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Abstract
The International Fusion Materials Irradiation Facility—DEMO Oriented Neutron Source
(IFMIF-DONES) is a facility currently being built in Granada (Spain). It is an accelerator-driven
intense neutron source designed for the study and qualification of structural materials under
severe irradiation condition of a neutron field with an energy spectrum similar to the one present
in a fusion power reactor. IFMIF-DONES consists of complex systems and massive components
that need to be assembled and maintained on site. For several of them, it is required to perform
maintenance, inspection and monitoring tasks over many years in a hostile environment and in
an efficient, safe, and reliable manner. The maintenance of IFMIF-DONES systems and
components, located mainly in the Test Systems, Lithium Systems, and Accelerator Systems, is
classified as a remote handling (RH) 1st class activity. Over the last 5 years, much progress has
been made in the definition of the maintenance activities to be performed for such a facility. The
main achievements include: the definition of the RH maintenance requirements; implementation
of the maintenance strategy; classification of components from the maintenance point of view;
the development of the maintenance procedures and the design of the RH system (RHS). This
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latter system comprises the whole set of RH equipment and tooling for the execution of the
maintenance tasks. In addition, a wide experimental program is ongoing to validate the RH
maintenance operations and the custom and special purpose devices used to implement them. In
this paper, an overview of the present status of the IFMIF-DONES RHS design is given together
with a description of the validation activities, either underway or planned in the next coming
years, for the RH maintenance of various systems and components of the facility.

Keywords: IFMIF-DONES, maintenance, remote handling maintenance

(Some figures may appear in colour only in the online journal)

1. Introduction

The International Fusion Materials Irradiation Facility—
DEMO Oriented Neutron Source (IFMIF-DONES, from here
on referred to as DONES) is a facility that is under con-
struction in Granada (Spain), planned as part of the European
fusion-generated electricity roadmap. It is designed to study
and qualify structural materials under severe irradiation con-
ditions of a neutron fieldwith an energy spectrum similar to the
one present in the first wall of DEMO. To reach the expected
irradiation condition of materials, DONES should be operated
as intensively as possible to enhance and maximize the radi-
ation damage produced yearly. According to this, each system
of DONES is designed to guarantee an availability of more
than 90% to achieve the goal of an overall availability of 70%
of the plant, [1]. However, systems and components are sub-
jected to degradation and require to be monitored, inspected,
and maintained to function as per design. In DONES, there are
several components [2] whose maintenance is considered crit-
ical, which can compromise the plant’s regular functioning.
These maintenance operations will be carried out by means of
remote handling (RH) procedures using the RH system (RHS)
developed for IFMIF-DONES.

This paper deals with the RHS design status, the RH main-
tenance needs in DONES, and the validation activities status.
Therefore, this paper following sections provide an overview
of the RHS and maintenance processes for the Test System
(TS) (section 3), for the Accelerator System (AS) (section 4),
and for the Lithium System (LS) (section. 5). Then the RH
control system is presented (section 6) along with the Viewing
System (VS) (section 7). Finally, the results of the RH valid-
ation activities supporting the design of DONES components
and technologies are provided in section 8.

2. The RHS of IFMIF-DONES

The DONES RHS is a man-in-the-loop system for performing
remote maintenance tasks on the machine and machine com-
ponents, and it is operated from the dedicated RH control room
(RHCR). The DONES RHS covers all areas of the plant where
maintenance is required, the AS, the TS, and the LS. The RHS
is then managed by a control system and requires a VS for
operator monitoring and operation.

The RHS then consists of the following subsystems t[3]:

• RHS of the LSs: devoted to the maintenance of the Li
loop and the Li purification components, such as the target
assembly (TAA), the dump tank (DT), and the hot and cold
traps;

• RHS of the TSs: devoted to the maintenance of the Test
Cell (TC) internal components, such as the High Flux Test
Module (HFTM) and the plugs to close the TC itself;

• RHS for the ASs: devoted to the maintenance of the beam
dump (BD), the scraper, the modules in the Target Interface
Room (TIR), and of the Radiation Isolation Room (RIR)
components;

• VS: devoted to supporting the RHoperators during themain-
tenance operations;

• RH control system: devoted to managing, monitoring,
and executing maintenance operations by using an integ-
rated environment consisting of human machine interfaces
(HMIs), virtual reality, and camera systems.

The RHS has been designed based on the DONES plant
design requirements and to satisfy several principles to ensure
its effectiveness in performing all maintenance tasks within
the expected time allocated for the yearly RH preventive
maintenance [1]. Among the RH design requirements of the
RHS, the one having major impact in terms of its effective-
ness, there is its capability to perform parallel operations in
all maintenance areas of DONES, and inside of each area as
well. A complete set of design requirements of the RHS is
already defined and it is kept constantly updated taking into
account the design evolution of the DONES’ systems. The
RHS also will include equipment and tooling for the execu-
tion of maintenance tasks in case of failure scenarios and the
recovery of the systems. Furthermore, the RH needs also influ-
ence the development of DONES components leading to using
custom and one-of-a-kind designs that requires thorough val-
idation before adoption in the facility.

2.1. Maintenance needs in IFMIF-DONES

Several DONES components require regular and scheduled
maintenance and replacement in case of failure. However, due
to the neutron activation of the components, the environment
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Figure 1. High level maintenance activities of DONES system. Reprinted from [3], Copyright (2019), with permission from Elsevier.

is extremely radioactive, and therefore the maintenance opera-
tions must be performed using the RH approach. Based on the
criteria defined by the DONES project, hands-on maintenance
is assumed free for areas below 10 µSv h−1, and RH is directly
required for areas above 100 mSv h−1. The areas with mod-
erate doses of 10 µSv h−1–100 mSv h−1 are subjected to as
low as reasonably achievable (ALARA) evaluation to reduce
occupational radiation exposures [4]. The maintenance for the
areas with expected doses higher than 100 mSv h−1 opera-
tions will be carried out exclusively using RH. All compon-
ents, which need to be remotely maintained, have been iden-
tified and classified according to the classification adopted in
ITER [3, 5]. These components are located in different areas of
the plant: the TC, the lithium loop, the purification loop, and
the Beam Transport Room (BTR). Figure 1 shows the high-
level RH maintenance for DONES classifying the activities
according to the areas of the facility.

Most of these components belong to the first class of the
RH components classification except a few, such as the cart-
ridge and the cold traps, that are designed for the lifetime of
the facility and thus maintained only in case of failure. Among
themaintenance areas of DONES, theAccess Cell (AC) covers
almost all (i.e. 90%) of the yearly preventive RHmaintenance.
This is because, from the AC, the maintenance of the TAA,
the HFTM and the modules in the TIR will be performed [3].
Furthermore, critical preliminary operations will be carried
out during maintenance time to give access to these compon-
ents, which are located in the TC, the facility’s most activated
area (see CH# 4 for reference).

3. The RHS and the maintenance processes for the
TS components and systems

3.1. TS overview

The TS is one of the key systems inside DONES, which
includes the TC, where, at the Target, the neutron beam is pro-
duced, which then penetrate theHFTM to irradiate thematerial
specimens [1, 3]. Figure 2 shows a section view of the TC illus-
trating all of the components (besides HFTM and the TAA)
that have to be handled by the TS RHS. The TC is designed to

Figure 2. Section view of the TC. Reproduced from [6]. CC BY 4.0.

be fully maintainable [6]. This means that apart of the bucket,
the grey part in the picture, that is permanent, all other com-
ponents are designed to be replaceable. In details, the TC con-
sists of components belonging to the 3rd class of components
(e.g. designed for the life time of DONES), such as the remov-
able biological shielding blocks (RBSBs), the steel liner that
represents the first safety protection barrier and of the plugs
that close the TC in the upper part: the upper shield plug (USP)
and the lower shielding plug (LSP). All cables and the cooling
systems for the HFTM are feedthrough the piping and cables
plugs (PCPs). The TC is finally hermetically closed on the top
by means of the TC cover plate (TCCP) and the sealing sys-
tem. This latter system allows to keep the 50 KPa of He pres-
sure inside the TC.

