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A B S T R A C T

The IFMIF-DONES Facility is a unique first-class scientific infrastructure whose construction is foreseen
in Granada, Spain, in the coming years. Strong integration efforts are being made at the current project
phase aiming at harmonizing the ongoing design of the different and complex Systems of the facility. The
consolidation of the Diagnostics and Instrumentation, transversal across many of them, is a key element of
this purpose. A top-down strategy is proposed for a systematic Diagnostics Review and Requirement definition,
putting emphasis in the one-of-a-kind instruments necessary by the operational particularities of some of the
Systems, as well as to the harsh environment that they shall survive. In addition, other transversal aspects
such as the ones related to Safety and Machine Protection and their respective requirements shall be also
considered. The goal is therefore to advance further and solidly in the respective designs, identify problems in
advance, and steer the Diagnostics development and validation campaigns that will be required. The present
work provides an overview of this integration strategy as well as a description of some of the most challenging
Diagnostics and Instruments within the facility, including several proposed techniques currently under study.
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1. Introduction

The International Fusion Materials Irradiation Facility-DEMO Ori-
ented Neutron Source (IFMIF-DONES) is a scientific infrastructure
whose objective is to provide an intense neutron source (in the order
of 1–5 ⋅ 1014 n∕cm2∕s) for the qualification of materials to be used
n future fusion power reactors [1]. Its implementation and exploita-
ion is currently considered to be critical for the construction of the
EMOnstration Power Plant (DEMO) [2,3]. Since the last years, the
ngineering design of the facility is being developed intensively within
he framework of a work package of the EUROfusion Consortium (Work
ackage Early Neutron Source, WPENS), in direct collaboration with
he Fusion for Energy organization [4]. The design of the facility is well
rogressing, accomplishing the preliminary design phase and currently
ithin its detailed design phase [5].

IFMIF-DONES will be an accelerator-driven neutron source, based
n a 40 MeV LINAC deuteron beam directed towards a liquid lithium
arget to produce neutrons by stripping nuclear reactions [1]. From
he technological point of view, the facility is composed by three main
lements:

1. Deuteron Accelerator: A 100 m length LINAC capable of accel-
erating a continuous wave (CW) deuteron beam with a nominal
intensity of 125 mA up to 40 MeV. The output power of the
accelerator is 5 MW [6].

2. Liquid lithium Target and loops: The Target will consist of a
25 mm thick liquid Li curtain or jet, circulating at 15 m/s inside
the Target Vacuum Chamber (TVC), which is directly connected
to the accelerator vacuum chamber. For providing such jet, a
closed loop of liquid Li with a flow of 100 l/s is required.
The Target accomplishes a double function; (i) it produces the
required neutron field for samples irradiation and (ii) evacuates
the 5 MW power deposited by the incident beam via heat ex-
changers and secondary cooling loops [7,8]. The rooms housing
the Li loop will be in Ar atmosphere to provide inertization and
minimize the risk of fires due to air–lithium reaction [7–9].

3. Irradiation Modules: Downstream the TVC, separated by a few
millimeters, the so-called High Flux Test Module (HFTM) will
house the material samples and specimens for irradiation [1].
The specimens shall be kept in a controlled temperature range
within 250 and 550 ◦C [10] while continuously monitoring the
neutron flux received. Both the TVC and HFTM are placed inside
a leak-tight bunker, called Test Cell (TC), filled by He at a
pressure of about 90 mbar to provide inertization as well as
nuclear shielding and confinement [11].

n addition, these three main technological elements will be housed by
he Main Building of the facility and supported by all the ancillaries and
ervices necessary for their operation, including control systems, power
upplies, HVAC, water and gas supplies, etc. [12]. A huge amount
f Instruments and Diagnostics, fundamental for the operation of the
acility, will be distributed across all these elements and connected to
he respective Local Instrumentation & Control Systems (LICS) and the
entral Instrumentation & Control System (CICS) [13].

In the context of the IFMIF Engineering Validation and Engineering
esign Activities (EVEDA) project [14], several prototypes have been
uilt and operated during the last decade, providing technical feedback
hat is being included in the IFMIF-DONES Design. Some of them are
he accelerator prototype (LIPAc) at Rokkasho (Japan) [15], the EVEDA
ithium test loop at Oarai [16] and Li loop (Lifus6) in Brasimone [17],
s well as the HFTM and irradiation capsules prototypes, including the
esting of the latter in the Belgian BR2 test reactor [18,19].

In parallel to these prototype validations and design development,
trong integration efforts are being made at the current project phase
iming at harmonizing the ongoing design of the facility. The engi-
eering design of the IFMIF-DONES Plant is organized based on a
o-called Plant Breakdown Structure (PBS). This structure divides the
hole facility in 34 Systems, which are distributed within the following

ive Groups of Systems [5]:
2

1. Site, Buildings and Plant Systems.
2. Test Systems.
3. Lithium Systems.
4. Accelerator Systems.
5. Central Instrumentation and Control Systems.

This rationale is directly related to the construction strategy of the
IFMIF-DONES, which is foreseen to be based on ‘‘in-kind-
contributions’’. This means that the corresponding Implementing Agen-
cies to the Project will deliver each of these 34 Systems which, when
assembled together, will shape the facility. This project strategy, while
being a great enterprise of international collaboration for technological
and financial synergies, entails also some challenges from the imple-
mentation point of view; namely, how to make sure that all the ‘‘puzzle
pieces’’ of these 34 Systems will properly fit together at the end of the
day. The only solution to success on this problematic is to have very
well defined requirements, both in terms of Functional Requirements
and Constraints. In addition, the definition of such requirements for
the Diagnostics of the facility shall follow a transversal approach across
these 34 Systems.

