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Abstract
IFMIF-DONES is a powerful neutron irradiation facility for the study and qualification of
materials planned as part of the European roadmap to fusion-generated electricity. Its main
goal is to study properties of materials under severe irradiation in a neutron field similar to the
one in a fusion reactor first wall. It is a key facility to prepare for the construction of the
DEMO power plant envisaged to follow ITER. The decision to start the construction of
IFMIF-DONES is expected imminent. In this paper we present and discuss several key
technical studies and decisions to improve and optimize the engineering design of
IFMIF-DONES which were carried out as part of the activities in the framework of the
EUROfusion Early Neutron Source work package (2015-2020). The following topics are
discussed in this paper: the new layout of the IFMIF-DONES SRF LINAC accelerator and
high-energy beam transport line, "Be impurity management approach for the lithium loop, a
maintainable test cell concept, a revised layout of the access cell for the remote maintenance
operations, and facilities for complementary experiments.

Keywords: IFMIF-DONES, fusion-like neutron source, experiments with neutrons, materials
irradiation, accelerator technology, liquid metal technology
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1. Introduction

The irradiation environment in the DEMO tokamak and in
future fusion power plants will be characterized by the pres-
ence of an intense 14 MeV neutron radiation field in the first
wall region [1]. Understanding the degradation of the materi-
als and components properties throughout the reactor opera-
tional lifetime is a key issue to allow the design, the licensing,
and the reliable operation of these facilities. The presence of
radiation-induced structural damage in the reactor materials
together with He and H gases produced during irradiation can
significantly affect their properties. It is also well known, from
a qualitative point of view, that the two described processes
display very significant synergetic effects. Unfortunately, the
understanding of these effects, needed for the engineering
design of DEMO as well as for a fusion power plant is incom-
plete, especially for structural materials. This is mainly due
to the lack of a consolidated database that should be gener-
ated by irradiation tests under conditions that are as close as
possible to a typical fusion environment [1]. These experi-
mental data can only be obtained in an irradiation facility, and
there is consensus that the available (fission, spallation and ion
beam) irradiation sources do not have the proper characteris-
tics to fulfill the observed needs [2]. Although all the different
types of irradiation experiments are being used, and must con-
tinue to be used in the future in order to improve the basic
understanding of radiation effects in materials, the need for a
dedicated fusion neutron facility has been widely identified by
the fusion materials community more than 30 years ago and
confirmed all along. The main requirements for this neutron
source are: (i) to produce a fusion-characteristic neutron spec-
trum with enough intensity to allow accelerated testing, up to a
level above the expected operational lifetime, in well-defined
conditions of stable and controlled temperature and gamma
nuclear heating. And (ii) to irradiate a volume large enough
to allow the characterization of the macroscopic properties of
the materials of interest required for the engineering design of
DEMO and the fusion power plant.

The need for a fusion-relevant neutron source was clear
from the start of the nuclear fusion developments. Intense
discussions over the years, driven by the material scien-
tist community, concluded in consensus that an accelerator-
based source utilizing deuteron—lithium nuclear reaction with
a broad energy spectrum extending around 15-20 MeV would
be the best choice for a materials-irradiation facility [3]. The
International Fusion Materials-Irradiation Facility (IFMIF)
was proposed to be such a dedicated facility. IFMIF is a
conceptual design in which all the described objectives can
be achieved using two 40 MeV deuteron linear accelerators,
each delivering a 125 mA beam current with 100% duty
cycle. Both beams would strike a liquid-lithium target, thus
providing an intense neutron flux density of about 10'® to
10" n x m~2 s~! and a suitable neutron energy distribution.
IFMIF design and engineering validation has been developed
since 1990. In the period from 1990 to 2006, IFMIF was a

joint effort of the European Union, Japan, the Russian Fed-
eration, and the United States of America within the frame-
work of the fusion materials implementing agreement of the
International Energy Agency [4]. Since 2006, it was agreed to
address the so-called Engineering Validation and Engineering
Design Activities (IFMIF/EVEDA) phase as one of the main
three projects of the bilateral agreement between EU and Japan
for the Broader Approach (BA) to fusion.

The European roadmap toward fusion power foresees the
construction of two fusion machines before the industrial pro-
totypes: ITER and DEMO. It has also been recognized that
materials development and validation under irradiation are not
only of highest importance for the success of the program
but are on the critical path for early use of fusion power [5].
IFMIF-DONES (DEMO oriented neutron source) is the neu-
tron source designed to fulfill the neutron dose requirements
on the materials for an initial DEMO phase in which a max-
imum dose around 20 dpa is foreseen, followed by a second
phase in which a 50 dpa maximum dose is expected [6]. On
the other hand, it is also part of a staged approach to a full
IFMIF facility which will meet the specifications and require-
ments on materials irradiation data for the fusion power plant
with a dose higher than 100 dpa [7].