3
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Figure 3. Top view of the AC at the maintenance time.

The TC is the most activated area of DONES plant [4] and
requires a big effort in terms of maintenance of its components
that must be performed via RH.

The scheduled maintenance operations to be performed in
the TS are then the following: the opening and closing the
TC, the replacement of the HFTM, the inspection of the TC,
and the transportation of irradiated components to/from the
IrradiatingMaterial Treatment Cell (IMTC). Instead, the com-
ponents that require corrective maintenance from the TS RHS
in the unlikely case of their failure are the following: the PCPs,
the TC liner, and the RBSBs.

3.2. The RHS of the TS maintenance

The RHS of the TS is located in the AC and consists of two
main cranes and several tools and end effectors [3]. It should
be pointed out that a few equipment and end effectors of the
RHS of the TS are common to those of the RHS of the LS
and of the AS. These equipment will be described only in this
section. The AC, as main maintenance area, is sized to tempor-
ary store all the TC removable components, like the TCCP, the
USP and the LSPwhile the TC is opened. Furthermore, the AC
is designed to also accommodate the shielding plugs for the
TIR and the IMTC. Finally, the ‘fresh’ components, i.e. unir-
radiated HFTM, are stored inside the AC prior to installation in
the TC. A general view of the AC layout during maintenance
is given in figure 3.

The RHS in the TS is designed on the basis of several gen-
eral requirements which must be fulfilled to not compromise
the overall availability of DONES. Therefore, all the remote
maintenance processes have to be planned and performed in
an optimal sequence to provide an availability of the TS of
90% to reach an overall plant availability of 70% [3]. The RHS
of the TS is dedicated to perform all the maintenance work
in the AC and especially in and around the TC, which cov-
ers approximately 90% of all preventive RH work of IFMIF-
DONES. Indeed, the AC RHS will perform the maintenance
of the TC, of the TAA, the HFTM and the modules in the TIR
that belong to the AS [7]. Furthermore, the RHS of the TS is
designed for the handling of heavy and massive components
with a weight of up to 120 tons, such as the TC shielding and
TIR plugs. In figure 4 the two main RHE of DONES TS RHS,
the Heavy Rope Overhead Crane (HROC) and the Access Cell
Mast Crane (ACMC) [3], are shown.

Figure 4. View of the AC and cranes for TC maintenance.

Figure 5. View of the 3D model of the HROC.

The HROC is a multi-rope double beam overhead crane,
designed to lift and transfer any large and heavy components
of the TC, such as TCCP, USP and LSP, requiring moderate
positioning accuracy. As of today, the crane has reached its
final engineering design having a maximum working load of
140 tons, with an auxiliary hoist with 15 tons lifting capab-
ility to move other lighter components as well as help lifting
and supporting of some irregular pieces. The crane has 6 DOF
including rotation around the vertical axis (X, Y, Z, RX, RY, RZ)
with maximum translational speed of 50 mm s−1 and max-
imum rotational speed of 2◦ s−1. A 3D model of the HROC is
shown in figure 5.

In addition to the Cartesian translational axes, the HROC
is designed to have the capability of inclining the components
hanging under its plate in any directions in the space.

More in detail, the synchronized lifting and lowering of
all ropes at the same time lifts the plate and the load only
in the Z direction, while the differential lifting and lowering
of the ropes gives the rotation along the horizontal axes RX
and RY. The additional rotational vertical axis (RZ) allows to
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Figure 6. Final engineering design of the ACMC.

Table 1. Main ACMC work parameters.

Parameter Values

Telescope max load 3, 25 t
Telescope fully extended 16, 30 m
Maximum rotation angle 360◦

DOF for telescopic mast 4 (X, Y, Z, RZ)
Speed (min—max) X,Y axes 0.1/20 m min−1

Speed (min—max) Z axis 0.05/10 m min−1

Speed (min—max) RX axis 0.2/2◦ s−1

Repeatability X, Y, Z ±10 mm
Repeatability RZ ±1◦

place the component with the desired position. The detailed
engineering design of the HROC is done by the Faculty of
Mechanical engineering of the University of Zagreb. The
HROC is designed to have a maximum accuracy of 5 mm on
the X and Y plane, while of 1 mm on the Z plane. Besides the
rotational accuracy around the axes (RX, RY, RZ) is foreseen
to be of 1◦.

The ACMC [3] is a specialized crane dedicated to the
RH maintenance operations inside the TC and the TIR.
The ACMC is a nuclear grade double beam overhead crane
equipped with a vertical telescopic boom. At the lower end of
the telescopic mast a gripper change system (GCS) is installed
allowing the use of several different RHE [3], the parallel kin-
ematic manipulator (PKM) [8], the robotic arm (RA) that then
host the specific tool needed for the maintenance or the lift
frame for the TAA replacement.

The design also includes an auxiliary winch with pay-
load up to 6 tons. In figure 6 the final engineering design of
the ACMC is shown which is produced by the University of
Zagreb as ongoing task. The main design Characteristics of
the ACMC are included in the next table 1.

The ACMC telescopic boom is designed to transmit all
the necessary electrical and pneumatic signals through the
GCS to the end effectors. A view of the present design of the

Figure 7. Fully extended boom and cables management.

cable management inside of the telescopic boom is shown in
figure 7.

An alternative cable management system is currently under
investigation with the scope to reduce the number of cables
within the telescopic boom. The investigation is addressing the
possibility to use a MUX (Multiplexor) technology and the
compatibility to radiation of the existing off-the-shelf MUX
systems. Finally, the telescopic boom is designed to reach the
bottom of the TC to perform rescue tasks.

The PKM [8] is based on a standard (albeit inverted) 6 DOF
Stewart platform configuration: the upper plate is rigidly con-
nected with the ACMC boom while the lower plate is connec-
ted to the upper one with six linear actuators. It is designed
to have 2 t of payload capability. The PKM kinematic struc-
ture allows the precise positioning of the TAA or the HFTM
required in the limited TC space without the need for a repos-
itioning of the crane. Furthermore, the PKM structure allows
to move and tilt the tools connected to the PKM lower plate
such as the TAA Gripper (a lifting/positioning frame for TAA
installation and removal) or the HFTM adaptor. A picture of
the PKM designed is shown in figure 8. The PKM, similarly
to the ACMC, transmit the electrical and pneumatic signals to
the end effector on the lower plates of the GCS via an internal
umbilical (not represented in the 3D model).

The PKM is designed to be self-recoverable and it shall
include redundant sensors and actuators to comply with
the single-failure criterion. According to this, a 7th backup
redundant actuated leg, identical to the other six, which
remains unactuated during normal operation (i.e. it is passively
back-driven when the platform moves) has been introduced.
This redundant PKM design is the typical solution employed
to guarantee fault-tolerance to mission-critical PKMs.

The RA [3] can perform delicate RH maintenance opera-
tions on components in the TC. The system is designed to have
7 DOF and to be mounted on the ACMC telescopic boom. The

5
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Figure 8. 3D view of the PKM design. Reprinted from [8],
Copyright (2022), with permission from Elsevier.

Figure 9. Preliminary design of the RA.