The main goal of this work is to provide a road-map and strategy
to overcome the challenges associated to the Diagnostics definition of
such a complex facility as IFMIF-DONES. In addition, it will provide an
overview of some of the most technologically complex Diagnostics to
be implemented, to illustrate the context to which this road-map shall
be applied.

Two main types of challenges have been identified: (i) Organiza-
tional Challenges and (ii) Technical Challenges. Some of the Organiza-
tional Challenges are the following:

1. Management of an extensive variety of Diagnostics and Instru-
ments across many systems, designed and manufactured by dif-
ferent groups, institutions and companies.

2. Keep a well-balanced requirements definition.
3. Keep the requirements traceability.
4. Keep an organized documentation to follow-up all the qualifica-

tion procedures that will be needed during the construction.

while some of the Technical Challenges are:

1. One-of-a-kind facility needing specific Diagnostics and Instru-
ments which are beyond the state-of-the-art in many cases.

2. Operation in harsh environments of radiation, temperatures and
only remote handling (RH) access [1,20].

3. High availability requirements of the facility (70% operational
availability [4,21]), which implies high reliability of components
and very short and limited maintenance periods.

4. Many Safety and Machine Protection (MP) Diagnostics, sub-
jected to strict reliability requirements in addition to their high
impact on the facility availability [5,9].

5. Space for physical integration and cable routing, especially in
the Test Cell.

Organizational and Technical challenges are inexorably entangled since
it is not even possible to make a detailed technical requirements
definition without a systematic organization. This work presents some
proposals of techniques to overcome these challenges. Section 2 is
focused on the Organizational Techniques, while Section 3 provides
an overview of some of the most challenging diagnostics from the
technical perspective. The purpose of future works will be to apply
the methodology defined in Section 2 to provide a more systematic re-
quirements definition of the Diagnostics presented in Section 3, among
others.

2. Techniques for the Organizational Challenges

Three main ideas are proposed to overcome the Organizational

Challenges:
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Fig. 1. Sketch illustrating the definition for the adopted nomenclature of Instrument,
which includes (i) Sensor, (ii) Cable(s), (iii) Signal Conditioner, and (iv) Instrument
Controller.

1. Use common nomenclatures and definitions: This should be
something rather obvious but reality shows that this is not
always the case when working in collaborative and delocalized
projects. In this sense, the common definitions shall be made in
such a way that highlight the transversal aspects and can cope
with them. It is also considered quite useful to establish a clear
difference between Diagnostics and Instruments, as explained in
Section 2.1.

2. Define a methodology and common databases: The idea is to
establish a methodology that puts emphasis on a Top-Down
approach, which can help in the definition of Functional Re-
quirements and Constraints while setting up their hierarchy
and traceability. This methodology should arrive to the lowest
level (sensor/probe), help in the documentation of the specific
requirements for each instrument, and facilitate tracking the
pursue of technical solutions. Finally, this methodology shall
also help in the coordination and optimization of the R&D needs
to reach such technical solutions.

3. Establish a standardization of components for the Local Instru-
mentation & Control Systems (LICS): This technique, even if
more prominent during the design and implementation phase,
aims at considering the use of common solutions right from the
beginning of the requirement definition phases, such as the same
commercial Off-The-Shelf (COTS), whenever possible. This tech-
nique is being achieved by also creating common databases of
LICS components, and imposing these guidelines to the in-kind
contributors.

The following three subsections develop further these ideas.

2.1. Use of a common nomenclature

It is clear that a common nomenclature is a basic aspect of orga-
nization and communication. Nevertheless, this cannot be achieved if
there are not common definitions behind. For the integration activities
of IFMIF-DONES, the following three key definitions are proposed: (i)
Instrument, (ii) Instrument Set and (iii) Diagnostic.

2.1.1. Definition of Instrument
The simplest definition of Instrument would be a device that mea-

sures something. Nevertheless, the following question that may arise is
where are the boundaries of this device. In this work, the definition
illustrated in Fig. 1 is proposed. An Instrument comprises: (i) Sensor,
(ii) Cable(s), (iii) Signal Conditioner, and (iv) Instrument Controller (at
least partially). The sensor would be the part of the Instrument in which
a physical variable is converted into an electric signal. The output of the
sensor would be in principle always analogic, unless specified (digital
sensor). The signal conditioner would be the device that manipulates
3

Fig. 2. Schemes illustrating the definition of Diagnostic proposed in this work. (a)
Different Instrument Sets (geometrical figures), representing different gauges (flowmeter,
thermocouples, radiation monitors, etc.), feed a Diagnostic. (b) The same Instrument Set
may feed more than one Diagnostic. A Diagnostic can be fed by Instrument Sets belonging
to different Systems in the project PBS (represented by different colours).

the analogic signal in such a way that meets the requirements of the
next stage of further processing. Finally, the Controller would be in
charge of acquiring the signal and process it. The boundary of the
Instrument crosses the Instrument Controller but does not fully cover it
necessarily, since the Controller may have other functions beyond such
Instrument. An example of Instrument could be a type-K thermocouple
that is installed at a given position in the Target Assembly.

