng. Des.

203 114424

[59] Giancarli L. et al 2025 private communication

[60] Hirtz J., Letourneau A., Thulliez L., Ibarra A., Krolas W. and
Maj A. 2022 Neutron availability in the complementary
experiments Hall of the IFMIF-DONES facility Fusion
Eng. Des. 179 113133

[61] Krolas W. et al 2021 The IFMIF-DONES fusion oriented
neutron source: evolution of the design Nucl. Fusion
61 125002

[62] Guerrero C. et al 2013 Performance of the neutron
time-of-flight facility n_TOF at CERN Eur. Phys. J. A
49 27

[63] Weiss C. et al 2015 The new vertical neutron beam line at the
CERN n_TOF facility design and outlook on the
performance Nucl. Instrum. Meth. A 799 90

[64] Ledoux X. et al 2018 The neutrons for science facility at
SPIRAL-2 Radiat. Prot. Dosim. 180 115

[65] Plompen A. et al 2008 The NEA high priority nuclear data
request list for future needs Proc. of the 2007 Int. Conf. on
Nuclear Data for Science and Technology - ND 2007 (Nice,
France, 22-27 April 2007) (EDP Sciences) pp 765-8
(available at: https://inis.iaea.org/records/yh7kn-jmj05)


https://doi.org/10.13182/FST83-A22940
https://doi.org/10.13182/FST83-A22940
https://doi.org/10.1016/0022-3115(92)90698-K
https://doi.org/10.1016/0022-3115(92)90698-K
https://doi.org/10.13182/NSE90-A27468
https://doi.org/10.13182/NSE90-A27468
https://www.iea.org/Texbase/techno/technologies/fusion/IFMIF-CDR
https://www.iea.org/Texbase/techno/technologies/fusion/IFMIF-CDR
https://doi.org/10.1088/1741-4326/aa6a6a
https://doi.org/10.1088/1741-4326/aa6a6a
https://doi.org/10.1088/0029-5515/55/8/086003
https://doi.org/10.1088/0029-5515/55/8/086003
https://doi.org/10.1088/1741-4326/aad91f
https://doi.org/10.1088/1741-4326/aad91f
https://doi.org/10.1007/s10894-022-00337-5
https://doi.org/10.1007/s10894-022-00337-5
https://www.roadmap2018.esfri.eu/media/1049/roadmap18-part3.pdf
https://www.roadmap2018.esfri.eu/media/1049/roadmap18-part3.pdf
https://doi.org/10.1088/1741-4326/ab9125
https://doi.org/10.1088/1741-4326/ab9125
https://doi.org/10.1016/B978-0-443-13629-0.00015-0
https://doi.org/10.1016/B978-0-443-13629-0.00015-0
https://doi.org/10.1016/j.fusengdes.2011.01.109
https://doi.org/10.1016/j.fusengdes.2011.01.109
https://doi.org/10.1016/j.fusengdes.2018.12.042
https://doi.org/10.1016/j.fusengdes.2018.12.042
https://doi.org/10.13182/FST13-778
https://doi.org/10.13182/FST13-778
https://doi.org/10.1088/1741-4326/ac21f6
https://doi.org/10.1088/1741-4326/ac21f6
https://doi.org/10.1016/j.fusengdes.2024.114729
https://doi.org/10.1016/j.fusengdes.2024.114729
https://doi.org/10.1088/1741-4326/ade267
https://doi.org/10.1088/1741-4326/ade267
https://doi.org/10.1088/1741-4326/adc284
https://doi.org/10.1088/1741-4326/adc284
https://doi.org/10.1088/1741-4326/ade9dd
https://doi.org/10.1088/1741-4326/ade9dd
https://doi.org/10.1088/1741-4326/adc1dd
https://doi.org/10.1088/1741-4326/adc1dd
https://doi.org/10.1088/1741-4326/adbe8e
https://doi.org/10.1088/1741-4326/adbe8e
https://doi.org/10.1088/1741-4326/adcfb3
https://doi.org/10.1088/1741-4326/adcfb3
https://doi.org/10.1088/0029-5515/55/12/123024
https://doi.org/10.1088/0029-5515/55/12/123024
https://doi.org/10.1088/1741-4326/ada6da
https://doi.org/10.1088/1741-4326/ada6da
https://doi.org/10.1088/1741-4326/adee2f
https://doi.org/10.1088/1741-4326/adee2f
https://doi.org/10.1088/1741-4326/add172
https://doi.org/10.1088/1741-4326/add172
https://doi.org/10.1016/j.fusengdes.2019.02.057
https://doi.org/10.1016/j.fusengdes.2019.02.057
https://doi.org/10.1088/1741-4326/aa8a9b
https://doi.org/10.1088/1741-4326/aa8a9b
https://doi.org/10.1038/s41467-018-03415-5
https://doi.org/10.1038/s41467-018-03415-5
https://doi.org/10.1016/j.fusengdes.2018.04.009
https://doi.org/10.1016/j.fusengdes.2018.04.009
https://doi.org/10.1016/j.fusengdes.2024.114424
https://doi.org/10.1016/j.fusengdes.2024.114424
https://doi.org/10.1016/j.fusengdes.2022.113133
https://doi.org/10.1016/j.fusengdes.2022.113133
https://doi.org/10.1088/1741-4326/ac318f
https://doi.org/10.1088/1741-4326/ac318f
https://doi.org/10.1140/epja/i2013-13027-6
https://doi.org/10.1140/epja/i2013-13027-6
https://doi.org/10.1016/j.nima.2015.07.027
https://doi.org/10.1016/j.nima.2015.07.027
https://doi.org/10.1093/rpd/ncx257
https://doi.org/10.1093/rpd/ncx257
https://inis.iaea.org/records/yh7kn-jmj05