RA will then equip different tools and end-effectors to per-
form the maintenance operations in the TC. Furthermore, the
RA can also perform transport tasks of light components. The
design uses as reference on MOTOMAN SIA20D/SIA20 F
from Yaskawa®. The preliminary design was done by ENEA,
while the detailed engineering design will be in charge of
industry. A picture of the preliminary design of the RA is
shown in figure 9, reporting also some preliminary details.
Similarly to the PKM and the ACMC also the RA needs to
deliver all the signals to the end-effectors connected to the
gripper (via the GCS) without any exposed cable similarly to
the Staubli RA designs (like the TX2-90).

One further important RHE is the HFTM-adaptor, for
coupling the HFTM to the PKM, a lifting/positioning frame
for HFTM installation and removal. This component is con-
nected to the PKM via the GCS and enable the replace-
ment of the HFTM. The system provides safe and reliable

Figure 10. HFTM-adaptor. Reproduced from [9], with permission
from Springer Nature.

connection between the HFTM and the ACMC during the lift-
ing, transportation and positioning of the HFTM. The adaptor
is designed by Universidad Politécnica deMadrid (UPM) (ES)
and is shown in figure 10 [9].

3.3. The maintenance process for the TS

The maintenance of the TS involves the opening and closing
of the TC, the inspection of the TC, the replacement of the
HFTM and the transportation to and from the IMTC, and the
Post Maintenance Acceptance Tests (PMATs) on the HFTM.
These maintenance operations are composed of several sub-
tasks that the RHS needs to fulfill during the TS maintenance.
For example, before the start of the maintenance a set of con-
ditions and requirements must be met, called ‘preconditions’,
which depends on the system. In the case of the TC compon-
ents the set of preconditions imposes that the operations to turn
off the beam have been completed, that the RHS is ready and
operational, and that the area preparation (i.e. delivery of new
components) is completed. Once the preconditions are all sat-
isfied, the TS RHmaintenance can be initiated. Then, after the
completion of the TS maintenance, the PMAT tests are per-
formed to assess if the system is ready to operate in DONES
so that if the outcome is negative, corrective actions must be
implemented. The first step in the TS maintenance involves all
the operations necessary for the opening of the TC, a process
that requires the intervention of both the ACMC and of the
HROC. The HROC first removes the TCCP and then the USP
and the LSP as shown in figure 11, while the ACMC, in this
phase, is used only to detach the cooling pipes of the LSP.

After the completion of the TC opening operations, the area
is inspected before proceeding with the replacement of the
HFTM. Then, the ACMC releases and removes the HFTM
ancillary system such as signals and cooling lines. After the
ancillary systems have been removed from TC the ACMC
detaches the HFTM from the supports, equips the PKM and
the adaptor, and then retrieves the HFTM from the TC. Next,
the ACMC releases the TAA module and lifts it from the

6
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Figure 11. VR simulation view of the HROC removing the LSP.

TC to install a new one along with the TAA ancillary sys-
tems. After the TAA installation and the successful outcome
of the PMATs, either a new or used HFTM (if a second irradi-
ation cycle is foreseen) is then positioned inside the TC. Once
the HFTM is positioned, the ancillaries are installed and the
PMATs are successful, a final inspection is carried out and if
the outcome is positive, the operations to close the TC start.
Figure 12 shows the flowchart of the HFTM removal opera-
tion. In the figure the procedures to replace the HFTM ancil-
lary systems, the electrical connector (EC) bridge and the cool-
ing pipes, are represented as ‘external’ subsets of the over-
all procedure. Finally, after the completion of the PMATs to
the TC components, the closing operations start where all the
shielding blocks and the connections are reinstalled.

In figure 13 a screenshot of the simulation of the removal
operation for the HFTM is shown.

The RH maintenance process for the TC components in
general has been defined and preliminary assessment on its
feasibility has been performed. As for the HFTM simulation
of the maintenance procedures has been carried out through
virtual reality simulation. This latter activity proved the feas-
ibility of the maintenance operation as well as the kinematics
of the designed RHE and the effectiveness of the implemented
RHS for the TS.

4. The RHS and the maintenance processes for the
AS components and systems

4.1. Overview on the AS

In the accelerator, the deuterons are taken up to the energy level
of 40 MeV before interacting with the liquid lithium target.
Indeed, due to the high energy of the beam the AS also requires

RH. More in detail, RH maintenance is required in the high
energy beam transport (HEBT) line scraper [10], the BD, the
TIR, and in the RIR. The AS components in the accelerator
vault that require RH and the corresponding RHS are reported
in figure 14 [1, 3, 11]. Not indicated in the figure is the TIR,
housed in the AC.

The HEBT is then equipped with a scraper that has the
function to remove the halo of the beam to reduce the losses
downstream, preventing activation of diagnostics, magnets,
and vacuum equipment. The HEBT scraper, see figure 15, is
located inside a shielding structure, and housed in a support
suitable for RH with a GCS on top.

The RIR is also part of the HEBT line and is composed of
the last accelerator modules located in the accelerator vault.
The RIR gathers diagnostics devices such as beam profile
chamber and beam positionmonitor, vacuum components, and
a safety system composed of a lead shutter chamber. The RIR
systems are grouped in a module equipped with a GCS to
enable replacement similarly to the HEBT scraper.

TheBD [13] is a conemade of copperwith a shieldingmade
by layers of polyethylene, lead, and iron that will be used when
commissioning the accelerator. The BD has been designed by
IREC(ES), and it is based on the design of the one used in
the linear IFMIF prototype accelerator (LIPAc) but with sev-
eral modifications both in the shielding [13] and the cartridge
[14]. The BD is equipped with two mobile carts that open the
shielding revealing the cartridge. The replacement process of
the BD cartridge follows the same steps of the HEBT scraper.
A picture of the BD is shown in figure 16 [13].

The TIR is an AS subsystem housed in the AC and is com-
posed of several modules for monitoring and controlling the
beam before hitting the lithium target in the TAA. Due to the
location in the AC, the maintenance of the TIR is performed
by the ACMC and the HROC, along with a specialized sys-
tem called Deployable Robotic System (DEROSY). The AS
RHmaintenance regions can then be subdivided into twomain
ones: the BTR region and the TIR region according to the loc-
ation in DONES. In particular, the BTR region RHS covers
the maintenance of the HEBT scraper, the BD, and the RIR
modules. The operations in the TIR region are instead limited
to the maintenance of the TIR modules.

4.2. The RHS of the BTR region

The BD area is serviced using two cranes based on the same
design: the Accelerator Mast Crane South (AMCS), used for
the maintenance of the BD, and the Accelerator Mast Crane
North (AMCN) that instead maintains the HEBT Scraper and
of the RIR modules [15]. Both cranes have been designed by
Ansaldo S.P.A.(It). An illustration of the AMCN and of the
AMCS in the AS is given in figure 17. Furthermore, the figure
shows a CAD view of the BD region indicating also the HEBT,
the RIR modules and the BD.

The AMCN/S have a maximum payload of 3.2 t and 4 DOF
enabling translation on the X, Y, and Z axis and rotations on the

7
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Figure 12. Removal operations of the HFTM—flow chart.

Figure 13. Overview of the HFTM removal operation.

Z axis (RZ). The design of the system includes the following
items:

• a main bridge providing structural support and integrity;
• carriagewith rotation around the vertical axis, allowing 180◦

rotation towards each side;

Figure 14. Elements of the AS requiring remote handling.

• a telescopic mast controlling the ascent and descent of the
GCS at the bottom of the mast that then connects to the dif-
ferent RHE and to the AS components;

• a chain drive hoist to provide auxiliary function for hands
on operations;

• end carriages providing movement along the rails;
• an access platform granting safe access during installation
and maintenance activities;

• civil structure providing support to DONES structure.

8
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Figure 15. Structure of the HEBT scraper [10, 12].

Figure 16. BD module structure. Reprinted from [13], Copyright
(2020), with permission from Elsevier.

