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Abstract
The International Fusion Materials Irradiation Facility-DEMO Oriented Neutron Source
(IFMIF-DONES) is designed mainly to test and qualify materials for future fusion reactors by
exposing them to a high energetic and intense neutron flux, and also to develop other scientific
experiments using a fraction of the neutrons generated. The Lithium Systems (LSs) are crucial
to the operation of the facility, generating and delivering the neutron flux through the interaction
of a deuteron beam with a flowing lithium target. It comprises four systems: the Target System
that produces the stable high-velocity lithium flow target and handles the substantial heat load
from the beam interaction; the Heat Removal Loops, designed to supply the liquid lithium to the
target in adequate conditions, this removing up to 10 MW through primary lithium loops and
secondary and tertiary oil and water loops; the Impurity Control System, which controls the
contents of impurities in the lithium, to reduce corrosion and erosion phenomena, and localize
the radioactive impurities; and the LS Ancillaries, providing essential support such as vacuum,
gas, and electrical power to the other systems. The design and operation of the LSs face several
significant challenges. Maintaining the stability and high velocity of the lithium flow under
extreme conditions is of paramount importance. Operating in a high-radiation environment
presents additional complexities, requiring the development of specialized maintenance
strategies in conjunction with remote handling technologies. The design of the IFMIF-DONES
LS has evolved over the last years. This paper presents the current design status, highlighting
the solutions implemented to address these challenges and to ensure the reliable and safe
operation of the facility.

a See the Appendix in Ibarra et al (https://doi.org/10.1088/1741-4326/adb864) for the EUROfusion WPENS Team.
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1. Introduction

The characteristics of the neutron field typical of a fusion
reactor differ from those in fission reactors, with an energy
peak around 14MeV. The validation of the materials for fusion
applications is of paramount importance, and tests of vari-
ous samples of different shapes and dimensions irradiated
under an adequate neutron flux is needed, to study the changes
in their mechanical properties when exposed to conditions
similar to those inside fusion reactors. This particular neut-
ron flux is generated by the interaction of a deuteron beam
with a flowing lithium target. This is briefly the essence of
the International Fusion Materials Irradiation Facility-DEMO
Oriented Neutron Source (IFMIF-DONES), a neutron source
facility for the qualification of materials to be used in the first
Demonstration Fusion power plant [1–3].

The core of the facility, responsible for generating the lith-
ium target and delivering the neutron flux, is called the Lithium
Systems (LS). The main function of the LSs is to generate
a flowing liquid lithium (LL) target for enabling D+ −Li
stripping reaction and produce an adequate neutron flux (5 ·
1014 neutrons/cm2s) to properly irradiate the test modules,
which allocate the samples. In particular the LS has: to main-
tain a constant high-velocity and stable free surface flow of
liquid lithium (Li) in front of the D+ beam; to remove the high
thermal power deposited in the Li jet by the beam (5MW); and
to remove and control impurities in the liquid Li.

The LS include four subsystems: the Target System (TSY),
the Heat Removal Loops (HRL), the Impurity Control System
(ICS) and the Lithium System Ancillaries (LSA), figure 1.

The TSY is devoted to generate the stable lithium target
and the required neutron flux; the HRL is designed to provide
a Li flow to the TSY and to transfer the heat generated to the
plant general Heat Rejection System (HRS); the ICS is devoted
to reduce the impurities content in the lithium; and the LSA
includes the ancillaries systems (vacuum, gas, electric power)
of the LS.

The design of the LS was driven by a high-availability ori-
ented criteria by mean the RAMI (Reliability, Availability,
Maintainability and Inspectability) analysis tool. Indeed, start-
ing from the loss of functionality of the systems by means
the Failure Mode and Effect Analysis (FMEA), the perform-
ance of the systems in terms of reliability and availability,
taking into account the maintainability and inspectability, is
investigated by the Reliability Block Diagram and the Phase
Diagram. The results of the analysis, which considers a period
of 171 days of normal operation followed by a short prevent-
ive maintenance (3 days) and another period of 171 days of
normal operation followed by a long preventive maintenance
(20 days), shows that the LS of DONES, with its current layout
and the maintenance policy applied, can have an availability of

94.5% during 20 years of operation, which match the required
availability target of 94% [4].

Particular attention is also given to the safety of lithium
management, especially in the context of accident analysis,
recovery, inertization, and fire extinguishing. The chemical
reactivity and potential flammability of lithium are critical
considerations for its safe handling, particularly in scenarios
involving large lithium leaks. A dedicated experimental facil-
ity, LiFIRE, has been recently commissioned to conduct fur-
ther research studies related to these latter topics in support of
the definition of the final lithium fire protection requirements
[5].

A reliable fire protection methodology is being developed
and implemented in design phase with the purpose to reduce as
much as possible the risk of fire in case of lithium leaks, and
to minimize or to avoid potential consequences, such as the
mobilization of toxic aerosols and radionuclides. A Defense-
in-Depth strategy has been adopted to define a comprehensive
set of passive and active measures for preventing, detecting
and mitigating lithium leakages and fires. The adopted solu-
tion for a robust and reliable Fire Protection System is a com-
bination of passive safety elements (e.g. metal catch pans or
boxes, lithium recovery and draining systems) and active sys-
tems for extinguishing potential lithium fires that might occur
over the lifetime of the facility [6].

This paper provides a comprehensive overview of the cur-
rent design status of LS, including safety, RAMI and Remote
Handling (RH) considerations, as well as some insights on
R&D activities for particular components and technologies.

2. Target system

2.1. System description and configuration

The TSY is devoted to generate a stable lithium target and a
neutron flux with defined characteristics to allow the irradi-
ation of the materials samples located in the High Flux Test
Module (HFTM) placed behind it. The neutrons are gener-
ated by the nuclear interactions, which take place inside the
Target Vacuum Chamber, between an accelerated deuteron
(D+) beam of 125 mA current and 40 MeV energy, provided
by one linear accelerator under an angle of 9◦, and a free-
surface high-speed jet (15 m s−1) of LL flowing in front of
it, figure 2.

The TSY shall meet the following main functions: to pro-
duce and steadily maintain a LL jet with a suitable thickness
(25mm), width (260mm) and flow velocity (15m s−1) to fully
stop the 5MWD+ beam inside the lithium layer; to accept the
D+ beam and create the proper geometric and vacuum condi-
tions for its interactionwith the Li jet on a rectangular footprint
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Figure 1. Schematic diagram of the LS.

Figure 2. IFMIF-DONES facility schematic drawing.

area ranging from 10× 5 cm2 to 20× 5 cm2. Furthermore, the
TSY is designed to be fully compatible not only with IFMIF-
DONES, but also with its future upgrade, called simply IFMIF,
where two 5 MW D+ beams are involved. For the current
design, IFMIF-DONES load requirements have been used as
the baseline to minimize potential impacts on system inter-
faces during future upgrades.