During the last six years the preliminary engineering
design of IFMIF-DONES has been developed within the
framework of the Early Neutron Source work package
(WPENS) of the EUROfusion consortium [8]. This collective
effort of many European research and technology institutes
and industrial partners has been described in several earlier
communications [9, 10]. In the following section the base-
line design of the IFMIF-DONES plant is briefly outlined. In
section 3, the main part of the paper, a number of important
design changes and analyses made during the design activities
are described and discussed. The next phases of the DONES
project, its outlook and timeline are presented in the last
section.

2. Plant configuration

The plant will produce a 125 mA deuteron beam, accelerated
up to 40 MeV and shaped to have a nominal footprint ranging
from 100 mm X 50 mm to 200 mm x 50 mm, that will impinge
on a 25 mm thick liquid-lithium curtain cross-flowing at a
velocity of about 15 m s~!. The stripping reactions Li(d, xn)
will generate large amounts of neutrons that will interact with
the materials samples located immediately behind the lithium
target.

The different systems in IFMIF-DONES are organized into
five groups: (i) the accelerator systems (AS) which produce,
accelerate, transport and shape the 40 MeV deuteron beam
to the target, (ii) the lithium systems (LS) related to the
liquid-lithium target, (iii) the test systems (TS) related to the
irradiation process, irradiation modules and their management,
(iv) the various buildings and plant systems that provide power,
cooling, ventilation, water, heat removal, waste treatment, fire
protection, and buildings to the plant, and (v) the central
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instrumentation and control systems (CICS) which ensure the
control and safe operation of the plant. In figure 1, a schematic
view of the plant configuration is displayed.

The main function of the IFMIF-DONES AS is to deliver
a properly shaped deuteron beam to the lithium target. The
systems consist of a continuous-wave (CW) 175 MHz lin-
ear accelerator, providing a 125 mA, 40 MeV deuteron beam.
The main acceleration is provided by a superconducting RF
(SRF) LINAC (LINear Accelerator). Its main components are
the injector—an electron cyclotron resonance ion source oper-
ating at 2.45 GHz, extracting the beam at 100 keV and coupled
to a low-energy beam transport section, the radio frequency
quadrupole (RFQ) which bunches the beam and accelerates
it to an energy of 5 MeV, a medium-energy beam transport
(MEBT) with two re-buncher cavities, and for the final stage
of acceleration a SRF LINAC composed of five cryomodules
which accelerates the beam to its final energy of 40 MeV.
All the accelerating RF cavities are powered by a radio-
frequency system based upon the use of novel solid-state
power amplifiers with a CW output power level per chain
of up to 200 kW. An important part of the AS is the high-
energy beam transport (HEBT) line which includes optical
elements designed to properly shape and direct the beam onto
the lithium target. The current design of the SRF LINAC and
the HEBT is discussed in detail in section 3.1. It is impor-
tant to note that a large part of the IFMIF-DONES accelera-
tor technologies has been manufactured and is tested during
the IFMIF/EVEDA phase at the LIPAc accelerator facility in
Rokkasho, Japan [11, 12].

The main function of the LS is to provide a stable lithium
target able to withstand a 125 mA, 40 MeV deuteron beam
which will be fully stopped in the target thus depositing an
average power of 5 MW. The lithium target is to be prop-
erly shaped to a thickness of 25 mm and width of 260 mm.
The main component of the LS is the target assembly (TA),
which includes a concave-shaped channel exposed to the
accelerator vacuum, where the beam impinges on the liquid
metal. The liquid metal target flows at a high speed along the
concave channel to increase the boiling point due to the cen-
trifugal force and thus to avoid boiling and significant vapor-
ization of the lithium. Heat deposited by the beam is removed
from the lithium loop by the use of heat removal system
composed of three loops, first one being lithium-to-oil, fol-
lowed by secondary and tertiary oil-to-oil and oil-to-water
loops, respectively. An important part of the LS is the impu-
rity control system designed to sample and monitor the purity
of the lithium and remove impurities produced in nuclear reac-
tions and by corrosion in specially designed chemical traps. A
discussion of the impurity management strategy is included in
section 3.2.

The TS include the systems required to accommodate a
high-flux test module (HFTM) which holds the samples under
controlled environment and irradiation conditions. The main
part of the TS is the test cell (TC) which is a compartment
where the nuclear reactions and the irradiation process take
place. The TC shielding is mainly provided by removable
shaped blocks that surround the controlled atmosphere zone
(limited by a stainless steel liner) and that use concrete as

shielding material. The blocks also include a water cooling
system arranged inside them, to provide heat removal of the
intense nuclear heating generated by the neutron and gamma
radiation fluxes produced at the target. The design of the TC
is presented in section 3.3 while in section 3.4 the arrange-
ment of the access cell (AC) located above the TC is discussed.
The AC is designed for the remote handling and maintenance
operations on the TC components and irradiation modules.
The HFTM will be installed in the TC behind the lithium
target. It is designed for the irradiation of samples of mate-
rials, mainly steels (EUROFER), in the temperature range of
250 °C-550 °C, in stable and controlled radiation and temper-
ature conditions [13]. Another part of the TS is the start-up
and monitoring module which is used for the calibration of
the radiation field in the TC and the validation of neutronics
modelling during the commissioning phase and at the start of
an irradiation campaign [14]. The facilities for complementary
experiments—experiments not connected to the irradiation of
samples in the HFTM—are also a part of IFMIF-DONES TS.
They are designed to house scientific instrumentation and per-
form other measurements and experiments in parallel to the
irradiation of materials—see section 3.5.