Figure 18 shows the 3D CAD view of the AMCN/S showing
the different subsystems.

The RHS in the BTR includes also a RA, similar to the one
used in the TS, and tools for inspection and screwing/unscrew-
ing operations.

The maintenance process of the BD, HEBT scraper, and
of the RIR are similar and involve the opening/closing of the
shielding, the release/lock of the connections with the beam

Figure 17. Accelerator vault RHE in the BD region [3, 15].

Figure 18. AMCS/N design identifying each subsystem.

lines, and the replacement of the component. Furthermore,
once a new component is installed, it needs to be aligned with
the rest of the AS to ensure correct beam trajectory [16]. As
example, figure 19 shows the VR simulation of the BD main-
tenance, where the new cartridge is lifted from the transport
and installed in the opened shielding. Then, once that the cart-
ridge has been fixed in position, the BD shield is closed by
moving the two carts. The process is similar for the HEBT
scraper, when the HEBT scraper module needs to be replaced,
the shielding is first opened and the scraper connected to the
crane via a GCS [3, 10, 12, 16]. Once that the connection is
secured the crane lifts the scraper and takes it to the storage
position. Finally, a new HEBT scraper module is installed,
aligned, and secured in the shielding.

4.3. TIR region maintenance

The TIR room contains four accelerator modules, that monitor
and control the beam before hitting the lithium target [12]. Due
to the vicinity with the TAA, severe levels of activation are
expected in the TIR requiring RH maintenance. Therefore, to
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Figure 19. VR view of the BD installation process [17].

Figure 20. Modules 3 and 4 of the secondary line in TIR.

enable RHmaintenance, the connection among the modules is
done via fast disconnection systems (FDSs) [18]. Then, each
of the modules includes a GCS on top to be grasped by the
ACMC. An example of the TIR modules is shown in figure 20
(For TIR modules 3 and 4).

The TIR modules are composed of a removable and of a
fixed part. Before a module is removed, it is disconnected
by operating the bolts of the FDS to then retract the flex-
ible bellow that connects the two modules. Then the boom of
the ACMC is connected with the GCS and lifts the remov-
able section of the TIR module. Once a new removable part
is installed, the fixed part can be used to adjust the alignment
with the beam line using several bolts extended to the top of the
modules. The bolts then act on sliding tables used for adjust-
ing the position of the modules. The TIRmodules replacement

Figure 21. Flowchart for TIR module replacement.

Figure 22. DEROSY positioning in the AC.

process is summarized in figure 21 showing also which RH
equipment perform the operation.

One purpose-designed RHS for the maintenance of the TIR
is the DEROSY whose main function is to perform precise
operations, such as detaching connectors or handling bolting
tools using a twin manipulator design. Initially defined by
UKAEA, the DEROSY consists of a set of rails fixed to the
wall, over which a carriage moves linearly equipped with a
horizontal boom and a vertical mast connected to a pair of
twin manipulators. Figure 22 shows a preliminary view of
DEROSY inside of the AC, while figure 23 shows a closeup
view of the servo manipulator.

It should be pointed out that also other configurations are
being evaluated by the designers to assess the potential use of
a serial manipulator instead of the twin one. This is because
the TIR area will be quite crowded of cables and pipes and the
use of a twin manipulator, despite recommended, could not be
possible in a few phases of the maintenance.
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Figure 23. DEROSY servo manipulator.

The DEROSY is composed of a horizontal articulated
boom that allows the system to cover the entire area of the TIR
in the horizontal plane. Then, the telescopic mast extends ver-
tically into the TIR giving the system the ability to move along
the vertical axis. Finally, the servo-manipulator mounted at the
bottom of the mast carriage performs the operations. The twin
manipulator uses a 6 DOF design and a maximum payload of
20–25 kg driven by a master-salve controller. The engineer-
ing development of this equipment is in the early stage of the
design being carried out by IDOM (ES). A thorough analysis
of the requirements was done including: functional, technical,
control elements and accessories, radiation hardness and struc-
tural. In addition, a kinematic analysis has been done provid-
ing insight of the reachable areas inside TIR.

4.4. Future developments in the RH of the AS

The RH equipment and procedures have reached the target
state of development defined at project level and in some cases
evenmore. That is the case of the cranes in the accelerator vault
which is succinctly explained in section 4.2. Future develop-
ments should focus on the engineering design of the tooling
and the DEROSY system, supported by analysis done with vir-
tual reality simulations. Some particular topics of interest for
future research activities would be the development of connec-
tions for electrical signals and cooling fluids as well as vacuum
connections.

5. The RHS and the maintenance processes for the
LS components and systems

5.1. Overview of the LS

The main function of the LSs is to provide a suitable neutron
flux for the irradiation of the materials of interest. Therefore,
activation of materials due to neutrons and presence of lith-
ium deposited all around the Li loop, even when the loop is
drained, lead to most of the components inside the LS are clas-
sified as RH 1st and 2nd class forbidding any human interven-
tion during maintenance. RH activities for the LS are devoted
to the maintenance of three main systems, the Target System

Figure 24. Current design of TAA connected to the ACMC via the
PKM.

(TSY), the Heat Removal System (HRS), and of the Impurity
and Control System (ICS). More in detail, the TSY consists
of the components of the Lithium loop located inside the TC,
such as the TAA and the Quench Tank (QTA), the beam ducts
(BDs) and the inlet and outlet pipes of the TAA itself [19]. In
addition, ancillaries’ components and devices such as thermal
insulations, heating systems, electric connectors are also parts
of these components requiring RHmaintenance activities. The
HRS includes the main Li loop and the DT, re-circulating
the lithium between the Target System and the primary heat
exchanger (PHX). The ICS consists of a branch line to the
main Li loop, which extracts a fraction of the lithium and re-
injects it after purification and impurity analysis. Moreover,
the Test Cell Lithium Loop Interface Cell (TLIC), which is
the interface between the heat removable system and TSY, will
be remotely maintained during the annual preventive mainten-
ance period [20].

5.2. The RHS for LS maintenance

In order to perform the maintenance of LS components, sev-
eral RHE and RH tools have been proposed and verified during
the last years. For the replacement of the TAA, the required
RHE and tools have been defined and most of them are com-
mon to TS components and installed in the AC. The current
design of the TS and the proposed RHE for handling the TAA
is shown in figure 24.

One of the most important RHE in the maintenance of the
LS is the RA, the same for the TS, which is used to provide
dexterous operations and facilitate maintenance and handling
of smaller tools. It has 7 axes of movement, and it is assumed

11



Nucl. Fusion 65 (2025) 122007 G. Miccichè et al

Figure 25. RA and bolting tool in during dismantling of TAA inlet
FDS.

that it will have a female plug of the GCS attached to the main
body to provide ease of connection/disconnection, which is the
same system found in the ACMC. The RA will attach tools
remotely via a tool changer. As a preliminary selection a fully
mechanical tool changer is proposed by the company Grip®.
This mechanism allows connection to the tool (including elec-
trical connection) via following a special trajectory by the RA.
The selected general bolting tool is a Desoutter® EAD280-
370 (with torque capacity up to 280 Nm). This performance is
enough for most of the activities (e.g. connection of BD bel-
lows and FDS, connection of inlet Li pipe FDS, adjustment
of TAA, etc). The highest required tightening torque in the
whole system is needed to tighten the TAA outlet connection,
which is about 400 Nm. Even if there are commercial bolt-
ing tools available which can fulfill this requirement, the pro-
ject currently investigates othermethods (e.g. custom designed
gearbox operated by small(er) bolting tool or dedicated drive)
since properly handling 400 Nm at the end of a RA in such
tight environment is not straightforward (e.g. deploying proper
counter torque feature). However, even the commercial bolt-
ing tools require some degree of customization, e.g. removal
of on-board electronics as much as possible, as well as design
of proper interface to the tool gripper. Figure 25 shows the
RA and bolting tool in TC during dismantling or tighten-
ing of inlet FDS of TAA. Comprehensive kinematic analysis
have been continuously carried out during the development
with the aim of checking the reachability and available space
of each location, where the bolting tool must interact with
components.