2.1.2. Definition of Instrument Set
While Instrument may refer to a specific device, we define Instrument

Set as a set of devices (Instruments) of the same kind/model which
share their function and/or are subjected to the same requirements. An
example of Instrument Set could be all the type-K thermocouples of the
brand xxx that are installed around the Target Assembly.

2.1.3. Definition of Diagnostic
Alternatively, the definition of Diagnostic that we propose is slightly

more complex than the one of Instrument or Instrument Set. A Diagnostic
would imply the characterization of a functional feature by means of
one or several Instruments/Instrument Sets and the use of these mea-
surements for running the machine. For this reason, Diagnostic involves
some extent of logic and post-processing of the Instrument measure-
ments by, for instance, putting these measurements into context within
a System (i.e. position, operational mode, function), by combining mul-
tiple measurements, by providing values of the expected measurement,
or by including thresholds relevant for operation (i.e. alarms, inter-
locks). This definition implies that several Instrument Sets of different
kind can for instance feed a Diagnostic. This is illustrated in Fig. 2-
(a) in which each geometric shape represents a different Instrument Set.
An example of Diagnostic could be the Test Cell Atmosphere Diagnostics
whose function is to characterize the atmosphere in the Test Cell. To
do so, multiple Instrument Sets such a pressure gauges, thermocouples,
flowmeters, radiation monitors, etc. would feed this Diagnostic. Other
features of this definition are illustrated in Fig. 2-(b), such as:
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Fig. 3. Figure illustrating some hierarchy of Diagnostic Families to be used for the creation of requirements and instruments databases. At the lowest level, the example shows the
Instrument Sets that would feed the ‘‘Test Cell He Flow & Cooling Diagnostic’’ (such as flowmeters, pressure gauges, temperature probes, valve Status). This Diagnostic will be then
part of the ‘‘Test Cell Atmosphere Diagnostics’’, which is part of the ‘‘Test Cell Diagnostics’’ and, at the top level, of the ‘‘Test Systems Diagnostics’’.
• The same Instrument Set could feed different Diagnostics as it may
be useful to characterize more than one functional feature. This is
represented in Fig. 2-(b) where the green rhombus is connected
to Diagnostic A and Diagnostic B. An example of this could be
the neutron detectors placed in the irradiation modules (HFTM):
Its main function is to characterize the neutron field applied to
the material samples but it may be useful as well to characterize
or detect an abnormal condition in the Li Target, since a change
in the Li jet may affect the neutron field downstream. Another
more conventional example could be the flowmeters and thermo-
couples placed around the Li-Oil heat-exchanger in the Li loop:
These Instrument Sets may belong to the Primary heat-exchanger
Diagnostics to monitor the correct operation of this device and,
at the same time, feed the Li Loop Power Diagnostics, since their
measurement may be used to infer the average beam power on
the Target.

• The other feature has to do with the transversality that this Diag-
nostic definition provides across the project PBS boundaries. For
instance, a Diagnostic could be fed by Instrument Sets belonging
to different Systems according to the PBS. This is also illustrated
in Fig. 2-(b) by the different colours of the Instrument Sets. This
aspect will be present in many Diagnostics. For example, in the Test
Cell Atmosphere Diagnostics there may be some Instrument Sets be-
longing to the TC Liner System (such as thermocouples or pressure
gauges attached to it), while others instruments belonging to the
Test System Ancillaries (such as flowmeters of the He supply and
recirculation). Another very remarkable example of transversal
Diagnostics are the ones related to the Machine Protection (MP)
or Safety Diagnostics, that will be fed by Instruments belonging to
very different Systems.
4

The use of this nomenclature is the base to understand the methodology
for creating a Hierarchical Database for the Diagnostics of Instruments
of the Facility, described in the following section.

2.2. Hierarchical database for requirements definition

As explained in the introduction, one of the main challenges is
to provide a comprehensive set of well-balanced requirements for
the extensive number of Diagnostics and Instruments of the facility
while keeping traceability and transversality. For doing so, a Top-Down
strategy is proposed based on the creation of a multi-level hierarchy
of Diagnostics Families, as illustrated in Fig. 3, focused on functional
features. Up to two four levels of Diagnostics are proposed:

I At the highest level the Diagnostics are classified according to
their belonging to Groups of Systems, such as Test Systems,
Lithium Systems and Accelerator Systems, in addition to fully
transversal Diagnostics such as Machine Protection and Safety
Diagnostics.

II At the level two, it is possible to find Diagnostics related to the
Systems-level PBS as well as other transversal ones within the
system (i.e. MPS, Safety).

III At the level three there would be some Diagnostics related to
Subsystems and Components, while others transversal to them
based on processes and features (i.e. neutronics, power, predic-
tive maintenance, commissioning).

IV Finally, at the level four there would be the Diagnostics based
on specific monitoring features (i.e. flow monitoring, pressure
monitoring, neutron field monitoring, etc.), for which different
measuring technologies or principles may be used.
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Fig. 4. Integrated mock-up of the IFMIF-DONES Accelerator Systems, highlighting its seven Systems [6].
For each of these Diagnostic Families, Functional Requirements and
Constraints are defined, which are then propagated to their descen-
dants. Attached to the lowest level of Diagnostics there would be
Instrument Sets, which will inherit all the Requirements and Constraints
from their Parent Diagnostics. In addition, an Instrument Set Datasheet
will be created, containing information of both the Requirements and
Constraints as well as the technical solution proposed so far. In this
way, it will be easier to follow-up if a proposed solution of Instrument
fulfils the requirements (such as range, accuracy, time-resolution, re-
liability, resistance, maintainability, etc.) and design the qualification
procedures accordingly.