The remaining plant systems and central instrumentation
and control systems provide services and control of the plant
and ensure its safe operation [8, 15, 16]. They are pre-
sented in detail in the IFMIF-DONES preliminary engineering
design report [17].

3. Evolution of IFMIF-DONES desigh—selected
technical analyses and decisions

3.1 New layout of the SRF LINAC and the high-energy
beam transport

The design of the AS has been consolidated over the past few
years. The work has been focused on the high energy part
of the accelerator. Systematic beam dynamics calculations of
both the SRF LINAC and HEBT were performed to opti-
mize the layout, which had also an impact on the building
design [18, 19].

On the other hand, the recent results from LLIPAc are consid-
ered extremely important for the validation and optimization
of the DONES design at low energy. In LIPAc, the full-scale
prototypes of the injector, RFQ, MEBT and most of the diag-
nostics to be used for the IFMIF-DONES LINAC are presently
being tested. In 2019, the nominal deuteron current has been
accelerated from the ion source to the RFQ (5 MeV) and trans-
ported to a beam dump, using pulses up to 1 ms with 1 s of
repetition rate [11, 20]. The facility is now being upgraded to
accelerate the nominal beam current at CW.

3.1.1. SRF LINAC. In the previous reference design, the SRF
LINAC consisted of four cryomodules (two low beta cry-
omodules, and two identical high beta cryomodules) which
enclosed the superconducting cavities and focusing elements.
Additional beam physics studies have demonstrated that a con-
figuration with five cryomodule was much more robust and
versatile, and provided more operational margins to maintain
under control the beam losses down to the required 1 W m~!.
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Figure 1. IFMIF-DONES schematic plant configuration.

For this reason, an additional fifth cryomodule was added.
This allows to address the two most delicate issues of the ini-
tial layout: first a less aggressive synchronous phase law in
order to have a safer longitudinal acceptance; secondly, obtain
a higher transverse phase advance per meter, especially for the
high-3 cryomodules [19]. Figure 2 shows the new IFMIF-
DONES SRF LINAC configuration. The accelerator vault lay-
out was modified accordingly in order to accommodate the
new five-cryomodule configuration whose length has been
increased by about 4.6 meters (figure 2).

The design of the IFMIF-DONES cryomodules is based
on the LIPAc cryomodule developed in the framework of the
IFMIF/EVEDA project. The feedback already gotten during
the manufacturing and the tests of the LIPAc components
have been taken into account and led to some improvements
that are implemented in the new design. Amongst other, the
cold mass insertion into the vacuum vessel thanks to a ‘top
loading’ approach instead of a ‘side loading’ one, new cav-
ity and solenoid support frame design with standard titanium
plates and beams instead of special made [-beam [21].

3.1.2. HEBT. The transport line at 40 MeV (figure 3) is criti-
cal to shape the rectangular footprint required for the optimal
interaction with the lithium target and irradiation of the sam-
ples. The reference footprint is a beam with size of 200 mm in
horizontal and 50 mm in vertical. However, in the horizontal
axis the beam size could vary from 100 to 200 mm to opti-

mize the neutron production. This is achieved in the present
design by a set of quadrupoles, octupoles and dodecapoles
[18, 22]. One of the biggest challenges of the accelerator is to
fulfill the hands-on maintenance requirement, which at present
limits the beam power deposition on the beam transport line
to less than 1 W m~'. In order to achieve this goal, the beam
losses were concentrated in a single scraper between the dode-
capole magnets, and a collimator was used to localize the
beam losses in the last drift section. The location of the last
collimator is currently being revisited in order to protect the
beam pipe interfacing the target chamber with the accelerator
beam pipe.

The beamline was also enlarged for tuning and character-
ization purposes, in order to accommodate the possibility of
adding extraction devices of the high energy deuteron beam.
The building layout has been modified accordingly, maximiz-
ing the area for maintenance activities of the components.
Building walls located at several positions of the SRF LINAC
were removed to improve the access and availability of all
the systems, while trying to keep at maximum the number of
hands-on operations along the accelerator.

3.1.3. RF system. More than seven megawatts are to be
supplied in total to the radiofrequency resonant cavities
responsible for the acceleration and longitudinal focusing of
the bunched beam. The power is splitted in several chains,
with powers ranging from several kilowatts up to 200 kW for
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Figure 3. IFMIF-DONES HEBT. During the tuning phases of the accelerator at low duty cycle the beam is deviated to the beam dump

(show in green) by a dipole magnet.

the SRF cavities accelerating the beam at the nominal charac-
teristics [23]. The solid state power amplifier technology was
selected as the reference design alike similar facilities around
the world [24], in order to increase the availability of the
system while reducing the running costs of such a huge electric
consumer. Within the framework of the project, two prototype
alternatives for the high power requirements of 200 kW are
being investigated, one from CIEMAT [25] and one proposed
by INFN. Preliminary design and first results show the feasi-
bility of this technique, validating its use as the main candidate
technology for IFMIF-DONES.