Another area where RH maintenance activities related to
LS components have to be carried out is the TLIC. The TLIC
is a box like a vessel located on the ceiling of the Lithium room
(LLC) accommodating inlet and outlet pipe sections of TSY
[20]. It is equipped with two large removable hatches on both
sides to give access to the internals, namely FDS connections
and pipe segments of the Li pipes.

A number of RHE and tooling have been conceptually
conceived for the maintenance operations to be performed.
The RHE will be deployed at maintenance time through an

Automatic Ground Vehicle (AGV). Most of the movement of
AGV in the building will be programmed, using proper traffic
ruling and collision detection/avoidance between the different
AGVs moving at the same time in the building.

Since the TLIC is high above the floor, the equipment is
mounted on the lifting platform of the AGVs. The equipment
can be categorized according to their manipulated compon-
ents. The equipment and tools for the TLIC include the fol-
lowing: bolting tool and door holder frame to open the TLIC
hatches, grippers to handle cables and instruments of TLIC
box, and robotic manipulators to operate bolting tools and
grippers. Instead, the equipment and tools for TSY compon-
ents are the following: robotic manipulators to grab and hold
components and tools, bolting tool, and grippers (essentially
for cable and cable connectors).

Due to the required functionality and payload capacity for
servicing the TLIC, the detailed design works resulted in the
so-called Smart arm—Strong arm concept. The Smart arm is
a commercial 7 DOF RA (with some possible customization,
for example local shielding of electronics), pre-selected from
Yaskawa. SIA 20D. The function of this RA is to carry out
delicate tasks such as bolting and cable handling. The Strong
arm is a fully custom designed manipulator with limited num-
ber of DOFs but high enough payload capacity and rigidity to
handle the pipe segments (weight up to 60 kg). The Strong arm
is responsible for holding the pipes in place while the Smart
arm untightens the FDS. After that, the Strong arm moves the
removed pipe segments to a pipe holder on the lifting plat-
form. A mechanical, automatic tool holder is placed on the
platform as well, so the tools for the different operations are
quickly available. The failure modes and possibilities of the
RH equipment (FMEA Analysis, rescue scenarios etc) have
been investigated as well. Figure 26(A) shows RHE for hand-
ling the TLIC, while figure 26(B) shows RHE for handling the
LS components in the TLIC.

A detailed summary of the main RHE for the servicing of
the TLIC, along with a description of the main characteristics
is shown in table 2. The table also shows the reference RHE
chosen for the LS RHS and if it is available off the shelves or
if customization is required.

The other crucial component of the Target System is the
QTA. In the current categorization the whole QTA has been
categorized as class RH class 3rd which means that it is
designed for the lifetime of the facility and is maintained only
in case of failure. However, QTA is complex consisting of
many parts which have expected lifetime considerably shorter
than the plant life. These are the heaters and the instrument-
ation such as thermocouples, pressure gauges, level meters.
There are two ways to handle this: re-classification of the
whole QTA for regular maintenance or separate handling of
components with shorter lifetime. Indeed, the vessel itself can
be designed for a lifetime and can remain as class RH class 3rd.
The project currently aims for the second option, namely sep-
arate RH management of instruments and heaters. There are
numerous activities ongoing to define the proper RH processes
and design the necessary RHE and tooling. Naturally most of

12



Nucl. Fusion 65 (2025) 122007 G. Miccichè et al

Figure 26. Proposed RHE for (A) handling the TLIC and (B) handling of the LS components inside the TLIC.

Table 2. Summary of main RHE for TLIC maintenance.

Type of RHE Model Description

AGV KuKa UTV-2 series Payload capacity: 3 t
DOF: Omni directional, + platform tilting
Accuracy: 3 mm

Lifting platform Custom designed, possibly from
company DeLyft

Payload capacity: 1 t
Max. reaching height: 4.5 m

Smart arm Customized Yaskawa Motoman
GP25

Payload capacity max. 25 kg @1730 mm reach
Max. reach: 2010 mm
Payload capacity at max. reach: 12 kg
DOF: 6

Strong arm Completely custom design Designed Payload capacity: 70 kg, and 270 Nm concentrated
torque on the horizontal arm
Max. stroke of horizontal arm: 1400 mm
DOF: 2 +gripper

Bolting tool Customized Desoutter
EAD280-370

Max. output torque:
280 Nm

Flange cleaning Completely custom design Same as for TAA

the required tools are already available (such as ACMC, RA,
PKM, bolting tools), but there is a need for development of
on purpose equipment such as for example holding frames
for heating jackets. As well as further effort is needed from
the design side to ensure the manipulability of the different
components (e.g. defining the RH compatible separation and
fixation method of heating jackets).

There are some further components in LS which require
a certain degree of RH maintenance. These are the Li DT,
PHX and electromagnetic pump. These components are still
actively developed along with their RHE. Also, some kind of
RH class de-separation similar to the one currently investig-
ated in case of QTA is possible. For example, the instrumenta-
tion and heating jackets can be replaced periodically, while the

vessel/structures could be classified as RH-class 3rd (replace-
ment only in case of failure).

5.3. Maintenance process for the LS components

In the last 5 years, the maintenance process of different
LS components requiring RH approach has been defined
and updated. The flowchart for TAA removal operations
(figure 27) details the process beginning with verifying pre-
conditions (the beam off is completed, TC conditioning com-
pleted, Li loop is drained). Once the preconditions are satis-
fied, the removal operation starts by installing a lift frame on
the TAA. The next steps involve removing TAA ancillaries and
disconnecting it from the beam lines. Subsequently, the TAA
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Figure 27. TAA removal operations—flowchart (shortened to just TA in the figure).

Table 3. List of preconditions to LS component RH maintenance.

LS component Preconditions

TAA HFTM removed from the TC. The robotic arm is attached to the telescopic mast arm.
TLIC Movement area of AGV is cleared.

AGV’s are prepared with the respective configuration (Strong—Smart arm and door holder interface).

is disconnected from the lithium outlet and inlet channels, with
bellows compression and FDS release at each stage. The TAA
is then retrieved from the TC, moved to the IMTC, docked
with a support frame, released, and finally, the lift frame is
retrieved, concluding the removal operation. In general, the
maintenance process of the LS components consists of sev-
eral steps as follows: I areamaintenance preparation, II inspec-
tion activities for ready for maintenance, III perform mainten-
ance tasks (replacement/inspection and repair), and finally IV
acceptance tests. The area preparation includes all the activit-
ies necessary to prepare for maintenance, such as components
delivery to storage locations and RHE functionality checks.

The first actual step in the RH maintenance involves the
inspection activities for ready for maintenance. In particular,
the general conditions required for starting the maintenance
activities inside the LS are, beam shutdown completed, TC
conditioning/opening completed, Li loop is drained, and that
all the required tools are available on the storage structure in

the AC. Moreover, other specific conditions required to start
maintenance of each component have been defined. A list of
these conditions is presented in table 3.

Then, once the inspections are completed, the step ‘per-
form the maintenance tasks to remotely maintain the LS com-
ponents’ can start. Several RH steps shall be performed that
depend mainly on the component design and the needed space
for the RHE:

• For the TAA replacement, the following maintenance
sequence has been defined, disconnect all electric connect-
ors, disconnect the TAA from the lithium loop, disconnect
the two beam ducts, remove the TAA, clean the flanges
from lithium solid deposition, inspect the flanges, install a
new TAA, and finally carry out the alignment procedure (as
reported in [16]) and acceptance tests.