2.3. Standardization database for Local Instrumentation and Control Sys-
tems

The third leg to overcome the organizational challenges is the use of
common guidelines for the design characteristics and component selec-
tions of the Local Instrumentation and Control Systems. This is done
by the compilation of a ‘‘LICS Guideline Handbook’’ and ‘‘Common
Components Database’’, which would apply not only to instruments,
diagnostics and their DAQs, but also to controllers, actuators, PLCs,
cubicles, etc. The idea is to minimize, whenever possible, the tech-
nological differences between Instrumentation and Controls Systems
(and therefore, between Diagnostics). The goal of this standardiza-
tion is to homogenize the designs to reduce problems of integration,
maintenance, costs, trouble shooting and for assuring and maintaining
the knowledge and expertise over different systems along the facility
life-cycle.

3. Overview of some challenging IFMIF-DONES diagnostics

In this section we provide a summary of some of the most chal-
lenging Diagnostics from the technical point of view that have been
identified, as well as some proposed solutions that are currently un-
der study. Diagnostics within three main Groups of Systems will be
described; Accelerator Systems, Lithium Systems and Test Systems.

3.1. Accelerator Systems (AS)

Fig. 4 shows a scheme of the IFMIF-DONES Accelerator [6]. It will
consist in a 40 MeV CW Deuteron Accelerator powered by 175 MHz
Radiofrequency Systems (RFPS). It will have a nominal intensity of
125 mA and an output power of 5 MW (delivered to the Target). It shall
have an inherent availability (i.e., over the scheduled operation time)
5

Fig. 5. Preliminary Diagnostic Families classification (Levels II and III) for the
Accelerator Systems following the methodology introduced in Section 2.

of 87% [21]. The current project PBS defines the following Systems
within the Accelerator Systems:

• Injector Source.
• RadioFrequency Quadrupole (RFQ).
• Medium Energy Beam Transport Line (MEBT).
• Superconducing Radiofrequency (SRF) LINAC.
• High Energy Beam Transport Line (HEBT), which includes the

beam dump (BD).
• Radio Frequency Power System (RFPS).
• Accelerator Systems Ancillaries (ASA), which include the supply

of cryogenics, vacuum, water cooling, low voltage and medium
voltage electrical distribution, as well as gas distribution.

Regarding the Diagnostics of the Accelerator Systems, a Diagnostic
Family classification has been proposed following the methodology
introduced in Section 2. Fig. 5 shows an overview of this first proposal
for the top level Diagnostics families (Levels II and III). At the Level II
the following Diagnostic Families are proposed: (i) Beam Diagnostics, (ii)
Vacuum Diagnostics, (iii) Power & Cooling Diagnostics, (iv) Accelerator
Devices Diagnostics, (v) Accelerator Vault & TIR Diagnostics. It is
worth to emphasize the transversality of these Diagnostic Families with
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respect to the to seven Systems of the AS defined in the PBS. For
instance, the Instruments of the Beam Diagnostics will be distributed
cross all the systems of the beam line (Injector Source, RFQ, MEBT,
EBT), same as Vacuum Diagnostics. In addition, many Instrument Sets
ill be part of different Diagnostics. For example, the Beam Position
onitors (BPMs) distributed within the specific ‘‘Accelerator Devices
iagnostics’’, will be also part of the ‘‘Beam Diagnostics’’. Finally, it

s worth noting to remark other transversal Diagnostics such as the
achine Protection Diagnostics or Safety Diagnostics, which will have

lso Instruments distributed across these families (even though they are
ot shown in Fig. 5).

The next subsections describe some technical challenges of the
ccelerator Systems Diagnostics and several technical solutions under
tudy.

.1.1. Beam current, position and profile monitoring
The main challenges are related to the high accelerator current

nd power that requires the development of specific Beam Diagnostics
olutions [22–24]. In addition, other challenges are related to the
imited space, high reliability, maintenance by Remote Handling (RH)
eans, and high radiation in the last 20 m of the accelerator (close to

he Target). Some examples of Beam Diagnostics are:

• SRF-LINAC Beam Diagnostics: The components of the SRF-LINAC
shall be tightly packaged due to the high beam space charge.
For this reason, the lack of diagnostics makes the commissioning
and tuning very challenging in this area where the beam power
density is the highest of the whole accelerator and the equipment
is susceptible to thermal quenches. Button-type Beam Position
Monitors (BPMs) are foreseen to measure the beam centroid.
The design is based on the LHC design, capable of operating at
cryogenic temperatures. In addition, transverse profile monitors
are also required and they shall be installed at warm sections
between the five cryomodules. Only interceptive monitors are
possible. Current design solution is based on SEM-Grids that could
only operate at intensities below 75 mA during commissioning
phases.

• HEBT and Beam Dump Transport Line (BDTL) Beam Diagnostics:
Diagnostics are installed at the HEBT line to ensure a correct
delivery of the beam coming from the SRF-LINAC to the Li
Target with the nominal current, energy, position and profile.
During nominal operation the BDTL is not used since the beam
goes to the Target. However, during machine start and tuning
of the upstream systems the beam is deviated through the BDTL
to the dump, where is stopped. Specific beam monitors for 6D
characterization shall be developed in the BDTL. This includes
beam current, position, transverse profile, bunch length and beam
losses. Some of the instruments are quite clear and have been
qualified at LIPAc, such as ACCT (AC Current Transformer), BPM,
SEM Grid and IC (Ionization Chambers). Nevertheless, others shall
still be validated such as Continuous Wave Current Transformer
(CWCT), Fluorescence position monitors (FPM) or Residual Gas
Bunch Length Monitor (RGBLM), which is key for the beam
longitudinal characterization.