3.1.4. Beam diagnostics. One of the main challenges of such
apowerful accelerator is to provide sufficient and reliable diag-
nostic information to operate the machine in a safe and routine
manner. The diagnostic devices are essential to achieve the
necessary trade-off between facility availability and personnel
safety. The main work is focused on the development of the
diagnostics measuring the beam profile at the target and along
the high energy line [26]. The use of on-line monitors based
on residual gas fluorescence and optical transition radiation to

characterize the rectangular beam profile is investigated and
several experiments are under progress.

3.2. 7Be impurity management approach for the lithium loop

The interaction between deuterons and lithium in the IFMIF-
DONES plant generates three types of radioisotopes: direct
activation products, such as tritium and "Be, activated cor-
rosion products, and activated lithium impurities. They are
transported along the loop by the circulating lithium and
deposited in certain parts of the loop according to their thermo-
mechanical behaviour. The distribution of these compounds
in the LS is of primary importance for safety reasons. Both
tritium and "Be isotopes are critical despite their moderate pro-
duction compared to activated corrosion product, and therefore
they require strict control. While tritium control was addressed
firstly by the design of a dedicated yttrium trap, several stud-
ies are now being developed focused on the "Be manage-
ment. Strategies combining several working parameters, as
mentioned below, are investigated to favour high percentages
of "Be deposition in the desired point, i.e., in another dedicated
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trap (cold trap (CT)). In this way safety requirements in com-
pliancy with specifications of regulatory body in spain can be
better demonstrated, in particular those related to occupational
exposure and postulated abnormal scenarios [27].

3.2.1. Generation and solubility of "Be. The "Be is pro-
duced in IFMIF-DONES mainly in the reactions °Li(d, n)’Be
(14.5%) and "Li(d, 2n)"Be (83.1%) [28]. The "Be decays to 'Li
with a half-life of 53.2 days by electron capture process, and it
has an associated gamma emission of 477 keV. The generation
of "Be is evaluated by several studies and experimental tests
dating back to the IFMIF project [29, 30] and more recently for
the IFMIF-DONES design [28, 31]. The reported production
rates are comparable. For this study a best estimate produc-
tion rate, which does not consider the natural decay or any
purification of the Li, is assumed as 2.03 x 10" "Be atoms
s~! for IFMIF-DONES beam conditions. When taking into
account the natural decay yet without any purification, the
equilibrium value of 150 mg is obtained, which is the reference
value to control after a one year irradiation [28].

The "Be dissolved in lithium in presence of nitrogen chem-
ically reacts to form the compound Bes;N,. The solubility
in lithium is therefore evaluated considering the equilibrium
of these three components, by means of the correlation (1),
with Cy and Csg. the atom ratio of nitrogen and unbounded
beryllium in lithium respectively [32],

log, (CRCépe) = —5.7— ——. (1

Due to the relatively high concentration of N in the loop
(reference operating value is 30 ppm) the content of unbound
"Be is very low. Most of the isotope is to be found in the form
of Be; N, which upon cooling and precipitation could deposit
at some segments in the loop due to the higher density than
that of the Li.

3.2.2. Distribution of "Be (BesNy) in the loop. According
to an assumed initial set of working parameters, the "Be in
the form of Be;N; is distributed and tends to deposit in the
loop mainly in the primary heat exchanger (HX1), the cold
leg (CL), which connects the HX1 to the TA and in the CT,
which is placed in the purification loop and collects the lithium
impurities, see figure 4. A parametric study of the distribu-
tion was developed considering the variation of operating Li
temperature in the loop (outside of the CT), flow rate in the
CT (related to trap efficiency, for a defined geometry of the
trap) and mass transfer coefficient in the loop. It demonstrated
that increasing both the CL temperature and flow rate in the
CT has a positive effect in the reduction of "Be deposition in
HX1 and CL. The increase of temperature, however, has a
higher impact. An increase of both quantities gives the best
results.

The conclusions above are consistent with a theoretical
thermodynamic evaluation of the precipitation of BesN,. Lim-
iting the maximum concentration of Be inside the loop to a
value lower than its solubility value at the loop temperature,
Bes;N, would not precipitate outside the trap for thermody-
namics reasons. The theoretical evaluation, developed for a

generic system of a loop and a CT, shows that the mass of Be in
the flow is a function of trap efficiency, flow rate in the trap and
N concentration in the lithium. If we assume that the calculated
concentrations of Be in the loop correspond to a saturation
values, itis possible to associated to this values the correspond-
ing saturation temperatures. Therefore, these will be the min-
imum temperatures above which the Be amount in the lithium
would be too small to lead to the precipitation of Be;N; in the
loop.