The TSY is located in an isolated and shielded room, called
Test Cell (TC). Its main components are (see figure 3): Target
Assembly (TAA), which includes: Inlet and Outlet Pipes,
which routes the lithium from/to the main Li loop (outside
the TC) to the TSY (inside the TC); Flow Straightener, which
suppresses secondary flow and reduce turbulences in the Li
flow; Reducer Nozzle, which accelerates the flow and gen-
erates the lithium jet; Backplate (BP), which hosts the con-
cave channel [7], on which the high-speed lithium jet flows
in front of the D+ beam; Quench Tank, which accepts the
high-velocity free Li jet and converts it into a low-velocity
confined flow; Vacuum Chamber, which creates and maintains

the proper vacuum conditions for the interaction of the D+
beam with the Li jet; Beam Ducts, which connect the TSY
with the accelerator line and the laser beam line for the Li
jet diagnostics. The TAA is equipped with a tailored heat-
ing and insulation system. All the different components are
equipped with independent heaters, except for the backplate,
which cannot be obstructed to avoid disturbing the neutron
flux. Therefore, the pre-heating of the TAA, to reach 200 ◦C
in the BP, before the lithium circulation, is of fundamental
importance to avoid potential solidification and plugging (Li
melting temperature 180.5 ◦C). A pre-heating procedure has
been numerically investigated and experimentally tested [8].
During the operation the heaters will control the temperat-
ures of the components and balance the thermal losses. The
flanges which use a fast connection system, for a RH manipu-
lation, are not equipped with a heating and insulation system.
Numerical investigation indicates that the thermal power lost
by the flanges is negligible and the area of flanges connec-
tion is not a could point for the lithium, which is flowing at
6 m s−1 and 300 ◦C. The entire TSY operates under an intense
radiation field that significantly challenges the limits of mater-
ials and devices. The backplate is the component most heav-
ily exposed to the neutron flux, experiencing irradiation dam-
age of approximately 20–30 dpa after one operational year
(345 days) for a nominal beam (20× 5 cm2). As a result, its
lifetime is expected to be limited, requiring periodic replace-
ments. A preliminary assessment of the backplate lifetime,
based on available material property data, indicates that irradi-
ation embrittlement of its structural material (EUROFER-97)
is the most critical issue. This assessment shows that the back-
plate may withstand one full operation year, though there are
still some uncertainties due to the lack of material data under
such fusion-like irradiation conditions. The primarily reason
is the increase in its Ductile-to-Brittle Transition Temperature
(DBTT) due to irradiation damage and helium production in
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Figure 3. Target System schematic drawing. Reproduced from [3].
CC BY 4.0.

the material as result of its exposition to the intense fusion-
like neutron flux. The estimated lifetime of the BP comes from
the time required to reach a DBTT close to the target oper-
ating conditions (250 ◦C–300 ◦C), this leading to a potential
brittle failure. Furthermore, still based on currently available
data obtained in non-fusion spectra, no swelling phenomena
are expected to be observed due to the low operating temper-
ature of the backplate compared to the onset swelling temper-
ature which, for ferritic-martensitic steels (like EUROFER)
has been observed to be>350 ◦C in the damage dose range of
interest. However, these assumptions have an intrinsic uncer-
tainty due to the lack of data in relevant environment and filling
this gap is the main scope of the IFMIF-DONES project. On
the other side, not any type of direct monitoring sensors of
the back plate is foreseen due to the extreme radiation condi-
tions and the difficulty of positioning the reliable diagnostics
on that tight region. Therefore, this requires an annual replace-
ment strategy of the target to ensure the proper operation of the
facility during its lifetime.

Two different design configurations have been considered
for the Target. The first one is an integral version, which is a
fully welded solution where the entire Target Assembly (TAA)
must be replaced as a single unit. Alternatively, a remov-
able backplate concept, known as the Bayonet Concept, was
developed [9]. In this design, the BP is connected to the fixed
part (the target vacuum chamber) via a mechanism with a
sealing flange, allowing only the BP to be replaced. While
the Bayonet Concept offers several advantages, such as redu-
cing the amount of activated material to be disposed of and

Figure 4. Appearance of Li target at different velocities. The jet
width is 100 mm (1/2.6 of the nominal). In (a) the scaled beam
footprint is shown. The beam center (B-C) is 196.97 mm vertical
distance from the nozzle, the height of the beam foot print is 50 mm,
and 30 mm is the distance from each side wall. Reprinted from [11],
Copyright (2015), with permission from Elsevier.

simplifying target refurbishment operations, it also presents
some technological challenges. These are primarily related to
the performance and lifespan of the sealing mechanism, which
is exposed to high irradiation doses that may degrade the seal
and potentially lead to failure. Long-term exposure tests are
being prepared to assess the seal’s lifespan, though these tests
are not fully representative of actual IFMIF-DONES condi-
tions. In the current design, the baseline approach involves the
annual replacement of the entire Target Assembly, including
the vacuum chamber, straightener, nozzle, backplate, and dis-
connection systems (gaskets included).

In the period 2010–2015, in the framework of an
Engineering Validation and Engineering Design Activity [10],
called IFMIF-EVEDA phase, a Lithium Loop facility, ELTL
(EVEDA Lithium Test Loop), was constructed and operated
in Oarai, Japan, including a 1:2.6 scale target [11]. The hydro-
dynamic stability of the lithium jet was successfully validated
over extended operational periods (1300 h) and reaching up to
20 m s−1 jet speed (see figure 4). The design of the TSY has
progressed, focused on the integration within the TC, and pay-
ing particular attention to the replacement and maintenance
developments via RH, as well as the integration of diagnostics.
This includes also optimization of the quench tank and the
design of advance supporting, installation and alignment fea-
tures. Those developments are shown in following sections.

2.2. Thermo-hydrodynamic and mechanic analysis

Several thermal-hydraulic simulations have been developed
to study the behavior of the lithium flowing in the nozzle,
backplate and quench tank, both in startup phase and nor-
mal operation [12, 13]. The last update is related to a transi-
ent thermal-hydraulic simulations for the beam-on considering
the lithium inlet temperature of 300 ◦C. As it is commented
along this paper, a major design modification were recently
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Figure 5. Temperature distribution in lithium jet and in quench
tank.

implemented related with the increase of the nominal temper-
ature from 250 ◦C to 300 ◦C in order to control the radioactive
inventory in the lithium loop. This modifications implied the
re-analysis of the TSY design. Figure 5 shows the temperature
field in the lithium jet and QT. The lithium temperature field
reaches its steady state in about 30 seconds. After, the warm
and cold amounts of lithium in the QT are well mixed and the
lithium temperature at the outlet reaches the saturation value
of 318 ◦C.

Numerical analyses have been conducted to assess the
thermo-mechanical behavior of the TSY under the steady-state
nominal operating scenario. The goal was to verify whether its
components can safely withstand the thermo-mechanical loads
without experiencing significant deformations. Such deform-
ations could warp the lithium channel, induce flow instabil-
ity, interfere with the High Flux Test Module (HFTM), or
cause misalignment between the deuteron beam and the lith-
ium channel. The results showed that none of the cited prob-
lems are expected [14, 15].

2.3. Target assembly support

The target assembly support plays a crucial role with twomain
functions

• Sustains the TAA weight and counteracts the loading trans-
ferred to it by the TAA during normal operations and abnor-
mal conditions (e.g. seismic events)

• Position the TAA and keep it aligned with respect to the D+
beam within the requested tolerances.

The support frame is a stainless steel (316 L) structure,
equipped with four legs bolted to the TC floor at its bottom.
The upper part of the support integrates the TAA centering and
positioning system. Figure 6 provides a detailed view of these
systems consisting of two registration pads (one for each TAA
arm) and three sets of gearbox mechanisms for each TAA arm.
The design aims to allow for the installation of the TAA to be
completely remote-controlled.

Figure 6. Target Assembly centering system.

The centering system uses a Pin-to-Hole and Pin-to-Slot
concept, creating an isostatic arrangement for the TAA. The
registration pads can slide independently in orthogonal direc-
tions, enabling fine adjustments of the TAA on the (X,Y) plane
after centering. These pads slide on ceramic inserts to reduce
friction and wear on the contact surfaces. Adjusting the TAA
position involves moving the registration pads on which the
centering pins are mounted. This movement is facilitated by
gearboxes and flexible shafts, forming a one point manipulator
system. Three gearboxes are utilized, providing three degrees
of freedom, translations on the plane, and rotation outside the
plane. This design allows the TAA to thermally expand in the
three directions, preventing stresses from over-constraining
the structure.