• HEBT Beam Diagnostics at the Target Interface Room (TIR):
Characterization and monitoring of the beam profile that is sent
to the Target is essential for a safe and reliable operation. This
characterization shall be done as close as possible to the Target,
which is the TIR (around 6 to 10 m upstream) [23,25]. The
absorbed radiation doses in this room are estimated within 1
to 5 MGy/fpy jeopardizing the life and reliability of many
instrument solutions. Only RH maintenance is allowed. Main
characteristic to be measured is the beam position and size of the
transverse footprint on the Target. The proposed solution relies
in a combined method by optical diagnostics and a RF pickup.
6

The optical diagnostic (also mentioned in Section 3.2.2), would
be based on a camera pointing towards the Li Target through
an optical path in a secondary beam line, aiming at recording
the Optical Transmission Radiation (OTR) produced when the
beam impinges the Li. This direct observation of the beam on the
Target would be used during commissioning for tuning the beam
profile. Once the nominal beam profile is set at the Target level,
the RF pickup, placed in the TIR, could be calibrated and record
continuously during operation. There are currently some planned
experiments to verify this approach using liquid Li and a e-gun
(10.5 keV) to obtain charged particles equivalent to the 40 MeV
deuterons.

3.1.2. Beam Loss monitoring
Another challenging aspect of the Accelerator Diagnostics is related

to the Beam Loss monitoring due to the particularities of the losses to
be detected and the fast response time required (around 10 μs). Four
types of beam loss monitoring may be present:

• Neutron Beam Loss Monitors (nBLM): In some cases it is very
difficult to measure beam losses of hadronic beams at low beam
energies since they are shadowed by RF emissions (gammas, x-
rays) at high intensity operation. To do so, nBLM in which the
signal is produced by fast neutrons is proposed. Detectors have
been designed to be sensitive to neutrons while having a very
low efficiency to gammas and x-rays. The proposed nBLM detec-
tors are based on Micromegas (Micro-MEsh Gaseous Structure)
technology [26], recently used also in ESS [27].

• Micro Beam Loss Monitors (𝜇BLM): Undesired micro beam losses,
apart from decreasing the beam current, lead to activation of the
pipe walls complicating maintenance as well as increasing the risk
of SRF quenches due to heat deposition. The goal of DONES is to
keep those micro losses below 1 W/m. To do so, the instrument
should be able to distinguish between real losses and normal
background. The current 𝜇BLM monitors proposal are based on
CVD diamonds, as the ones already tested in LIPAc [28].

• IC Beam Loss Monitors (BLoM): Greater losses such as the ones in
the case of mis-steering, magnet or cavity failure will be measured
by IC, based on the LHC ones [29].

• Prompt Radiation Monitor: Finally, another instrument that shall
be developed is related to the actuation of Safety Beam Interlocks
in case of prompt radiation produced by a destructive miss-
steering event. This instrument shall trigger a safety shutdown of
the beam before the prompt radiation in adjacent rooms (where
personnel may be present) are above radio-protection limits. The
difference with the previous monitors (which will feed the MPS)
is that this instrument will be subjected to more strict reliability
requirements since it will be a Safety Class Component. On the
other hand, slower reaction times may be required to this monitor
(in the order of hundreds of milliseconds).

3.1.3. Fast response vacuum monitoring
Finally, another remarkable aspect regarding challenging Diagnos-

tics of the AS has to do with fast vacuum monitoring. This is due to
the Safety role that some of the pressure gauges would play to mitigate
postulated accident scenarios related to the sudden gas inrush inside
the vacuum chambers. One of the particularities of the IFMIF-DONES
Accelerator is that there cannot be a separation window with the Target
Vacuum Chamber. This implies that contact of air and liquid Li could
take place in case of failure of the Target Vacuum Chamber (TVC) or a
destructive air leak upstream in the accelerator. The mitigation plans
foresee the use of Fast Isolation Valves (FIV) as close as possible to
the TVC with actuation times in the order of 100 ms. Fast acquisition
vacuum gauges such as cold-cathode and glow-discharge are foreseen
(response time around 1 ms) to trigger the actuation of such valves.
Main aspects to be clarified are the reliability of these devices to be

used as Safety Class Components as well as their performance under
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Fig. 6. Mock-up showing the Lithium Systems. The four Systems belonging to this
Group of Systems are highlighted.

the high radiation close to the TVC. In addition, the gauges response
at the operating pressure range of 10−5 − 10−4 mbar of the TVC shall
be verified. A prototype is currently under construction in the Univer-
sity of Granada to verify these aspects, called Multipurpose Vacuum
Accident Scenarios (MuVacAS) test-bench.

• Target System.
• Li Heat Removal System: Consisting in the primary Li loop,

and two additional oil loops (Secondary and Tertiary Loops)
connected through Heat-Exchangers (HX).

• Li Impurity Control System.
• Li Systems Ancillaries (LSA): Including the supply of heating to

the Li, gas and vacuum supply for the loop operation, and electric
power.