The results of the analysis indicate that the saturation tem-
perature reduces with:

e the increase of the flow rate in the CT,
e the increase of the efficiency of the CT,
e the reduction of the NV concentration in Li.

As consequence, the results indicate that the reduction of Be
deposition in the loop goes through the possibility to operate
the loop with different values of the flow rate in the CT, differ-
ent efficiency of the CT and a maximum acceptable operating
temperature of the Li. The modification of Li temperature and
flow rate in the CT has an impact on the LS design, which is
being evaluated.

3.2.3. Impact on lithium systems design. The increase of
operating Li temperature has a higher impact on the Li loop
operation. The most notable consequence is the reduction of
the boiling margin on the Li jet surface. The boiling margin
is the difference between the Li temperature and its saturation
temperature at the pressure existent in the target vacuum cham-
ber. The boiling margin is assured by the centrifugal forces of
the fast flowing Li on the concave-shaped channel. The sat-
uration temperature on the free surface is 75 = 342.14 °C,
at P = 1073 Pa. The variation of Li jet surface temperature,
due to the power deposition, is about 30 °C, therefore the
Li temperature in operation cannot be increased over 300 °C
to avoid phenomena of ‘superficial boiling’ and strong
superficial evaporation. This physical limit can be increased
only by increasing the pressure in the vacuum chamber, which
determines the increase of the saturation temperature. How-
ever, this solution has some implications on the AS related
to the attenuation of the deuteron beam, due to the interac-
tion with the atmosphere particles, and the modification of the
vacuum operating conditions.

Higher Li temperature also means an increased evaporation
rate and consequently increased Li deposition in target cham-
ber and beam tubes [33]. It is also possible that it has impact
on cavitation conditions in the outlet channel of the Li jet.
On the other hand, higher Li temperature translates into a
larger logarithmic mean temperature difference between Li
and oil in the primary HX1 system allowing for a design of
a smaller HX1, which will reduce the generation of corrosion
products.

On the other side, assuming to operate at the maximum
allowable temperature for the loop, the analytical study also
showed that a theoretical zero deposition of "Be in the loop
can be attained in presence of certain combinations of CT flow
rate and trap efficiency for a given N concentration. The num-
ber of such combinations increases (hence permitting lower
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Figure 4. Schematic diagram of the IFMIF-DONES LS.

CT flow rates and efficiencies) by decreasing the N concentra-
tion, thus an effort is going to be made in the design of the N
trap in order to maximize its efficiency and achieve the highest
possible removal of N in the Li.

3.2.4. Operating conditions of the lithium loop. Considering
both the thermodynamic limits for precipitations of Be and the
impact on the loop design, the bounding operating limits are
defined as follows:

e Operating temperature of the lithium, 7 = 300 °C.
e Nitrogen concentration in the lithium: Cy = 30 wppm.
e Flow rate in the CT: ¢ = 2% of the total flow.

The high operating temperature is the main limit due to
generation of boiling risks in the Li target. Indeed, this tem-
perature is possible only by increasing the pressure in the
vacuum chamber, which determines the increase of the satura-
tion temperature. Preliminary calculations show that a pressure
increase up to 1072 Pa is possible and no beam losses are
expected; only some beam emittance growth due to beam scat-
tering caused by interaction of the particles with the residual
gas is expected. Adopting the above limits as operating values
causes a different distribution of "Be in the plant, compared to
the one defined by the previous values. Instead of a distribution
of "Be spread over the HX, the CL of the lithium loop and the
CT, itis now concentrated almost entirely in the CT (deposition
of 70% of "Be inventory in CT for an assumed 40% efficiency
of the trap, 100% deposition for 60% efficiency of the trap).

Therefore, in order to confine the "Be as much as possible
in one area of the plant, the increase of loop temperature and
flow rate in the CT will lead to confine the most “Be in the
trap cell. The thermal and mechanical stability of Be;N, specie
and deposits under fire conditions are also under investigation.
Recent studies indicate that little vaporization is expected in
case of fire (of the order of 2% of the total inventory).

3.3. Maintainable Test Cell concept

The TC of IFMIF-DONES is a confined and well-shielded
room where the 40 MeV deuteron beam impinges on the

lithium target and the strong irradiation environmentis created.
The biological shielding of the TC mainly consists of several
meters thick concrete walls and shielding plugs, and a stain-
less steel liner. The TC liner and the concrete walls are actively
cooled by water because of the high volumetric heating com-
ing from nuclear reactions. Although, the TC is designed to be
fully functional for the complete life span of the facility, still
there is a very low probability of rupture of the TC biological
shielding due to its exposure to the intense neutron and gamma
irradiation. Also, the probability of failure of the long-length
embedded cooling pipes is considered as one of the possible
causes for the stop of the facility. The maintenance of the orig-
inal TC configuration [34], which is called ‘monolithic’, would
be extremely difficult or even impossible, as the TC liner
is permanently attached to the concrete. Due to this reason,
a new approach has been proposed, the so-called maintain-
able test cell concept (MTCC) design, which allows for a
possible refurbishment in case of unexpected damage. The
MTCC was first analyzed in [35] and then evolved to its cur-
rent design which is summarized here and described in more
detail in [36, 37].