The centering pins design incorporates feedback from RH
installation tests of the IFMIF TAA prototype performed at
the ENEA (Italian National Agency for New Technologies,
Energy and Sustainable Economic Development) laboratory.
The gear boxes are also implemented in the Fast Disconnecting
System (FDS) to expand and compress the bellows on the
Beam Ducts.

2.4. Remote handling strategy

All maintenance operations to be performed on the TSY must
be done through RH technologies as the TC environment is
not accessible even during beam-off conditions due to high
residual doses. The main operations to be carried out in the
TC during the yearly scheduled maintenance period are [15]:

• The opening and closing of the TC.
• The plugging/unplugging of diagnostic and power electric
connectors.

• The disconnection and connection of the FDS to disas-
semble the flanges.

• The exchange of TAA and its transportation to the
Irradiated Material Treatment Cells for dismantling and
waste conditioning.
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Figure 7. RH features for the connection of the TSY with lithium
pipe, QT and beam ducts (FDS).

• The cleaning of the flanges, using a special tool already
designed, manufactured and successfully tested.

• The installation of TAA and the link to the HFTM.
• The alignment of the TAA [16] and acceptance tests.

A series of features has been developed to allow and
enhance previous operations. It is worth mentioning the FDS,
which connects the target with the beam ducts, the QT and the
lithium pipe. Main challenges are related to the harsh working
conditions, under a strong irradiation field and in contact with
lithium. They include an energized-type seal that ensures the
leak-tightness, and the flanges are operated by RH tools. These
components have been successfully prototyped (figure 7).

In addition, to perform these operations, a number of ded-
icated RH auxiliary devices and tools are foreseen. The main
ones are:

• The heavy rope overhead crane covering the TC area. It con-
sists on a multi-rope double beam overhead traveling crane
dedicated to perform transfer operations of components with
weights up to 140 Tons.

• The Access Cell Mast Crane (ACMC) which is a double
beam overhead crane with a telescopic mast equipped with
a change gripping system to allow connection with vari-
ous devices and end-effectors. This device includes a series
of tools, such as a Parallel Kinematic Manipulator (PKM);
which allows the precise movements of heavy components
inside the TC; and the robotic arm, equipped with seven
degrees of freedom and designed to perform complex tasks
in tight spaces as flange disconnection.

Figure 8 shows an illustration during the installation of the
TAA on the Target Assembly Support by using the ACMC
together with the PKM. The PKM facilitates precise position-
ing of the TAA by balancing gravity forces.

Figure 8. Illustrative 3D model of TAA positioning inside the Test
Cell.

3. Heat removal loops

3.1. System description and configuration

The HRL is designed to provide lithium at constant flow rate
and temperature to the TSY inlet; and to evacuate the heat
deposition in the target (up to 10 MW, in case of the future
planned expansion to two accelerator lines). The HRL com-
prises the Primary Loop (PLO), which recirculates the lith-
ium between the TSY and the Primary Heat Exchanger (HX1);
and the Secondary (SLO) and the Tertiary (TLO) oil loops that
transfer the heat to the plant HRS, figure 9.

The PLO is designed to generate and control the lithium
flow rate. The lithium is circulated by an electro-magnetic
pump (EMP), throughout the HX1, to remove the thermal
power deposited during the beam-target interaction. The HX1
transfers the heat from the lithium fluid, circulating into the
shell side, to the oil stream that flows into the tube side.
This heat is rejected to the water HRS by a series of two oil
loops.

After conditioning, the Li flows across the Target Assembly
to generate the Li jet at a constant flow rate and temperat-
ure. At the exit of the TAA the Li stream is collected in the
quench tank where its velocity and temperature profile are uni-
formized before entering again in the EMP. Downstream the
QT, two branch lines connect the primary loop to the ICS,
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Figure 9. Illustrative 3D model of the Lithium Systems.

this being responsible of controlling the purity of the lithium.
About 2% of the Li flow is extracted by a dedicated electro-
magnetic pump and re-injected into the primary loop.

Connected to the Li loop, a Dump Tank (DT) is provided
to perform the lithium melting and accommodate the lithium
during the first filling and system maintenance operations. An
Argon Supply subsystem fills the DTwith Ar at adequate pres-
sure to support the charging and draining of Li in the loop.

The main design requirements and the sizing parameters of
the PLO are summarized in table 1. The total amount of lith-
ium, including the ICS, is 12.50 m3. The pressure drop calcu-
lated in the PLO at nominal condition is 4 bar. Due to safety
reasons, the loop is designed to be drained by gravity, further
studies are ongoing to investigate the aid of injection of gas to
improve the draining operation in case of emergency stop. The
PLO is installed and confined in a dedicated room.

The Secondary and Tertiary loops have been designed to
remove the thermal power gained by the Lithium flow through
oil-oil (HX2) and oil-water (HX3) heat exchangers [17]. The
SLO circulates organic oil forced by a centrifugal pump. The
oil type, Dowtherm HT, is appropriately selected to have a
boiling point over the maximum Li temperature reached in
conditions of oil stop flowing into the HX1. The oil is heated
on the tube side of the HX1 and cooled down on the tube side
of the HX2. An expansion tank is provided to compensate the
oil change volume in the loop and the pressure system fluctu-
ations. A DT is provided to collect the oil during the system
maintenance operations. See figure 1.

Similarly the TLO circulate oil, Dowtherm Q, forced by a
centrifugal pump, which is heated on the shell side of the HX2
and cooled down on the tube side of the HX3. The water circu-
lated in the shell side of the HX3 transfer the heat to the HRS.
The SLO and TLO interface with the Argon Supply system to
fill the Dump and Expansion tanks with Ar gas at a pressure
slightly higher than 1 bar (abs.).

The thermal design parameters for the heat exchangers
(HXs) at the nominal thermal power of 5 MW are detailed
in table 2. These HXs are over-designed to meet require-
ments in case of an upgrade to IFMIF operation, which
involves two deuteron beams with a total power of 10 MW.
The basic design assumptions for the HXs is based on the
TEMA standard [18], with an AEU (U-tube) type and TEMA
class B. The materials used are A316L stainless steel. A min-
imum fluid velocity above 0.9 m s−1 was considered in the
design, as well as an additional thermal resistance due to
fouling phenomenon. Additionally, a 30% over-sizing factor
(safety factor) is applied for the heat transfer area. Each heat
exchanger is equipped with temperature and pressure sensors
at each inlet and outlet, 3-way globe valves to control the flow
rate and regulate temperature, isolation valves on pipes pen-
etrating walls with safety barrier requirements, and electrical
heaters for additional temperature control.

The selected oil for HX1 has been studied within an exper-
imental campaign to verify the variation of chemical-physical
properties under irradiation. Note that the lithium may bring
radioactive impurities, such as Beryllium-7, that may alter the
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Table 1. Main design requirements of PLO.

ITEM VALUE NOTE

Constant Flow rate 97.5 l s−1 Nominal value in the main Li loop
Li temperature in the
cold leg of the loop

300 ◦C at the exit of HX1

Heat removal capacity 5 MW +30% margin for HX (extendable
up to 10MW)

Component Material SS316L
Erosion/corrosion rate ⩽50 µm in 30 years
Availability >0.94 To fulfil the required LS

availability 0.94, in scheduled
operation time

Replacement period 30 years

Table 2. Thermal design parameters for Heat Exchangers.

Units HX1 HX2 HX3

Shell side medium — Lithium Dowtherm-Q Water
Tube side medium — Dowtherm-HT Dowtherm-HT Dowtherm-Q
Shell side inlet temp. ◦C 318 60 28.8
Shell side outlet
temp.

◦C 300 85 38.8

Tube side inlet temp. ◦C 185 220 85
Tube side outlet
temp.