3.2. Diagnostics in Lithium Systems

Fig. 6 shows a scheme of the IFMIF-DONES Lithium Systems. Its
main goal is to provide a stable liquid Li jet (or curtain) circulating
at 15 m/s and 300 ◦C inside the TVC, on which the deuteron beam
will impact. Most of the 5 MW beam power will be deposited in the jet
and evacuated with its flow. For this reason, the jet thickness along
the beam direction (25 mm) is of paramount importance to avoid
depositing power in the downstream back-plate of the TVC, which
would imply its rupture. The required Li flow to keep this jet thickness
is 100 l/s and will be provided by Electromagnetic pumps (EMPs) based
on permanent magnets. The control of impurities in the Li is also a
key aspect to avoid corrosion and for radio-protection. A parallel loop
retrieving 2 l/s shall continuously purify the Li by using different types
of traps (H traps, cold Traps and N Traps) as well as to monitor the
impurity content. During operation, all the rooms housing Li pipes will
be inertized by means of Ar atmosphere (Li Loop Cell). The Fig. 6
highlights the TVC within the Target System that will be placed inside
the Test Cell (TC) as shown in Fig. 8. A yearly exchange of the Target
7

Fig. 7. Preliminary Diagnostic Families classification (Levels II and III) for the Lithium
Systems following the methodology introduced in Section 2.

is foreseen and shall be fully performed by RH means due to the high
activation of all its components. The figure also shows the Primary,
Secondary and Tertiary loops located in the rooms below the TC.

The current project PBS defines the following main Systems within
the Lithium Systems:

Regarding the Diagnostics of the Lithium Systems, a Diagnostic
Family classification has been proposed following the methodology
proposed in Section 2. Fig. 7 shows an overview of this first proposal
for the top level Diagnostics families (Levels II and III). At the Level II
the following Diagnostic Families are proposed: (i) Target Diagnostics,
(ii) Li Loop Diagnostics, (iii) Secondary & Tertiary Loops Diagnostics,
(iv) Lithium Cell Room Diagnostics. This Diagnostic Families are highly
transversal to the PBS as they are more process-based rather than
System-based.

The next subsections describe three technical challenges of the
Lithium Systems Diagnostics and some technical solutions under study.

3.2.1. Diagnostics for the characterization of the Li jet thickness
As already introduced, monitoring the 25 mm Li jet thickness is

critical to avoid damaging the back-plate of the Target Vacuum Cham-
ber. It is estimated that there is only a 2 mm detection margin within
the reduction along this thickness to avoid the back-plate damage,
and that it shall be detected within the order of milliseconds. In
addition, the extremely high radiation present during operation (above
104 MGy/fpy Si-equivalent) disables the use of any local means of
measuring. Currently, three methods of measuring the Li jet thickness
are under consideration:

• Use of Laser Interferometry: This system would be similar to
the one proposed of the In-Vessel Viewing System (IVVS) in
ITER [30]. It would profit from the secondary line to the TVC to
point a laser to the Li through a mirror and optical fibres [31]
so the interferometer acquisition could be placed far enough
and shielded from the radiation. This system would provide a
sampling frequency above the kHz range but relies of the presence
of wake waves on the Li jet to improve the reflected signal. Ex-
perimental campaigns using GaInSn as liquid metal are currently
ongoing.

• Use of a Radiofrequency based Diagnostic: A diagnostic based on
mmWave radar techniques is currently under study by pointing an
antenna towards the Li Target. This system could be a compact
and resistant solution for the extremely harsh environmental
conditions and could allow the integration of the antenna in the
TVC as it is a passive component. The radar transceiver and the



Fusion Engineering and Design 191 (2023) 113556C. Torregrosa-Martin et al.

3

p
t
f
t
i
r
o
d
u
t
i

3

i
m
n
a
c
T

3
s

o
a
A
t
c
e
e
E

3

G
s
a
i
m
u
S
o
S
r
h
i
s
i
d
a
t
w
l
u
f
T
s
f

R
c
i
l

rest of electronic devices could be placed separated from antennas
by means of waveguides.

• Use of the response of neutron or/and gamma monitors placed
in the HFTM: Finally, another possible solution would be to
rely on detecting a variation in the radiation field downstream
the Target as a consequence of the Li jet thickness reduction
and corresponding change in the interaction length. Radiation
monitors such as the ones described in Section 3.3.1 could be used
if their sensitivity and fast response is high enough.

.2.2. Characterization of beam impact position on target
As already introduced in the Accelerator Diagnostics, it is very im-

ortant to monitor the beam impact position on Target and its footprint
o avoid its miss-steering towards the TVC walls. The nominal beam
ootprint size is 50 × 200 mm while the Li jet is 260 mm wide, leading
o a 30 mm margin at both sides. Significant deformations may occur
n the TVC due to pressure differences and thermal expansions since it
eaches temperatures close to 400 ◦C. Therefore, a direct measurement
f the beam impact position is very important to steer the beam and
etect any eventual change. The solution currently under study is the
se of a camera pointing to the jet through an optical path to record
he OTR emitted on the Li surface when the deuteron beam impacts, as
ntroduced in Section 3.1.1.