Nucl. Fusion 65 (2025) 122006

A. Ibarra et al

[66] Smith D. et al 2005 The OECD nuclear energy agency request
list for nuclear data AIP Conf. Proc. 769 545-8

[67] Fischer U. et al 2017 Nuclear data for fusion technology—the
European approach EPJ Web Conf. 146 09003

[68] Kippeler F., Gallino R., Bisterzo S. and Aoki W. 2011 The s
process: nuclear physics, stellar models, and observations
Rev. Mod. Phys. 83 157-93

[69] Nishimura N., Rauscher T., Hirschi R., Cescutti G.,
Murphy A.S.J. and Frohlich C. 2019 Uncertainties in
vp-process nucleosynthesis from Monte Carlo variation of
reaction rates Mon. Not. R. Astron. Soc. 489 1379-96

[70] Cescutti G., Hirschi R., Nishimura N., Hartogh J.W.D.,
Rauscher T., Murphy A.S.J. and Cristallo S. 2018
Uncertainties in s-process nucleosynthesis in low-mass stars
determined from Monte Carlo variations Mon. Not. R.
Astron. Soc. 478 4101-27

[71] Jentschel M. er al 2017 EXILL—a high-efficiency,
high-resolution setup for y-spectroscopy at an intense cold
neutron beam facility J. Instrum. 12 11003

[72] Iskra L.W. et al 2019 Shape transition in the neutron-rich Y

nuclei and its evolution across the isotopic chain EPJ Web
Conf. 223 01024


https://doi.org/10.1063/1.1945067
https://doi.org/10.1063/1.1945067
https://doi.org/10.1051/epjconf/201714609003
https://doi.org/10.1051/epjconf/201714609003
https://doi.org/10.1103/RevModPhys.83.157
https://doi.org/10.1103/RevModPhys.83.157
https://doi.org/10.1093/mnras/stz2104
https://doi.org/10.1093/mnras/stz2104
https://doi.org/10.1093/mnras/sty1185
https://doi.org/10.1093/mnras/sty1185
https://doi.org/10.1088/1748-0221/12/11/P11003
https://doi.org/10.1088/1748-0221/12/11/P11003
https://doi.org/10.1051/epjconf/201922301024
https://doi.org/10.1051/epjconf/201922301024

	DONES performance, experimental capabilities and perspectives
	1. Introduction
	2. The d-Li concept history
	3. DONES: a stepped approach to IFMIF
	4. DONES missions and top-level specifications
	5. Irradiation performances (including flexibility features) for different materials in the HFTM
	6. Irradiation performances for tritium technologies
	7. Irradiation performances for nuclear physics
	8. Some ideas for a preliminary irradiation programme
	8.1. Objectives and key parameters of an irradiation program
	8.2. Preliminary draft proposal for an irradiation program

	9. Summary
	References