• For TLIC, the main operations to perform are: un-bolt and
remove the doors, disconnect cable connections (FDS leak
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detectors), remove the old pipe sections and FDSs, clean-
ing and inspection of the fix pipe flanges, install the new
pipe sections and FDSs (no gasket replacement on site), re-
connect cable connections (FDS leak detectors), carry out
acceptance test with open TLIC, install the new TLIC door
(no gasket replacement on site), replace TLIC instrument-
ation if needed, and finally carry out acceptance tests with
closed TLIC. Several maintenance scenarios have been pro-
posed to take into consideration the possible design of the
AGV and TLIC doors.

• For the QTA, a preliminary maintenance process has been
defined to perform its replacement. During this year, further
study on the operation procedure is under investigation.

• For the HRS components, the maintenance strategy is not
yet well defined, but the RHE required to carry out mainten-
ance must be capable of performing the following tasks as
a minimum: insulation removal/replacement, electrical con-
nect/disconnect, bolt/unbolt connections, cut and weld pipe,
position x-ray film, manipulate ultrasonic probe heads, lift
equipment and maneuver in the room.

The final step in the RH maintenance requires to execute final
acceptance tests: after performing the maintenance operations,
acceptance tests should be carried out such as:

• Instrumentation checking of the components (pressure
gauge, thermocouple, Li detectors etc.)

• Heating jacket testing using instrumentation (thermo-
couples).

• Welding inspection and verification.
• FDS lithium leak test.

6. The RH control system

The RH control system is responsible for controlling all the
RHS equipment and instrumentation, from the ACMC to the
bolting tool and requires real time control by the operator.
In IFMIF DONES, the approach followed by the Central
Instrumentations and Control System (CICS) is based on the
definition of an upper control layer that acts as an orches-
trator of the plant subsystems or Local Instrumentation and
Control System (LICS) [3, 21]. This approach proposes a cent-
ralized control via CODAC and based on a distributed con-
trol framework, oriented to scientific instrumentation, massive
data collection and execution of automated sequences. These
features do not meet the needs of the RHS, which mainly con-
sists of mobile mechatronic devices that must be controlled
in real time by a human operator. It is therefore necessary to
define an additional control layer within the RH LICS itself,
which is responsible for providing these functionalities that
the CICS is not able to cover. In particular, the RH con-
trol system (RHCS) shall provide: complete control over the
RHS from the RHCR, standardized data interface to/from RH
devices achieved using the Open Platform Communications
(OPC) Unified Architecture (UA), reporting a single Common
Operating State (COS) to the CICS while ensuring that each

RH device is able to manage their machine status, to offer
manual control switching at any time, visualization of the
operations through the VS cameras, management of every
operational aspects of RHmaintenance campaign on DONES,
offline training simulations, force feedbacks on critical opera-
tions (e.g. through haptic controllers). Finally, the RHCS shall
monitor, supervise, and archive all data relative to RH devices,
while each workstation needs to be able to dynamically con-
trol any RH device (except the ones with specific interfaces)
[3, 21].

In terms of control, two main conceptual groups or types
of actions related to control are considered: Operational con-
trol and Process control. Operational control is related to
the operation of RH devices such as commands, monitor-
ing, or tuning parameters. Process control refers to the pro-
cedures and how the RHS coordinates with the rest of the
plant. Specifically, it considers the relationship between the
plant status and maintenance campaigns, resource allocation,
scheduling or the coordination of the systems to be maintained
using RH. In addition, the RHCR will also coordinate other
aspects such as the task-to-operator assignments, scheduling
or the management of spare parts.

6.1. RH control system architecture

It is considered that the CICSwill perform coarse-grained con-
trol tasks (systems coordination at the plant level), and RH
LICSwill perform fine-grained control (RH device operation).
In addition, the RHCS will comply with the basic architec-
ture proposed for all LICS and replicate the three independ-
ent vertical control layers established in the facility (CODAC,
MPS and SCS). This results in the control architecture shown
in figure 28 [21].

The RHCS has five communication networks to interface
with the CICS, and internally three additional ones:

• The RH User Network connects the workstations from the
RHCR to the RH High Level Control System (RH HLCS)
modules.

• The RH Operational Network connects the RH devices to
the RH HLCS modules.

• The RH Real-Time Network connects haptic devices and
special input devices at the RHCR directly to the RH
Devices.

Finally, the RH HLCS consists of the RH Safety and the RH
Interlock header Programmable Logic Controllers (PLCs) and
7 additional components:

• Plant Controller: it bridges Central CODAC and RH HLCS.
In case CICS finally relies on a control framework not based
on OPC UA, a gateway will be required to implement the
translation between data formats.

• RH SCADA: it monitors and controls RH devices by col-
lecting real-time data and providing automated responses. It
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Figure 28. RH control system architecture. Reproduced from [21]. CC BY 4.0.

also implements data archiving and repositories for the HMI
panels.

• Supervision system: it monitors the set of procedures fol-
lowed during RH operations (RH campaigns). It is an
advanced Computerized Maintenance Management System
that stores the information needed to perform the opera-
tions (ideally using a structured language). It also manages
resources and spare parts, schedules tasks, and collects logs
and acceptance test results.

• VR system: it stores all the VR scenes needed by an operator
and offers an interface to the Operational Network through
an OPC UA aggregation server. This aggregation server will
select the RH device positional values from the Operational
Network and it will pass them to the User Network.

• Condition engine: it checks (in real time) multiple condi-
tions that have to be met to operate RH devices such as plant
and device status, the supervision system authorization, or
collision free paths.

• VS: it provides video and audio digital streams and camera
PTZ control. It is connected to the User Network and to the
CCR.

• Engineering tools: a set of centralized engineering tools to
program, configure and maintain RH device controllers and
PLCs.

6.2. OPC UA standard interface

The design considers OPC UA as the standard interface for
RH Devices and RH HLCS modules. OPC UA unifies inter-
device and device-HLCS communications. There are different
scenarios to integrate an OPC UA server into a RH device:
Case 1: The RH device has embedded OPC UA logic
Case 2: The RH device has no built-in OPC UA logic,

but it can be accessed remotely. It requires software playing
a bridge-like role, capable of connecting to the RH devices,
extracting the data, processing it and finally, sending it to the
OPC UA server.

Case 3: The RH device has no built-in OPC UA logic and
cannot be remotely accessed. It requires a DAQ device (or sim-
ilar) to probe the electric signals and convert them into digital
values. If the DAQ device allows it, the OPC UA server could
be also embedded into it. Otherwise, the RH device requires
the software described in Case 2.

Currently, significant progress needs to be made in defin-
ing the policies, roles and strategies essential for the effect-
ive Process control of the RHS. This is crucial since it dir-
ectly impacts on both, the internal RH LICS and CICS, and
is closely tied to the operational states of the plant. Another
important topic is the number of operators and engineers fore-
seen for the facility during its operational life: it is estimated
that each shift will need a total of 16 RH operators concur-
rently working in the RHCR. Considering 8 h rotating shifts,
this amounts to 48 operators to ensure continuous operation
during maintenance campaigns.

These same operators may also have engineering back-
grounds. Having a strong in-house engineering team dedic-
ated to developing, maintaining and updating the RH control
system will enable developing a more complex, flexible and
feature-rich RHS compared to outsourcing these services to
external companies.

Once these critical elements (policies, roles, strategies and
workforce requirements) are clearly defined, the comprehens-
ive list of requirements for the RH control system will be com-
plete. This will be the foundation of the technological devel-
opment phase, ensuring that the system is robust and capable
of meeting the operational demands of the plant.