.2.3. Characterization of Target and Loop Operation Performance
Operation of liquid metals implies several technological complex-

ties. In case of IFMIF-DONES these complexities are accentuated by
ultiple particularities such as loop activation, limited and RH mainte-
ance, free Li surface at vacuum in the Target, extremely high radiation
round the Target and Safety implications among others. Some of the
hallenging Diagnostics and Instruments considered to characterize the
arget & Loop Operation Performance are the following:

• Li flowmeters and pressure gauges: Several types of flowmeters
shall be installed along the Li loop. Some of them will be based
on Venturi flowmeters while electromagnetic EM flowmeters are
also considered as they may provide a higher time resolution
to mitigate eventual flow instabilities that may affect the Li jet.
Some of these flowmeters will be part of the MP system and even
Safety system so they will be subjected to high reliability and
qualification requirements.

• Levelmeters: Li levelmeters will be present in several volumes
along the loop such as the Li dump tanks and the quench tank
(the latter situated underneath the Target Assembly). Instruments
based on electric contact are considered, as well as differential
pressure gauges. The most challenging levelmeters will be the
ones of the quench tank as they will be subjected to absorbed
doses in the order of 40 MGy/fpy and their maintenance and
RH replacement will be quite complex since the quench tank
exchange during operation is not foreseen.

• Li Leak detectors: Li leak detectors based also on electric contact
will be installed at connection flanges of the Li piping, both
around the Target and in the Li loop cell. The idea is to use a
similar technology as the one employed at SNS neutron source in
ORNL [32].

• Heaters and temperature probes: Radiation-hard heaters and type-
K thermocouples shall be installed around the Target assembly
and Li loop piping to reach the required temperatures for allowing
liquid Li circulation at 300 ◦C in the cold leg.

• Vacuum pressure measurement in the TVC: The vacuum pressure
inside the TVC shall be kept in a very limited range of 10−5−10−4

mbar. Higher pressures would lead to unaccepted beam losses
while undesired Li evaporation may occur at lower pressures. An
Ar injection system in the TVC to provide a differential pressure
system along the beam vacuum line is foreseen for this purpose.
8

Ideally, the installation of a vacuum gauge in the TVC to control i
and monitor such pressure would be required. The challenge is
the high radiation environment (above 100 MGy/fpy) around the
TVC and the lack of vacuum gauges technologies that provide
high accuracy measurements within this range.

• Li evaporation detectors: An instrument based on Cavity Ring-
down Spectroscopy (CRDS) is under study to detect eventual Li
evaporation within the accelerator vacuum chambers that could
redeposit and damage upstream vacuum gauges, gate valves seal-
ings or other components. This instrument would be installed in
a cavity profiting from the secondary beam line.

.2.4. Characterize Li purity, and performance of the impurity control
ystem

Impurities content in the Liquid Li such as N, O shall be kept in the
rder of tens ppm. In addition, other radionuclides such as the Be-7
nd tritium produced in the stripping reactions in the Target as well as
ctivated Corrosion Products (ACPs) shall be also removed [33]. Due

o the low concentrations involved, the baseline scenario considers the
haracterization of these impurities via offline analysis by periodical
xtraction of Li samples. Other proposed online methods under consid-
ration include a Resistivity Meter for online N monitoring [34] and a
lectro-Chemically based H sensor [35].

.3. Test Systems

Fig. 8 shows a scheme of the IFMIF-DONES Test Systems. This
roup of Systems involves all the elements required for the material

amples irradiation as well as to provide shielding and confinement
round the Target and irradiation modules. As shown in Fig. 8, the
rradiation module is placed downstream the Target separated by a few
illimeters from the Target back-plate. Two types of irradiation mod-
les are designed; (i) the High Flux Test Module (HFTM) and (ii) the
tart-up Monitoring Module (STUMM) [36]. The external assemblies
f both modules are quite similar while their content is different. The
TUMM will be only used during commissioning phases and for this
eason is equipped with a large number of instruments and does not
ouse any material sample. Alternatively, the HFTM will be used during
rradiation operation and will house hundreds of miniaturized material
pecimens. In addition, the HFTM shall provide means for a controlled
rradiation temperature of the specimens within 250 and 550 ◦C. This is
one by heaters and a He cooled minichannels [37,38]. Both the Target
nd Irradiation Modules are placed inside a shielding bunker, called
he Test Cell. The inner walls of the Test Cell are made of a leak-tight,
ater-cooled steel vessel called the TC-Liner. During operation this

iner is filled by He at around 90 mbar absolute in order to provide an
nder-atmospheric pressure radiological barrier. All the cables routing
or the Target Assembly, HFTM/STUMM and instrumentation inside the
C-Liner shall be done by means of leak-tight feedthroughs at the top
hielding plugs of the TC bunker. The current project PBS defines the
ollowing main Systems within the Test Systems:

• Test Cell System.
• High Flux Test Module (HFTM) System.
• Start-up Monitoring Module (STUMM) System.
• Test Systems Ancillaries (TSA): Including the supply of water

cooling for the Liner and shielding blocks, He gas cooling and
purification for the TC inert atmosphere, He gas cooling for
the HFTM/STUMM and electrical power supply to all the Test
Systems.

• Facilities for Complementary Experiments.

egarding the Diagnostics of the Test Systems, a Diagnostic Family
lassification has been proposed following the methodology proposed
n Section 2. Fig. 9 shows an overview of this first proposal for the top
evel Diagnostics families (Levels II and III). At the Level II the follow-

ng main Diagnostic Families are proposed: (i) Test Cell Diagnostics,
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Fig. 8. Sketch showing the Test Systems. The four Systems belonging to this Group of Systems are highlighted.
Fig. 9. Preliminary Diagnostic Families classification (Levels II and III) for the Test
Systems following the methodology introduced in Section 2.