Figure 5 shows two isometric views of the current design of
the MTCC. In the (left side), the main components including
the upper shielding plug (USP), lower shielding plug (LSP)
and test cell cover plate (TCCP) are presented. In the right
side of figure 5, the same perspective is showed, but the lat-
ter three components are removed to have a clear view of the
TC interior.

In the MTCC design the TC liner is decoupled from the
surrounding bioshield and fully removable. The first layer of
the biological shielding with the embedded cooling pipes, at
least 1.5 m thick, as suggested by [38], is divided into remov-
able biological shielding blocks (RBSBs). Thereby, all actively
cooled components can be replaced independently thus mak-
ing the TC maintainable. The TC is closed and separated from
the AC located above it by the LSP and USP made of heavy
concrete with a total thickness of 2.5 meters. The LSP is
actively cooled by helium flow. Removable piping and cabling
plugs are designed and placed on the sides of the LSP and USP
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Figure 5. Isometric view of TC with (left side) and without (right side) the TCCP, USP and LSP.

to accommodate all the cable and pipe penetrations. Above
the USP the TCCP made of stainless steel, and a rubber-based
sealing gasket, tighten the TC in order to achieve a controlled
atmosphere inside it.

The proposed initial configuration of RBSBs can be seen
in figure 6. In this configuration, there are 11 RBSBs with less
than 40 mm gaps between each other and also less than 40 mm
gaps between them and the non-maintainable heavy concrete
called the ‘bucket’ (around the TC in gray on figure 5). Blocks
are overlapped in order to reduce the neutron streaming in
straight gaps. A refinement of this aspect of the design will
be conducted in further steps. The weight of a single blocks
meets the remote handling requirements and is below 75 tons.
The heaviest of the MTCC components is the USP weighting
120 tons. The RBSBs are cooled with water flowing from pipes
embedded in the floor of the AC.

The space inside the RBSBs is confined by the TC liner
(figure 7) made of stainless steel which covers the entire inter-
nal surface of the TC. Gaps of 100 mm are defined between
the cooled part of the liner and the shielding blocks. The main
role of the TC liner is to maintain the gas tightness to pro-
tect the concrete from contacting with lithium in case of a
lithium spill inside the TC, and it is a main part of the con-
finement barrier in case of certain design basis accidents. Dur-
ing the irradiation the TC is filled with helium and kept at a
vacuum condition (25-500 hPa, depending on Li-pressure).
The TC liner is actively cooled through the water pipes welded
on its back side. A stiffening structure is also provided at the
back side to reduce deflections. Throughout the operation of
the facility, the TC liner and the concrete are strongly irradiated
by the high energy neutrons and gammas. The TC liner itself
will suffer high dpa rate and high gas generation rate under the
irradiation conditions. Thus, it is required that the TC liner as
well as the RBSBs can be maintained or refurbished as it is
considered in the current approach of the MTCC.

The present TC design is being refined and validated with
the help of thermal-hydraulic and mechanical analysis [39].
It is also evaluated from the safety and RAMI point of view.

Several issues, such as the precise positioning of the compo-
nents and modules inside the TC, the size and shape of the gaps
between blocks, the fixing of the liner to the blocks are being
investigated.

3.4. Revised Access Cell configuration

The AC is a hall located on the floor above the TC that is
used for the transfer of components during the maintenance.
The vertical section of this this part of the building includ-
ing the AC and the TC is shown in figure 8. During normal
operation the AC is isolated from the TC and other accelera-
tor and plant systems rooms located below by concrete plugs
separating it from the neutron and gamma radiation sources.
The plugs are removed during maintenance periods provid-
ing access to components. Since the components extracted
from the TC and other rooms are highly activated most of the
work to be performed in the AC requires the use of remote
handling equipment (RHE). The proper planning of the main-
tenance operations in the AC as well as the design of the room
itself is of paramount importance as it can reduce the down-
time of the facility and help achieve its required high availabil-
ity. For all the non-scheduled maintenance operations such as
unexpected failures, the objective of the design is to make the
replacement or repair of the failed component feasible.

The rooms below the AC floor that will factor in the
maintenance are the following:

e TC: houses the HFTM which contains the irradiated spec-
imens and the TA. The TA is scheduled to be replaced once
a year while the HFTM will be replaced at the end of the
irradiation campaign or when degradation of the materials
is no longer acceptable.

e Target isolation room (TIR): contains components of the
accelerator such as beam diagnostics, vacuum compo-
nents, fast isolation valve, and a lead shutter, and also
target diagnostics. Those components are grouped in sev-
eral modules and scheduled for replacement several times
during the lifetime of the facility [40].
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Figure 6. Distribution of the RBSBs, 3D view (left side) and top view (right side) with included in-cell components (right side).