7. The VS

One of the most important components of the RHS is the
VS. Indeed, the operator need to continuously monitor the
RH operation during DONES maintenance. Due to the strong
irradiation field in the areas of the plant that requires RH,
the VS needs to employ radiation-resistant cameras. A few
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Figure 29. Operator view of the RH operation through the viewing
system in VR simulations. Reproduced from [17]. CC BY 4.0.

dozen cameras are needed to comprehensively monitor these
maintenance procedures. Most of the cameras are overview
cameras, which must have pan-tilt-zoom capabilities, whereas
some cameras will be attached to moving parts, and the light
weight of these cameras is essential.

Color cameras based on semiconductor technology are
available in the market, which can withstand high radiation,
some models up to 1 MGy. The price of the cameras is a
few tens of thousands of euros, and most camera models have
zoom-pan-tilt capabilities, and often lighting. The cameras
require supporting parts, including fixed cables (up to 100 m)
and camera controllers, which must be placed in radiation-
protected spaces.

The most promising camera models to be employed
in DONEs were found to be the Ahlberg N35HR (www.
ahlbergcameras.com/) and the Mirion Hyperion Compact
Gen II cameras (www.mirion.com/). The locations and wir-
ing of the cameras are under development. The work uses
Virtual Reality animations, which show maintenance pro-
cedures in the DONES facility model. The characteristics
of the cameras of the virtual models (e.g. field of view)
were set to be as similar as possible to the characterist-
ics of the prime candidate camera model, and the size
(width × height) of the visualization windows were set to
be the same as the output images of the prime candidate
camera model. Thus, the VR animations show as realist-
ically as possible what the DONES RH operators will see
during the maintenance operations (as shown in figure 29).
Furthermore, the VR model allows to assess the cameras loca-
tions and identify the optimal one (also in terms of number of
cameras) [17].

The calibration between the VR and the reality will depend
and has been performed on the basis of the type of sensors
used. Position sensors are essential for tracking the move-
ment of RHDevices, and can be relative (incremental) sensors,
which measure displacement from a reference point, and
absolute sensors, which always provide a fixed position.
Incremental sensors, such as rotary encoders, require an ini-
tial calibration to establish a reference. If power is lost, the

system must recalibrate before resuming operations. Absolute
sensors, like absolute encoders or vision-based tracking, con-
tinuously provide position data without recalibration, ensuring
greater reliability.

If the radiation levels to which the sensors mounted on
RH devices are exposed could compromise their functionality
and no radiation-hardened versions are available, the use of
external sensors will be necessary. In this context, the VS can
play a key role by incorporating tracking and pose estimation
functionalities, using visual markers on RH devices [22] and
external measurement systems such as high-precision laser
sensors.

8. Main RH validation results achieved so far and
planned for the future

Several experimental activities have been carried out in the
context of IFMIF-DONES, focusing on two primary tasks: the
validation of the RH components to be used in the TC [23]
and the design of the RH control system. The final objective of
the validation activities is to develop and analyze an integrated
RH maintenance procedure for the TC components, account-
ing also for failure and rescue in future experimental activit-
ies (2024–2027). Furthermore, the validation activities adop-
ted the Divertor Refurbishment Platform (DRP) lab of ENEA
C.R. Brasimone, a multipurpose RH facility housing a robotic
system similar to the one of DONES AC. The current activ-
ities (2022–2024) involve the validation of the ECs bridge of
the HFTM [24], the TAA connection system, and the selec-
tion of technologies for the RH control system. The follow-
ing experimental activities (2024–2027) will involve procur-
ing the TC components not yet available (i.e. the HFTMmock-
up) and integrating them in a full-size TC mock-up to test
and validate the maintenance operations on the TC compon-
ents. Furthermore, a second facility in University of Granada
(UGR) have been realized to test and validate the technologies
for the RH CS.

8.1. RH validation for the ECs bridge for the HFTM

The EC bridge for the HFTM is a critical subsystem that deliv-
ers all the I&C signals to monitor the irradiation conditions of
the specimens. The EC bridge comprises two floating multi-
connector plates, each with 16 alumina-insulated EC, housed
in a solid metal structure. This system has been subject of a
thorough validation campaign, and the results are presented in
[24] .

Figure 30 shows a view of the EC bridge mock-up RH
maintenance [24]. The bridge suitability for RH has been
assessed with a thorough RH maintenance analysis, also test-
ing the insulation properties of the alumina EC prototypes
[24]. The experimental analysis highlighted that the EC bridge
is suitable for RH, albeit with some required design modific-
ations to the alignment and emergency-related system. The
analysis also tested the properties of the alumina insulation
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Figure 30. View of the RH maintenance tests on the DONES EC
bridge. Reproduced from [24]. CC BY 4.0.

highlighting major shortcomings in the insulation resistance
of the ECs. Therefore, a redesign of the ECs was completed
with Glenair(It) and will be the subject of an irradiation test
campaign in the MARIA nuclear reactor (PL).

8.2. RH validation for the new connection system for the
target assembly

The connection system of the TAA has been modified, with
respect to the previous DONES design, to include the fast dis-
connecting system (FDS) [18] directly on the beam line so
that, in total, two connection systems will be installed on the
DONES TAA. The FDS is composed of a rigid metallic chain
that is tightened/released by acting on the FDS rods [18]. The
connection system also uses a one point mechanism (OPM) to
expand and compress the bellows by acting on the worm gear-
boxes thanks to the flexible shafts, which detaches the TAA.
Then, once the bellow is fully extended, the FDS is closed by
acting on the FDS rods ensuring the vacuum tightness of the
connected flanges. Figure 31 shows a schematic view of the
connection system as designed.

The analysis of the connection system focused on the
repeatability of the foreseen RH operations, particularly on the
extension/compression of the bellows and the correct engage-
ment of the FDS by the moving flange. The OPM was thor-
oughly tested, being able to always complete the compression
and extension of the bellows. The tests also testified the reli-
ability of the mechanism, achieving final extended positions
(after 130 revolutions) with a discrepancy below 0.1 mm. This
low discrepancy is more attributed to manufacturing than to
the quality of the OPM [25]. The OPM system was indeed
able, both during hands on and using the Bolting tool, to
equally transmit the torque to the flexible shafts. During the

Figure 31. Schematic view of the compression system prototype.
Reproduced from [25]. CC BY 4.0.

Figure 32. View of the FDS extension process. Reproduced from
[25]. CC BY 4.0.

test it was measured that five rotations of the OPM corres-
ponds to one rotation in the flexible shafts (observed on both
sides) translating to a 5:1 reduction ratio. Furthermore, it was
validated that the 5:1 ratio between the OPM and the flanges
is kept for the entire extension/compression cycle. However,
a non-perfect engagement of the flanges (∼0.5 mm) is indeed
observed after complete extension of the bellow, this misalign-
ment never compromised the tightening of the FDS. Figure 32
shows a view of the extension process of the FDS before enga-
ging the fixed flange (on the right).

Then, the entire connection assembly was tested to measure
the leak rate using a Pfeiffer ASM-340 leak detector. The FDS
was tested using three different gaskets, a rubber one (Viton O-
ring), and two spring energized metal seals. The metal gaskets
are made of two different metals with different compressib-
ility, the first type is made of 304 stainless steel with a com-
pressibility Y = 200 N mm−1. The second type is made of
Inconel 718 with compressibility Y = 100 N mm−1. Using
the second gasket the system was indeed able to achieve sat-
isfactory leak rates (below 10−11 Pa m3 s−1) when bolted at
80–100 Nm, while using the SS304 one the leak rate achieved
was not satisfactory even when bolting the FDS to 270 Nm.
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Figure 33. View of the FDS safety pins.