◦C 220 185 60

Shell side mass flow kg s−1 49.7 230 239
Tube side mass flow kg s−1 130 130 230
LMDT ◦C 67.2 129.9 28.7

oil. The test showed a good chemical stability up to 13 MGy.
The infrared analyses and the determination of the total acid-
ity in the irradiated samples did not show appreciable changes
compared to the non-irradiated oil. However, an increase in
viscosity related to the adsorbed dose has been detected, which
can be explained by the formation of higher molecular weight
compounds by polymerization. A numerical simulation to
estimate the dose rate in the oil in the HX1 during operation
has shown a low level of radiation, highest dose rate around
0.003 Gy hr−1, which confirm the suitability of the selected
oil. Neutron streaming irradiation in the HX1, coming from
the TAA, is negligible.

The SLO and TLO are installed and confined in a dedicated
room separated from the PLO. A preliminary study is assessed
in terms of loss of functionality for each component of the
PLO. The FMEA at component level methodology has been
applied for the purpose. Several different Postulate Initiating
Events (PoIEs) have been outlined, as summarized in table 3,
to be deeply analyzed by deterministic calculations in the next
phases of the design.

3.2. Electromagnetic pump design and performance

Electromagnetic induction pumps are widely used for trans-
porting liquid metals [20]. The main advantage of these pumps
over mechanical pumps is the absence of moving parts sub-
merged in the liquid metal, which eliminates seal problems.
Their operation principle is based on the interaction between a

traveling magnetic field and the currents induced by this field.
This idea was first proposed by Einstein and Szilard in their
1930 patent [21], using three-phase inductor coils to create the
linear traveling magnetic field. Recent advances in the produc-
tion of permanent magnets have enabled the development of
permanent magnet pumps (PMP). These pumps use rotating
permanent magnetic poles with alternating polarity (figure 10)
[22].

There are several main advantages of the PMP in compar-
ison with the linear induction pumps: no energy is necessary
for the creation of the magnetic field; the design is simpler
because there is not winding in the pump, thus there is not risk
of overheating and damaging of the electrical isolation of the
winding; and the pump is usually more compact and light.

The PMP can be operated by a standard AC motors with
the power supplied through a standard frequency converter,
allowing to adjust the pump performance by adjusting rotation
speed of the motor. The industrial motors and their frequency
inverters are widely available, relatively cheap, well optim-
ized and operate with high efficiency. In addition, a unique
feature of PMPs is the ability to control the loop-pump sys-
tem’s inertia by modifying the rotor’s moment of inertia, this
determining the coast-down characteristic. However, a draw-
back of PMPs is the presence of moving parts, which require
maintenance, such as bearings. Despite this, the maintenance
procedures are well-established and cost-efficient. Moreover,
the permanent magnets are in general sensitive to irradiation.
However, the EMP is located in the Lithium Loop Cell and it
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Table 3. List of PoIEs identified by the FMEA for the design of the PLO [4, 19].

PoIE Postulated Initiating Event related to PLO

LS2-1 Loss of flow in the lithium loop because
electro-magnetic pumps (EMPs) trip due to CCF

LS3-1 Loss of lithium in lithium loop area due to large break
at the EMPs outlet

LS3-2 Loss of lithium in the TTC due to large break in piping
running inside the cell

ORE Increase of occupational radiation exposure due to
operating the facility with abnormal operating
conditions and/or to provide maintenance for
decontaminations and repairing activities (This PoIE is
identified for events not related to accident sequences
that could impair containments and could lead to
environmental release)

N/S Not Safety Relevant

Figure 10. Exploded view drawing of a cylindrical type PMP.

is not exposed to neutrons. It may be exposed to the radiation
coming from the impurities in the Lithium (mostly gamma at
very low dose), which should have a negligible effect. The
IFMIF-DONES PLO pump must meet several key require-
ments: the ability to deliver a nominal flow rate of 100 l s−1

with a pressure differential of 4 bars, operate under reduced
suction pressure (∼0.3 bar), and ensure high reliability and
availability. Additionally, it must offer a long coast-down time
(several seconds), a critical feature to ensure the lithium layer
remains sufficiently present across the target, allowing for a
beam stop in the event of pump trip or failure. Those require-
ments led to the selection of a PMP driven by a 160 kW AC
motor, featuring a flywheel coupled to the motor axle.

The design of PMP has evolved during the last years.
Especial focus has been paid to the EMP channel design
and optimization of its magnetohydrodynamics performance.
Analytical methods [20] and numerical simulations using
COMSOL software have been widely used. Both approaches
have been previously tested on a similar design pump, already
available, and working with Na [23]. To fulfill the nominal
flow rate for IFMIF-DONES, the cross-section of the available
prototype pump has been increased from 3 to 5 subchannels,
to increase the flow rate from 60 l s−1 to 100 l s−1. In addi-
tion, perforated inner walls are created to ensure more optimal
induced current closing conditions, figure 11 [24].

Electrical potential formulation is used with insulating
boundary conditions on outer walls and setting zero potential
in the inlet and outlet boundary walls of the channel. The geo-
metry of the magnetic rotor with air gap above it, where the
Li channel is located, and the mesh for calculations is shown
in figure 12 left. Perfect magnetic conductor boundary condi-
tions are applied on inner and outer radial surfaces and mag-
netic insulation boundary conditions are applied on both sides
(z axis). Magnetization of permanent magnets is set up accord-
ing to Halbach array using remanent flux density Brem = 1.1 T
according to Sm2Co17 magnets. The partly assembled rotor is
shown in figure 12 right.

Calculated magnetic field flux density and lines are shown
in x-y plane (figure 13 top) and are essentially constant over
z axis. Distribution of magnetic field in the air gap (figure 13
bottom) is exported and is used in the calculations for induced
currents and heat in channel walls and for MHD calculation in
liquid metal layer.
k− ε turbulence model is used for Li flow and zero pressure

condition is set in the outlet of the channel. Calculated eddy
currents and velocity magnitude,related to a rotational speed
of the rotor n= 425 rpm, are shown in figure 14. Area averaged
pressure of all 5 sub-channels is used in the results. Obtained
results of developed averaged pressure in figure 15 show that 4
bars with flowrate 100 l s−1 and operating temperature 350 ◦C
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Figure 11. Left—PMP channel with 5 subchannels and overall
mesh used for flow calculation—right—zoom in of meshes for
magnetic field and hydrodynamics, 1926 600 and 363 636 elements
correspondingly.

Figure 12. The geometry for calculation of magnetic field and mesh
for calculation of magnetic field, size: 1575 379 elements (left).
Right—rotor in assembling process. Arrows indicate direction of
magnetization.

will be achieved at approximately 416 rpm, which is consistent
with value obtained by analytical methods.

As previously mentioned, one of the design requirements
is the ability to maintain half of the lithium flow rate, at least,
through the target for several seconds (enough time to stop the
beam) in the event of a pump failure. To address this, coast-
down experiments have been conducted to demonstrate the
possibility of significantly increasing coast-down times. PMPs
with attached flywheels, each with four different values of
rotational inertia, were used in the experiments, as shown in
figure 16.

Figure 13. Top—calculated magnetic field; Bottom—applied
external magnetic field in channel (both in (T).

Experimental results are compared with predictions of
developed mathematical model which describes rotational
movement of rotor with good agreement, figure 17. The power
data [23] have been used for determination of the decay times.
It is shown, that pump’s rotor dynamics is well suited for flow
rate dynamics characterization. This strategy is demonstrated
to be efficient and fulfill the design requirements.