Figure 7. TC liner with two beam ducts coming into the target and
cooling pipes welded on its outside surface.

o Irradiated material treatment cell (IMTC): planned for the
handling of the irradiated material such as the extrac-
tion of the samples from the HFTM, the extraction of the
activated slab of RAFM steel (EUROFER) receiving the
beam footprint from the TA and the repair of modules.

e Heavy components loading station (HCLS): allows to
introduce in the AC new components for replacement,
such as a new HFTM or TA.

e Tritium room: contains the tritium filters.

The initially proposed AC layout assumed a T-shape con-
figuration offering access to all the rooms located below and
requiring an array of RHE including two heavy ropes over-
head cranes (HROC), an access cell mast crane (ACMC) and
a specially designed dual rail mast mount, see figure 9. How-
ever, during an external review of the AC design and planning
of maintenance operations, several shortcomings of this con-
cept were identified. In the T-shape configuration the acces-
sible footprint of the cranes was too small for the storage of
the floor plugs. Also, the available space for tool-stands and

components being worked on was found to be insufficient and
the limited space did not allow for the maintenance of RHE
themselves. Therefore, a revised rectangular shape of the AC
is now proposed as shown in figure 10.

The proposed rectangular shape of the AC does not include
the RIR hatches because the components in that area can
be accessed and maintained from the accelerator vault. The
minimum width of the room is limited by two conditions:
(i) the HROC must be able to pick up the furthest removable
shielding block that makes up the boundary of the TC, (ii) the
ACMC must be able to reach the centre of gravity of the TIR
module that is furthest from the TA. The minimum length of
the room is limited by the space required during the main-
tenance taking into account also the storage of the shielding
plugs of the hatches, the tool-stands and the used and new com-
ponents that are located on the floor of the AC. The dimensions
of the AC fulfilling these requirements make it 20.00 m wide
by 52.70 m long.

The RHE defined for the current AC shape and dimensions
has been reduced and simplified to:

e One HROC with the same payload than HROC#1 of the
previous configuration. The rails, beams and girders sup-
porting the carriage have been enlarged for the new width
of the room, resulting in an increase of the AC ceiling
height up to 15.60 m.

o ACMC with the same payload as before. The functions of
the ACMC will include not only the transport of HFTM
and TA, but also the transport of the TIR modules to
the IMTC (used components) and from the HCLS (new
components).

e Deployable robotic system: a mobile base which will
move on rails fixed to the wall with a boom that can
be unfolded from its base. At the end of the boom a
telescopic mast can deploy robotic arms or other tools
inside the TIR for dexterous operations such as loosen-
ing of the bolts, unlatching of the connectors or support-
ing cameras for inspection. This equipment is still under
analysis and alternative solutions can be defined for some
functions.

In conclusion, the new rectangular shape of the AC has pro-
vided a significant reduction of the necessary RHE (one HROC
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Figure 8. A partial vertical section of the IFMIF-DONES building showing the AC with the HROC crane in the top part of the figure and the
TC below it. Rooms on the lowest floor such as the lithium loop room can also be seen.

HROC#2

-

Figure 9. RHE in the AC with the former T-shape configuration.

instead of two), easier transfer of TIR modules to/from the
IMTC and HCLS and larger space for the storage of shield-
ing plugs, tool-stands, components and auxiliary structures
during maintenance. This came at the cost of the redistribu-
tion of spaces in the main building of the facility. Virtual reality
simulations of the maintenance operations in the AC are cur-
rently being carried out to confirm the adequacy of the new
layout.

3.5. Facilities for complementary experiments

Facilities for complementary experiments have been added
to the baseline of IFMIF-DONES plant configuration to
allow for installation of complementary physics experiments,
independent of materials irradiation. A white book report
on ‘complementary scientific programme at IFMIF-DONES’
[41] was prepared by a group of international experts. The
collection of science cases for the complementary research
can be ordered by domain: (1) applications of medical inter-
est, (2) nuclear physics and radioactive ion beam facility,
(3) basic physics studies, and (4) industrial application of neu-
trons. It has been concluded that many of these research top-
ics can be accommodated into the IFMIF-DONES design and
operation without compromising its main role of a material
irradiation facility for the fusion program. At the same time,
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Figure 10. Revised rectangular layout of the AC with the positions
of access hatches to the rooms below which will be serviced from
the AC and the storage positions for large components.

the unique characteristics of the IFMIF-DONES facility, its
neutron energy spectrum and flux intensity, present to the
science community capabilities not offered at other research
infrastructures such as fission reactors and spallation neutrons
sources.