The experimental activity also analyzed all the emergency-
related components and found out that improvements are
indeed necessary to enable for the rescue operations, as cur-
rently, the detachment pins (highlighted in figure 33) are
unable to move when the FDS is tightened at nominal torque
[25]. The detachment pins are needed in the case where the
FDS rods are damaged and unable to detach the chain. In
such occasion, the pins would be removed suppressing the link
between the segments and enabling the opening of the FDS.

The experimental validation highlighted that the system
is indeed suitable to RH, the FDS-OPM connection system
was indeed capable of engaging and disengaging the beam-
line mock-up. Furthermore, using the Inconel 718 gasket sat-
isfactory leak rates were achieved. However, the safety related
components requires redesign and assessment of the system
transmission in DONES like conditions is necessary.

8.3. Validation of technologies for the RH control system

In the engineering design phase of the IFMIF-DONES RHS,
one of the main objectives has been to propose a RHCS cap-
able of providing the necessary functionality to perform the
tasks efficiently, safely, and easily enough for the operators to
use. This is a significant challenge, as introduced in section 6,
considering two critical aspects: the RH devices for IFMIF-
DONES will be in-kind contributions with different commu-
nication standards (heterogeneity of technologies), and the
general lack of information about control system needs at this
stage. Therefore, for the design phase of the RHCS, the focus

Figure 34. Simplified RHCS architecture of DONES RH Lab.

has been on, identifying the high-level requirements, prospect-
ing for software tools, defining the architecture for the RH con-
trol system, and studying candidate technologies for data and
interface standardization.

The DONES RH Lab has been created at the UGR to sup-
port and validate these proposals. A simplified version of the
control system is proposed in figure 34, dedicated to the con-
trol of the devices listed in figure 35. The goal is to develop
a stand-alone RHS capable of executing RH tasks by lever-
aging industrial tools and standards already included in the
components used. Focusing on the functional aspect, only 4
of the HLCS modules are strictly required to execute a tele-
manipulation task:

• Engineering tools: enable configuration and setup of the
devices.

• Command and control: provide user interfaces for interact-
ing with the devices.

• VR system: offers a real-time virtual scene of theworkspace.
• VS: provides real-time video stream from the laboratory
cameras.

The functionalities implemented in the test bench have
been successfully validated by executing a simplified proced-
ure of the extraction of irradiated material samples. Due to
its high complexity and accuracy requirements, it serves as a
benchmark to validate the system’s ability to perform other
RH operations, including those expected during maintenance
campaigns.

The procedure follows strict RH principles, avoiding dir-
ect manual intervention in the work area. The operator, posi-
tioned without a direct view of the robotic cell, relies solely
on the camera system and virtual scene for guidance as shown
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Figure 35. Devices of DONES RH Lab at UGR. Image Courtesy of
Francisco Barranco (UGR-ES) and Elio Valenzuela (PHD student at
UGR-ES).

Figure 36. Operator Workstation without direct view to the robotic
cell. Image Courtesy of Francisco Barranco (UGR-ES) and Elio
Valenzuela (PHD student at UGR-ES).

in figure 36. The operation is structured into four high-level
steps:

1. Capsule introduction: positioning the capsule within the
manipulator’s reach.

2. Placement on the work surface: picking up the capsule and
placing it on the lifting platform.

3. Simulated cutting: using a pointer tool to mark the cap-
sule’s edges.

4. Sample extraction and placement: removing and position-
ing samples in designated areas.

Results of the first fifteen trials are shown in figure 37. The
task was successfully performed in a semi-structured envir-
onment after twelve trials, demonstrating the importance of
training and highlighting the possible benefits of simulation-
based procedure refinement to minimize errors before execu-
tion. Additionally, motion planning integration and offloading

Figure 37. Execution time per trial. ‘The green color indicates that
sequence is completed following the described RH procedure
without any deviation, other colors show in which step the error
occurred: red: step 1, orange: step 2, purple: step 3, blue: step 4,
green: PASS’. Image Courtesy of Francisco Barranco (UGR-ES)
and Elio Valenzuela (PHD student at UGR-ES).

kinematic calculations to an RH HLCS module were identi-
fied as critical improvements to enhance efficiency and reduce
execution times.

The results show how the operator progressively learns and
completes the described sequence through trial and error. The
high-level definition of the tasks leaves several aspects to the
operator’s discretion, such as the choice of trajectories, the
movement speeds for each device, or the specific order of
sample extraction. The difference between attempt 13 and 15
can be seen in the final positioning of the samples shown in
figure 38.

The initial results obtained from this laboratory confirm
the suitability of the preliminary technologies selected for
the RHCS design, as well as the viability of a custom inter-
face between OPC UA and EPICS for the integration of the
RHCSwith the CICS [21]. The adoption of industrial tools and
standards has also proven advantageous, significantly reducing
development time while leveraging the built-in functionalities
provided by device manufacturers.

Future work will focus on extending system functionalit-
ies: integrating the haptic force feedback control for the RA,
prototyping the supervision system, integrating AI techniques
based on neural networks for object pose estimation to support
telemanipulation, and unifying kinematics and motion plan-
ning for process automation using Robot Operating System
(ROS2). Ongoing activities involve the deployment of Time-
Sensitive Networking (TSN) in the robotic cell to support dif-
ferent traffic profiles, ensuring network determinism and low
latency while consolidating multiple communication layers
into a unified network infrastructure.

8.4. Future experimental program

In the framework of IFMIF-DONES RH maintenance for the
TS, developing and validating the RH procedures for servicing
the TC is of primary importance. Therefore, the future exper-
imental program (2024–2027) will foresee the procurement
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Figure 38. Final position of the extracted samples in designated
areas. (A) shows trial 13, (B) shows trial 15.

and integration of the TC components in the DRP lab. In par-
ticular, the previously available TAA for IFMIF will be adap-
ted to the IFMIF-DONES design by including the current ver-
sion of the connection system. Then, a mock-up of the HFTM
will be procured along with the locking system and a suitable
connection system to mimic the PCP to house the EC bridge.
Figure 39 shows the RHmaintenance process for the mainten-
ance of components in the TC. This RH maintenance proced-
ure is general and provides a high-level view of the operations
required for servicing IFMIF-DONES TC. In the context of
the integrated test campaign on the TC components, this pro-
cedure will be expanded with the actual RH maintenance pro-
cedure for each subtask (i.e. the HFTM removal) accounting
for the DRP lab RHS. The experimental activities will test and
validate the RH procedure, analyzing potential failures and
emergency-related systems to complete the rescue scenarios.

9. Conclusions

The maintenance of DONES systems and components is a
very challenging activity requiring the use of RH technologies.
There are no other facilities with similar requirements in terms
of radiation levels and complexity like DONES. Over the last
5 years a great enhancement of the RHS design and of the
maintenance process definition has been achieved. Several
RHE are ready for the procurement, such has the HROC and
the ACMC, other RHE are very well defined but there are still
design work to be done being their level of maturity at the
level of preliminary design phase or even more. A big effort

Figure 39. DONES TC RH maintenance procedure.

is going on with the virtual simulation of the maintenance
process extensively used for the validation of the maintenance
procedures and for the assessment of the suitability of the RHE
developed. Almost all the pictures of this paper are taken from
the virtual simulation movies.

A wide range of validation activities by using full scale
mock-ups of components are still executing by national labor-
atories and future experimental test campaigns are planned.
The most important one is the testing of the entire mainten-
ance process of the TC components that will be performed
from 2025 to 2027 and beyond. This latter test campaign is of a
paramount importance for the final updating of the engineer-
ing design of the critical components requiring maintenance
via RH.
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