4. Impurity control system

4.1. System description and configuration

The ICS plays a crucial role for the reliable and safety oper-
ation of the LS. During operation, different kind of impur-
ities are generated and distributed in the lithium loop. They
are non-metallic impurities such as, Oxygen (O), Nitrogen
(N), Hydrogen (H) and Carbon (C); and metallic impurities.
The metallic impurities come mostly from metallic compon-
ents and pipes (AISI 316 L and Eurofer-97) due to the corro-
sion and erosion phenomenon exerted by lithium. Actually, the
corrosion-erosion phenomena may be enhanced by the pres-
ence of non-metallic impurities, mainly nitrogen, producing
different compounds. Additionally, some other elements are
generated as a result of the Li-beam interaction when passing

10
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Figure 14. Eddy currents (Am−2), Top, and Li velocity (m s−1),
Bottom.

Figure 15. Developed pressure for 350 ◦C Li at Q= 100 l s−1 as
function of magnetic field rotation speed.

through the TSY such as beryllium-7 (7Be), tritium (T), and
Activated Corrosion Product (ACP) due to the nuclear trans-
mutations of the Corrosion Products (CPs) generated in the
loop. The ICS is designed to both: control impurity levels of
the sources of the corrosion and erosion on structural com-
ponents (H, O, N, C); and confine or localize the sources of
radioactivity such as T, 7Be and ACPs.

Figure 18 shows an illustration of the ICS. It is conceived as
a sub-loop bypassing the main loop, connected just upstream
of the main EMP. It is divided in two sub-loops or branches:
the purification and the monitoring. ICS contains a dedic-
ated pump to drive the lithium through it. An expansion tank
is located at the suction point that ensures enough head to
avoid cavitation. The main design requirements and opera-
tional parameters are summarized in table 4.

Figure 16. Overall view of PMP with flywheel, flywheel and ring.

Figure 17. Predicted and measured time dependence of normalized
rotor’s angular speed. Solid line—experiment, dashed—theory.

The ICS is equipped with three types of traps that aim to
capture the different impurities. Depending on the trapping
and working principles, those are: Cold-trap (CT); Hydrogen-
trap (HT) and Nitrogen-trap (NT). The first two traps oper-
ate continuously (in-line) and are installed in the purification
branch, whereas the NT works off-line, only when the loop is
stopped, and it is connected to the main DT.

The cold trap (CT) operates on the principles of
temperature-dependent solubility and precipitation. Operating
at a temperature, minimum 190◦C, near lithium’s solid-
ification point (180.5◦C), it efficiently captures lithium
oxides, carbides, nitrides, hydrides, CPs, ACPs, and beryl-
lium nitrides, depending on their solubility. A stainless
steel mesh, hosted into a vessel, provides the surface to
promote crystallization and precipitation of the impurities.
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Figure 18. Overall view of the Impurity Control System.

Table 4. Main design requirements of ICS.

Item Value Notes

Flow rate 2.015 l s−1 Purification branch = 1.95 l s−1;
Monitoring branch = 0.065 l s−1

Li temperature 190–600◦C Range of temperature (including
the traps)

H content in Li ⩽10 wppm

target values, TBC
T quantity 0.3 g (in both Lithium

and Yttrium system)
N content in Li ⩽30 wppm
O content in Li ⩽10 wppm
Be-7 content in Li (-) No deposition outside Cold trap
Component material SS316L For piping system and

equipment, except for traps
Availability 0.94 in scheduled operation time
Replacement period Monthly For H-trap

30 years In general, for the ICS
Replaceability Possible for all

The cooling process is made in two-step: lithium is first
cooled using an economizer, then further cooled down with a
lithium-diathermic oil heat exchanger (hairpin type). This
setup optimizes thermal energy flow and ensures gradual
cooling.

The design includes three vertical cylindrical CT tanks
(≈1150dm3) in parallel, each filled with stainless steel mesh
sheets (∼ 360×mesh:41.1, wire diameter 0.24mm, sieve open-
ing 0.38 mm, open surface 37.9%). This configuration offers
certain operational flexibility, allowing two tanks to oper-
ate whilst the third one may be under maintenance. This
ensures a residence time of 18 minutes for lithium, enough
for efficient impurity capture based on previous experiences
[25–29].

It should be noted that rapid cooling of Li directly to the
lowest temperature of the CT (190 ◦ C) may produce block-
ing due to the prompt precipitation of impurities at the inlet.
The so-called plugging-meter, utilized in sodium loops, may
be used to control the precipitation temperature by measuring
the flow rate drop through a thin orifice system in a cooled by-
pass pipe [30]. This device can be used to precisely regulate
operating temperature of the CT, enabling gradual cooling and
preventing blockages. Additionally, the impurity content can
be determined based on the precipitation temperature in the
plugging-meter, given the known relationship between solu-
bility limits and temperature.

By action of the CT, the concentration of O and C are
expected to be lower than the target requirement (10wppms),
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whereas H and N should be over the limits (more than
50wppms and 1200wppm, respectively), those requiring ded-
icated traps. Both N and H-traps use a gettering process (also
known as hot traps), where lithium comes into contact with
a reactive bed that binds non-metallic impurity elements into
thermodynamically stable compounds. For the HT, Yttrium-
based getter has been selected as the most suitable material
given its high chemical affinity to the Hydrogen (partitioning
coefficient for the yttrium-lithium-hydrogen ≈103) [31, 32].

The efficiency of this kind of traps is strongly influenced
by the working temperature, which impacts on the thermody-
namics, and mass of getter. Detailed analysis of the Yttrium-
Lithium-Hydrogen were made by Hendricks [33, 34]. In this
context, a LL experiment, called Lithium system for Yttrium-
based DEuterium Retention experiment, has been developed
at the CIEMAT (Spanish Centre for Energy, Environmental
and Technological Research) [35]. The experiment aims to
measure critical parameters that determine hydrogen absorp-
tion capacity, enabling more extensive in situ validation of
numerical hydrogen transport models.

In the current design, the HT works isothermically at
300 ◦C (reducing the risk of beryllium nitride precipitation).
According to previous studies, 8–10 kg of Yttrium should
be enough to reduce the Hydrogen isotopes below the lim-
its (see table 4). Note that Hydrogen (including Tritium) is
produced continuously in the Target. The Li-related tritium
is mainly generated in the beam-Li interface (and additional
small amounts in Li components by back-scattering within the
TC). The total tritium production is calculated to be around
3.8 g per year. For safety reasons, the total tritium invent-
ory mobilazaible in case of a plant accident must be less than
0.3 g. Therefore, during operation the tritium will be distrib-
uted 0.3 g within the Li loop and the rest will be retained in the
hydrogen traps (HTs) (0.3 g each trap). To accommodate this,
the design includes features that allow for monthly replace-
ment of the traps (once filled with tritium) without interrupt-
ing the purification process. These features include double
valves, quick disconnection systems, and dedicated expan-
sion and auxiliary tanks, which facilitate the draining and
filling of lithium. Those auxiliaries tanks serve also to the CT,
for maintenance reasons (although no periodic replacement
is foreseen).

Unlike the HT, the nitrogen strategy involves a static NT.
In the current design, a vertical cylindrical tank, with a capa-
city to accommodate the entire lithium inventory, is equipped
with 3,515 kg of titanium getter allocated inside a removable
basket. Previous experiences demonstrated that titanium get-
ter at 600 ◦C can reduce the concentration of N by up to a few
wppms [29]. NT is sizing for the full lifetime of the facility.
The trap is equipped with a dedicated electric heater and tank
body ismade of high temperature resistant stainless steel (AISI
347 H). This trap is connected to the DT, where the lithium
is transferred after purification by support of the Argon sub-
system. This process is foreseen during the initial purification
of the lithium (commissioning) and during the maintenance
period (when the loop is open), i.e. once per operational year.