A number of medical applications, such as the produc-
tion through neutron irradiation of radioisotopes suitable for
medical imaging and/or therapy, including the very much
demanded **Mo, and the application of neutrons for the boron
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Figure 11. Neutron spectra and total neutron flux in the TC after passing through the HFTM and with the module removed [40].

neutron-capture therapy were identified. From the limited fea-
sibility evaluation studies developed up to now, it is clear that
the radioisotope production will be one of the key areas of
interest. Recently, it has been suggested that the yearly needs
of Spain for Mo and '7’Lu radioisotopes could be easily
covered by this facility. Within the scope of nuclear physics
research the availability of high-energy neutrons allows studies
of neutron-induced reactions, e.g., (n, 7y), (n, xn), (n, lcp), for
applications in nuclear technology and accelerator-driven sys-
tems. The possibility of using neutrons to produce radioactive
beams through fission was also discussed, where the radioac-
tive fission-fragment beams can in turn be used for nuclear
structure and nuclear astrophysics studies. The astrophysics
programme that can be pursued will allow studies of the struc-
ture of nuclei along the r-process path, and neutron-capture
reactions of long-lived radionuclides, thereby delineating the
nucleosynthesis of elements. Furthermore, the application of a
single-bunched fraction of the deuteron beam with a suitable
time structure on a conversion target could be used to produce
very short pulsed beams of energetic neutrons and thus cre-
ate a neutron time-of-flight facility. This would open a new
array of possible science and technology applications currently
pursued at a very limited number of installations e.g. n_TOF
(CERN) and neutrons for science at GANIL (France).

Three areas of possible implementation of complementary
experiments have been identified:

e A space with a volume of around 1 m? inside the TC with

a neutron flux in the range of ~10'°~10"" n x m~2s~ ! in

1

which different types of experiments could be installed.
It has been shown that after passing through the HFTM
the neutron field is only slightly attenuated and moderated
as shown in figure 11 [42]. However, this space is sub-
ject to harsh conditions and constrains due to operational
requirements, and it is not accessible during an ongoing
irradiation. Also, the instantaneous power deposited by
neutrons in this area will be very high making it neces-
sary to install a heat removal system for any experiment
or isotope production setup located there.

e The present design of IFMIF-DONES includes a dedi-

cated collimated neutron beam facility to be placed behind
the TC—see the scheme of figure 12. It is foreseen that
one or several neutron transport lines will be used to col-
limate the neutron flux remaining after passing through
the HFTM and send it through the wall of the TC to the
complementary experiments hall. The size of the room
(ca. 330 m?) allows for placement of several experimental
setups. Inside it a neutron flux of around 10 m=2 s~!
can be obtained. The complementary experiments hall
will be allowed to be open and accessible for setting up
of the equipment while the irradiation of samples in the
HFTM is ongoing. Thus, the experiments will be oper-
ated in an independent mode without having any effect
on the continuous operation of IFMIF-DONES facility.
At present, work is ongoing on the design of the neu-
tron transport line from the TC which will include a
revolving shutter to stop the neutron and gamma radiation
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Figure 12. Floor layout of the central part of the IFMIF-DONES facility showing the planned collimated neutron beam facility for
complementary experiments located behind the TC.

streaming into the room and optional moderation of the

neutron flux.

o Still under consideration is the availability for some com-
plementary experiments using a fraction of the 40 MeV
deuteron beam which could be deflected in the HEBT
line using an electromagnetic kicker. Different extraction
modes are being studied to obtain a time structure of the
parasitic beam of interest to the complementary applica-
tions. The required performance of the primary beam in
terms of reliability and intensity must be maintained.

Figure 13. Site layout for the IFMIF-DONES facility at its proposed location.

4. Summary and outlook

The present baseline engineering design of DONES is con-
solidated. Several important configuration decisions made in
the recent years are described in this paper. In the next phase
of the Early Neutron Source work package (2021-2025) the
main objectives will be to:

o transfer the engineering design of IFMIF-DONES in a
phased manner—system-by-system—to the project team
in charge of the construction of the facility;
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e work on the prototyping and qualification of selected
components and systems;

o further develop transversal activities with impact on
long-term aspects of IFMIF-DONES including operation
(safety, neutronics, maintenance, remote handling,
RAMI);

e collect feedback and develop operational expertise for
IFMIF-DONES from similar facilities (e.g. LIPAc).

The strategic role of IFMIF-DONES in the energy domain
for the implementations of nuclear fusion solutions to the mas-
sive production of energy has been recognized by the Euro-
pean Strategy Forum on Research Infrastructures [43]. In 2017
it was agreed at the EU level that the reference site for the
construction of the facility is Granada (Spain). Thereafter,
all the technical work being developed is site-specific—see
figure 13. Recently, a governance and management model
for the future facility has been agreed and proposed to the
stakeholders by a working group within the IFMIF-DONES
preparatory phase support action of the European Commis-
sion. A political commitment of interested countries is being
secured in the form of memoranda of understanding signed
at the ministerial level. It is planned that a Spanish con-
sortium will be in charge of Spanish contribution, construc-
tion and licensing work, while an international project team
will focus its activities on design validation, definition and
follow up of in-kind contributions. In the operations phase of
the facility the Spanish consortium will be in charge of most
of the operation management while the project team will be
responsible for the scientific exploitation and preparation of
irradiation campaigns.

On-site work has started in Granada divided in several
activities, such as a detailed geological characterization of the
site and the starting of the environmental and radiological per-
mitting procedure. In the next few months the start of the
construction of some auxiliary buildings and installation of
specific supporting laboratories is expected. The decision to
start the construction of IFMIF-DONES facility is expected
by the end of 2021.
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