The monitoring of the impurities in the lithium is essen-
tial for the safe operation of the ICS, ensuring that target
thresholds are met and effectively controlling the efficiency
and maintenance needs of the traps. A fraction of the flow is
deviated towards the impurity monitoring brach (3% of ICS
flow). The impurity monitoring branch is equipped with online
sensors: resistivity-meter [36] and electrochemical sensor for
measuring the Nitrogen and Hydrogen concentration respect-
ively. In addition, there are two samplers for off-line analysis
of the lithium and a port connection for other sensors such
as the plugging-meter. Those sensors and procedures are cur-
rently under R&D.

In the near future, these monitoring and trapping techno-
logies will be tested and validated jointly in a lithium circuit
called LITEC [37], which is a Li facility with a great flexib-
ility and a wide operational range, representative of IFMIF-
DONES ICS.

4.2. Generation, distribution and deposition modeling of
impurities

The evaluation of the generation and distribution of impur-
ities in the loops is, therefore, of paramount importance for
the safe operation of the facility. In order to estimate the gen-
eration and distribution of the impurities along the Li loop a
numerical model has been developed. The model is continu-
ously updated and takes into account the actual design status
of the Li loop. A key input for the model is the corrosion rate
of stainless steel components in contact with flowing lithium.
The results of the experimental corrosion tests on the LIFUS6
facility are considered in the simulations [29, 38]. The most
significant radioactive components are tritium and beryllium-
7, which are considered as mobilizable elements. Therefore,
particular attention is given.

4.2.1. Generation and solubility of 7Be. 7Be is produced in
IFMIF-DONES mainly in the reactions 6Li(d, n) 7Be (14.5%)
and 7Li(d, 2n) 7Be (83.1%). 7Be decays to 7Li with a half-life
of 53.2 days by electron capture process, and it has an associ-
ated gamma emission of 477 keV. The generation of 7Be has
been evaluated by several studies and experimental tests dat-
ing back to the IFMIF project [39], and more recently for the
IFMIF-DONES design [40]. The best estimate production rate
under IFMIF-DONES operational conditions, considering nat-
ural decay (without any purification), is an equilibrium value
of 150 mg in lithium, which is the reference value to monitor
after one year of irradiation.

The 7Be dissolved in LL in presence of nitrogen chemically
reacts to form the compound Be3N2. Therefore, lithium solu-
bility is evaluated considering the equilibrium of these three
components by means of the following correlation [41],

log10
(
C2
NC

3
SBe

)
=−5.7− 20300/T (1)

whereCN andCSBe are the atom ratio of nitrogen and unbound
beryllium in lithium, respectively. Due to the relatively high
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Figure 19. Saturation temperature mapping at which 7Be
precipitates in the Loop as Be3N2 as a function of CT flow rate and
efficiency (for N concentration of 30wppm).

concentration of N in the loop (see table 4), the expected con-
tent of unbound 7Be should be very low theoretically (below
ppb).Most of the isotope should be found in the form of Be3N2

which may precipitate and deposit at some locations along the
loop due to the higher density than liquid Li.

4.2.2. Distribution of 7Be (Be3N2) in the loop. According
to numerical models, beryllium-7, in the form of beryllium
nitride (Be3N2), is distributed throughout the lithium loop,
with a tendency to deposit primarily in the HX1, the Cold Leg
(CL) connecting HX1 to the TSY, and the CT, which is located
in the ICS and operates at low temperatures. It was numeric-
ally observed that increasing both the CL temperature and flow
rate in the CT positively affects the reduction of 7Be deposition
outside of the CT. These observations are consistent with a the-
oretical thermodynamic evaluation of Be3N2 precipitation.

Theoretical evaluations, developed for a generic system of
a loop and a CT, show that the mass of Be in the Li flow is a
function of trap efficiency and flow rate in the CT, for a given
N concentration in the lithium. Assuming that the calculated
concentrations of Be in the loop correspond to saturation val-
ues, there can be found critical operating temperatures (see
figure 19). These temperatures represent the minimum levels
above which the 7Be concentration in the lithium would be
insufficient to precipitate Be3N2 in the cold locations along
the loop. By keeping the 7Be concentration below its solubil-
ity limit at the loop temperature, Be3N2 will not precipitate
outside the CT.

As a consequence, the results indicate that the reduction of
Be deposition in the loop can be achieved by adjusting the flow
rate and the operating temperature of the lithium. Changes
in Li temperature and flow rate in the CT impact to the full
LS design, hence a suitable selection of those parameters are
essential.

On one hand, increasing the operating Li temperature signi-
ficantly affects the Li loop operation, particularly by reducing
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 in the target vacuum chamber. This
margin is maintained by the centrifugal forces of fast-flowing
Li on the concave-shaped channel. The saturation temperat-
ure on the free surface is Ts = 342.14◦C at 10−3 Pa. Given
the temperature variation of approximately 30◦C due to the
beam power deposition, the Li operating temperature should
not exceed 300 ◦C to avoid ‘superficial boiling’ and strong
surface evaporation. Higher Li temperatures also increase the
evaporation rate. However, numerical simulation has shown
that the evaporated lithium is confined and deposited in the
vacuum chamber and is not spread in the beam ducts.

On the other hand, the increase of lithium temperature
provides a larger logarithmic mean temperature difference
between Li and oil in the primary HX1 system. This larger
temperature difference allows for a smaller HX1 design, which
reduces the generation of corrosion products.

Regarding the flow rate through the CT, it impacts dir-
ectly in the total trap capacity and heat interchanging system,
although it does not suppose a technological challenge.

Considering both, the thermodynamic limits for precipita-
tions of Be and the impact on the loop design, the bounding
operating limits were defined as follows:

• Operating temperature of the lithium (cold leg) 300 ◦C.
• Nitrogen concentration in the lithium 30wppm.
• Flow rate in the ICS (and so in the three CT) 2% of the main
flow.

Assuming an efficiency of the CT about 80% with a flow rate
of 2% (respect to main flow), the saturation temperature is
lower than 300 ◦C. This means that no precipitation is expec-
ted in the Lithium loop (nominal temperature is 300 ◦C), and
the 7Be will precipitate (as Be3N2) only in the CT (working
at 190 ◦C). Note that the efficiency of the CT is in function of
the residence time through it. The design of the CT has been
made to ensure a given residence time.

4.3. Impurity control strategy and safety related measures

Most of the impurities in IFMIF-DONES are confined in the
traps (≈90%). In case of a severe accident in the facility, the
main contribution to the mobilization of radioactive inventory
is associated with the impurities dissolved in the LL, those
are mainly 7Be and Tritium, whilst ACPs have a low impact
due to low volatility. Several reference accidental scenarios
have been identified in the IFMIF-DONES safety analysis
report [19] related to the partial or total release as a con-
sequence of lithium leakage and potential fire. A defense-in-
depth philosophy has been implemented in IFMIF-DONES,
which involves a series of measures such as inertization of lith-
ium rooms with argon; dynamic confinement, enclosure of the
Li rooms by a leak tight stainless steel liner and installation
of lithium recovery system for collecting the leakages among
main ones. Reader is referred to [6] formore information about
IFMIF-DONES Li fire protection system.

For strategical reasons, even when the probability of lith-
ium fire is very low, lower than 10−6 yr−1, design extension
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conditions have been considered to the LS and traps in partic-
ular, limiting the consequences in case of a catastrophic event
where all the mitigation measures fail. Under this scenario,
known as Beyond Design Accident Scenario (BDAS), a dose
objective of 50mSV to the most exposed individual has been
preliminary defined, but still under discussion (note that this
objective value is very conservative, this being significantly
lower than 250 mSv exposure tolerable by Spanish regula-
tion for Nuclear Power Plants, Category IV, for Design Basis
Accident [42]). This practically translates to limit the amount
of possible release of tritium and 7Be to 0.3 g and 1.2mg,
respectively. Regarding the design of the ICS, this strategy
affects to the design, operation and maintenance plan of the
HT and CT.

The current design of the CT system involves three trap
units operating in parallel. This configuration is chosen to
ensure the operating conditions that minimize 7Be deposition
in the main Li loop. With all three CT tanks functioning sim-
ultaneously, theoretical calculations indicate no deposition of
7Be in the Li loop, as above-mentioned. Therefore, a max-
imum load of 50 mg per CT unit can be expected in nominal
operation (which results on 150 mg in total). Assuming that
2% could potentially be mobilized in the form of Be3N2 aer-
osols in case of a Li fire of one unit [43], the potential release
would be in the order of 1 mg for BDAS, which is below the
conservative guideline of 1.2 mg. Therefore, as an adequate
safe engineering practice, the CT units are placed in a separ-
ate room from the rest of the LS, each with a single fire sec-
tor, and isolated by safety valves. No replacement of the CTs
are required from radiological point of view, though mainten-
ance operations are take into account in the design i.e. one
trap unit may be temporally stopped. Continuous monitoring
of key parameters such as inertization, gamma irradiation, and
tritium contamination levels are foreseen as additional safety
measures.

Similar approach has been followed for HTs. Three HT
units has been considered in the design, placed in a ded-
icated room and separate in three different sectors for fire
and confinement purposes. The Tritium has a half life of
12.3 year, that would be accumulated in traps during the
operation of the facility. In this case, the procedure for the
HTs requires monthly replacement of each unit when loaded
with 0.3 g Tritium (T), whereas the others units are avail-
able for operation. This approach provides continuous puri-
fication, even during the replacement, and increase reliability
and availability.

Figure 20 shows an illustrative model of the LS layout
driven by the safety impurity control strategy.

5. Lithium diagnostics

5.1. Overview of lithium diagnostics

The LS diagnostics within the IFMIF-DONES facility are
essential for ensuring the reliable and safe operation of the
facility, particularly in the target area where the neutron source
is generated. These diagnostics are designed to fulfill several
functions: monitoring the main operational parameters of the

Figure 20. Layout of the Lithium Systems inside the Main
Building. Lithium equipment are confined in dedicated rooms, those
are: the Lithium Loop Cell, Cold-Trap Cell and H-Trap Cell. The
HT and CT are divided in three units installed in separated sectors.
NT is installed inside the DT pit and close by top concrete shielding.

systems (Monitoring), preventing the failure of key equipment
that could impact cost and availability (Machine Protection),
and protecting workers and the public from toxic or ioniz-
ing exposure and potential health risks (Safety). The design
and requirements of these diagnostics aim to ensure robust-
ness, reliability, and safety in a highly challenging operational
environment.

In IFMIF-DONES the diagnostics are organized hierarchic-
ally following the plant breakdown structure. Table 5 provides
an overview of main families of diagnostics for the LS.

LS diagnostic faces several key challenges. They have to
withstand extremely high radiation levels, exceeding hun-
dreds of MGy per full power year (Si-equivalent), depend-
ing on their position. Many diagnostics need to be compat-
ible with RH methods (or hand-off) to ensure maintainabil-
ity in ionized areas with limited or restricted access. Some
of them are in contact with LL at high temperature, this
being an aggressive element that may degrade the compon-
ents. Additionally, critical diagnostics, such as the monitor-
ing of the lithium jet thickness demands quick response times
of the order of milliseconds to promptly address any devi-
ations and ensure the smooth operation of the system. Those
requirements claim the use of innovative designs and materi-
als. Following sections provide descriptions and R&D status
of main critical diagnostics.

5.2. Li jet diagnostic

One of the most important parameters to be controlled in the
TSY is the thickness of the Li jet. The film thickness in the
beam footprint area of the LL target has to be 25 ± 1mm. This
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Table 5. Main diagnostics families for the Lithium System (up to level III).

TSY PLO SLO/TLO ICS

TSY Power PLO Power SLO/TLO Power ICS Power
TSY Temperature PLO Temperature SLO/TLO Temperature ICS Temperature
Target Vacuum Chamber
Pressure

PLO Li Flow SLO/TLO Li Flow ICS Li Flow

Lithium Jet Thickness PLO Li Pressure SLO/TLO Li Pressure ICS Li Pressure
Beam Position and
Footprint

Primary Dump Tank
Diags.

SLO/TLO Dump Tank
Diags.

ICS EMP Diags.

Target Assembly Position EMP Diags. SLO/TLO Expansion
Tank Diags.

ICS Expansion Tanks
Diags.

QT Diags. HX1 Li-Oil Diags SLO/TLO Pump Diags. CT Cooling System Diags.
Maintenance & Predictive
Diags.

Maintenance & Predictive
Diags.

HX2-3 Oil Diags. CT Diags.

Valve Diags HT Diags.
Maintenance Predictive
Diags.

HT Diags.

IMO Hydrogen Sensor
IMO Resistivity meter
IMO Plugging meter
Valve Diags
Maintenance & Predictive
Diags.

requirement is set to ensure a stable neutron flux production,
simultaneously contain the heat release in the LL and avoid
damaging the backplate.

Previous studies have demonstrated that the lithium jet
maintains a high level of stability and thickness homogen-
eity over time [11, 44–46]. Fast wave fluctuations have been
observed on the free surface due to the turbulent regimen of the
lithium jet. The average wave amplitude is about 0.26 mm (at
a lithium velocity of 15 m s−1) and fluctuates in milliseconds
time scale (and faster depending on wave amplitude) [44]. The
surface waves is then in the tolerance values and their effect
on the time averaged jet thickness is zero, hence those fluctu-
ations may not suppose an issue. However, potential defects
or degradation on the surface of the nozzle exit could generate
stationary waves that propagate along the jet. Measurements in
a water flow facility with a concave open channel flow showed
possible profiles of critical wake amplitudes [47]. These phe-
nomena shall be carefully monitored and controlled to prevent
damage to the backplate (BP), where most of the beam power
is deposited within the first 22 mm of the lithium jet thickness.

Therefore, monitoring the fluid dynamic stability of the
lithium jet during operation involves two types of measure-
ments: one for jet thickness and another for monitoring the
evolution of stationary waves on the jet surface. Monitoring
jet thickness is crucial for safety, requiring millisecond-level
measurement times and depth accuracy better than 0.5 mm.
Only a few measurement points along the jet span are needed
for this purpose. In contrast, monitoring stationary waves
requires a significantly higher number of measurement points
along the jet span, with a measurement pitch of approximately
0.5–1 mm, over a period of seconds, and with similar depth
resolution.

Additionally, the extremely high radiation levels in the TC
during operation (exceeding 100MGy/fpy Si-equivalent) must
be taken into account when selecting measurement systems.

Several technologies have been investigated, such as:
Optical Comb Absolute Distance Meter [44]and Laser
Interferometry (Lidar). An alternative based on millimeter-
wave radar techniques is currently under investigation and val-
idation, known as LiRADAR [48]. An overview of such tech-
nologies can be found in [49].

Currently, the most mature technology found that fulfills
the previous listed requirements is the Laser Interferometry
ITER in-Vessel Viewing System (IVVS), developed by Fusion
For Energy for ITER project [50]. This system measures the
intensity and phase shift of the reflected signal, using the phase
shift to calculate distance [51]. It is optimized for distances
between 0.5 and 10 meters and it is Radiation-Hard resist-
ant. The optical head is separated from the laser source and
detector, which are connected via an optical fiber up to 200
meters long. The main characteristics of IVVS are [52]:

• Accuracy 0.3–0.5 mm @ 1–15 m
• Spatial resolution 0.5 mm @ 5 m
• Measuring distance 0.5–10.5 m
• Radhard (total dose 10MGy)

For the IFMIF-DONES application, the device is proposed to
be installed in the Target Interface Room, located upstream
of the TC, at a distance of 8–10 meters from the target. The
device’s head can be inserted through the secondary beam duct
and shielded, which helps to reduce the irradiation dose. The
system can achieve a sampling frequency above the kHz range,
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Figure 21. Solid Target for Li diagnostic test: cross-section of the
surface of the solid model.

Figure 22. Top: height profile (blue crosses) of the solid model
measured from 8 m distance in comparison to the given reference
surface (black dots). Bottom: Deviation△z to the provided model
and standard deviation of the points in each 2 mm window. The
z-values were evaluated every millimeter using a 5% trimmed mean.

although it relies on small surface waves on the lithium jet to
reflect the signal back to the sensor that is under validation.

The IVVS has been tested on two different model surfaces:
a solid wavy target and a liquid metal free surface. The first
consisted of an aluminum block with rings of different slopes
on the surface [53]. The aim of the model surface was to meas-
ure specular slopes of different inclination from 5◦ to 45◦ and
their respective minima and maxima (see figure 21).

Figure 22 shows the resulting height profiles (blue crosses)
measured from an 8-meter distance, compared to the reference
profile (black dots). The plot also displays the deviation from
the reference model (△z) and the standard deviation within
each 2 mm window. The system successfully resolved the two
outermost slopes at all measured distances, with the standard
deviation increasing slightly at larger distances but remain-
ing below 0.4 mm. Resolving the minima of a potential wake
depends also on the diameter of the laser spot on the surface.
In previous case the measured laser spot diameter was 3.8 mm
at 8 m distance (whilst 2 mm at 4.5 m distance).

The second model surface consisted of a box with liquid
GaInSn. The box was equipped with a vibration motor used
to induce small surface waves, figure 23. The measurements
showed that small surface waves enable the distance meas-
urement to the specular surface. The vertical resolution is less
than the required 0.3 mm. Looking at the measurement speed,
scanning the width of the beam footprint required less than

Figure 23. Box with liquid GaInSn for Li diagnostics test: Flat and
wavy surface.

Figure 24. ECHSLL measuring principle, defining Working
Electrode WE and Reference Electrode RE, and a Voltage V as
result of H-concentration in the LL. Reproduced from [58].
CC BY 4.0.

100ms. The results of the test measurements are promising for
the application of the IVVS in IFMIF-DONES. Additionally,
an experimental campaign on a flowing lithium jet along a
DONES-like curved channel is planned for the next years.

5.3. Hydrogen diagnostic

The chemical reactivity of the LL with structural materials
(tubes, tanks, pumps, etc) is increased by non-metallic impur-
ities; also materials that are otherwise stable in lithium lose
this stability especially in the presence of hydrogen and its
isotopes [54], which induce danger of fatal failures under
operation by embrittlement and fatigue stresses. Knowledge
of their concentrations and enrichment is therefore essential.
The hydrogen measurement will take place in the ICS by
an Electrochemical Sensor for the Lithium Loop (ECHSLL)
developed at KIT (Karlsruhe Institute of Technology) [55, 56].
The principle of operations are shown in figure 24. Sensor
geometries and sizes are optimized to laboratory thermomech-
anical requirements under inert atmospheres (Glovebox) and
to further experimental conditions of the foreseen ICS sites
(flanges, spaces, connections, maintenance). In its current
design, the sensor has 250 mm total length; the cylindrical
potential detection part is of 14 mm diameter and 40 mm high
(welded to the steel support tubes contact sites), figure 25.

Different tests were carried out under several operating con-
ditions and using different materials [57]. The most recent
tests focused on LL temperatures of 300 ◦C (nominal IFMIF-
DONES temperature) with specific amount of added LiH (at
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Figure 25. Recent design of ECHSLL electrode geometries and
dimensions.

Figure 26. EMF voltage as function of [Hdiss] for Li-melts at
different temperatures. Highlighted by the blue arrows are the two
different concentrations 50%[Hsat] for 300 ◦C and 400 ◦C, each
heated up to 500 ◦C. Reprinted from [56], Copyright (2022), with
permission from Elsevier.

which the hydrogen solubility is 0.344 at-%). The Nb-systems
showed stability for long-time measurements, in the range of
some weeks. Further tests, reaching temperatures up to 500 ◦C
confirmed the chemical stability of the system even under
more extreme conditions. In figure 26 the potential measured
as function of hydrogen concentrations and temperatures is
reported [58]. The tests performed showed that the sensors
worked properly and indicated Electromotive Force (EMF)
values in good accordance with the adjusted hydrogen concen-
trations also in the range of some hundreds of hours. A triple-
stand test is being operated and is controlled by a modern
contemporary online monitoring system that enables remote
control. For application in the DONES test site, reduction of
the EC electrode sizes was carried out (diameters reduced to
14mm). Furthermore, ECHSLLwith drastically thinner mem-
branes (0.3 mm) and smaller diameters are currently being
manufactured in order to achieve quicker response times under
operation.

6. Conclusions

This paper has shown the current design and R&D status of
the IFMIF-DONES LSs, with a detailed view of the four sub-
systems: the TSY, the HRL, the ICS and the LSA.

The development of the TSY, devoted to generate the lith-
ium target for the deuteron beam, entails a series of challenges
due to extreme working conditions, handling high thermal
loads (5–10 MW) and working under high vacuum and high
irradiation environment. The target design is based on a high-
speed liquid lithium jet flowing through a concave Back-Plate,
efficiently removing thermal power and preventing boiling and
cavitation. This concept has been proven in representative con-
ditions with a 1:2.6 scale prototype in the IFMIF-EVEDA
phase. The design of the Quench Tank has been optimized for
reducing flow fluctuations and vibrations. Removable target
strategy has been further developed, paying special attention
to RH interfaces and including a series of novel features that
allow the replacement and alignment of the Target Assembly,
sensors and connectors effectively.

The HRL, responsible for transferring thermal power from
the lithium to the conventional HRS, has undergone major
updates. These updates involve optimizing the heat exchangers
to account for the modified lithium working conditions and
updating the layout to enhance the maintainability strategy.
Intense effort has been dedicated to the design and char-
acterization of the main electromagnetic pump (based on
permanent magnets), capable of supplying 100 l s−1 under
nominal conditions to the target. The design includes a fly-
wheel feature aimed at ensuring the survival of the lith-
ium layer in the target in the event of pump trips for safety
reasons.

The ICS, devoted to the purification of the lithium, plays a
pivotal role in the safe and reliable operation of the Lithium
Loops. A series of analyses has focused on the generation and
distribution of impurities, with special emphasis on tritium and
7Be. Controlling 7Be is of paramount importance for radiolo-
gical reasons. As shown in this paper, a suitable selection of the
lithium working temperature, control of the nitrogen concen-
tration in the lithium, and the flow rate through CT should the-
oretically prevent or reduce 7Be precipitation along the loop
outside the CT. Three CT units have been implemented, work-
ing in parallel and designed for the full life of the facility.
Similarly, the ICS is equipped with three HT units, which
are replaced regularly once filled with tritium. The traps are
installed in dedicated rooms, physically separated into sectors
for fire and confinement purposes. This strategy ensures the
safe and reliable operation of the LS and controls the mobiliz-
able radiological inventory.

An overview of lithium diagnostics is also provided, high-
lighting the importance of the lithium jet diagnostic. A key
sensor for monitoring the lithium jet thickness in the tar-
get is the In-Vessel Viewing System, initially developed for
ITER. It has been demonstrated to be a suitable technology
for IFMIF-DONES, although further validation campaigns are
being carried out to increase the Technology Readiness Level.
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Moreover, the status of the design of a new online electro-
chemical sensor for the detection of hydrogen isotopes in lith-
ium is illustrated.
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