(ii) HFTM Diagnostics, (iii) STUMM Diagnostics and (iv) Test System
Ancillary Rooms Diagnostics. A good example of the transversality of
this classification across the PBS is present in the Test Cell Diagnostics:
in the PBS, the TC includes the TC-Liner, shielding walls, upper plugs,
etc., but most of the instruments required for their operation (such as
cooling loops flowmeters, pressure gauges, etc.) belong to the TSA. This
separation is surpassed by the Test Cell Diagnostics Family since it is
process-based.

From a general perspective the main challenges are related to the
fact that the Test Cell will be closed during operation and only opened
a few days per year. All the instruments will be exposed to very
high radiation, some of them in the range of absorbed doses above
2 ⋅ 104 MGy/fpy Si-equivalent for the HFTM and STUMM instrumenta-
tion, and within 30 MGy/fpy and 400 MGy/fpy around the TC-Liner
walls and cable connectors. Very limited space will be available for
cable routing integration with the risk that electric noise due Elec-
tromagnetic Compatibility (EMC) may jeopardize the instrumentation
measurements. In addition, all the maintenance shall be carried out by
RH means. Reliability of the instruments installed is essential for the
success of irradiation campaigns as well as for Safety licensing and to
avoid MP overacting. The next subsections describe more in detail two
9

technical challenges of the Test Systems Diagnostics and some technical
solutions under study.

3.3.1. Characterization of neutron fields
The top requirement of the IFMIF-DONES facility is to irradiate

material specimens at equivalent conditions as the ones present in
future fusion reactors such as DEMO. The expected neutron flux in
IFMIF-DONES will be in the order 5 ⋅1014 n∕cm2∕s with a broad peak at
14 MeV and with 80% of them above 1 MeV [39]. Neutrons fields shall
be characterized with enough accuracy and precision, maintaining the
neutron field calibration along the irradiation campaigns. The spatial
resolution required is in the order of 10 mm and time resolution
within 10 μs. The radiation monitors considered for neutron fields
characterization within the HFTM/STUMM are the following:

• Self-Powered Neutron Detectors (SPND): These neutron detectors
are widely used in nuclear reactors to monitor the thermal neu-
tron flux. Their use in IFMIF-DONES is considered for both the
HFTM and STUMM. These detectors use the 𝛽-decay process of its
neutron-activated material to produce an output signal, which can
be measured directly with an ammeter. The challenges come from
the high operational temperatures of the HFTM (250–550 ◦C), the
low expected signals in the order of nano-ampers, and their low
sensitivity for fast neutrons due to limited cross section of the
emitter elements. R&D Activities using the GELINA source and
CERN’s nTOF have been carried out to test different solutions at
fast neutrons environment and more will follow [40].

• 𝜇Fission Chambers (U238/U235) coupled with Ionization Cham-
bers (ICs): Miniaturized gas ionization chambers coated by U238
or U235 (𝜇FCs) are proposed to characterize fast and thermal neu-
tron spectrum respectively. Their use is foreseen for the STUMM
operation. These chambers will be used in combination with
ICs of the same geometry to discriminate the electric signal
produced by gammas. Irradiation, calibration and validation cam-
paigns with these setups for IFMIF-DONES were performed in
the BR2 reactor [41,42]. More irradiation campaigns are foreseen
in the context of the prototype STUMM-PROTO, currently under
construction in the University of Granada.
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• 𝛾 − Thermocouples (GTs): Another technique under study is the
use of GTs in the STUMM that shall be manufactured on demand
according to the expected nuclear heating parameters and cooling
conditions.

• Activation foils and Rabbit-Activation balls: Finally, other tech-
nique under study for neutron field characterization is to use
offline methods. Activation foils would be included in several
parts of the irradiation modules and the TC-liner walls to be
retrieved by RH means during maintenance periods. The aim
is to use them as the most accurate mean of measuring the
integral neutron fluence received by the specimen samples [43].
Thus several activation foils would be attached to the HFTM
capsules in order to obtain the spatial neutron flux distribution
after each irradiation campaign. In addition, the use of activation-
balls to be retrieved during operation by a pneumatic rabbit is
also under study for the STUMM. These technique would also
allow the characterization of the radiation energetic spectrum,
which cannot be easily done by 𝜇FC and IC.

.3.2. Characterize temperatures and deformations of the HFTM/STUMM
The irradiation temperature is a key parameter in the radiation

amage processes of the material specimens. Irradiation campaigns at
emperatures within 250–550 ◦C are foreseen. A carefully and reliable
emperature control of the irradiation capsules by means of heaters
nd type-K thermocouples is required. Temperature measurements may
e also needed for Machine Protection Systems to actuate in case
f HFTM assembly overheating. In addition, thermal expansions and
eformations due to pressurization of the HFTM cooling systems may
eopardize spatial accuracy of the irradiation. This monitoring shall be
one at an environment with absorbed doses above 104 MGy/fpy Si-
quivalent while keeping a stable calibration in case of measurements
hifts.

.3.3. Characterize alignment and relative position of target and HFTM/
TUMM

Keeping a constant distance and alignment between the Target
nd the HFTM/STUMM assemblies is of paramount importance for a
uccessful irradiation. Relative displacements may occur due to the
on-uniform temperature fields (reaching service temperatures up to
00 ◦C in the TVC and 150–200 ◦C in the HFTM external assembly).
ther sources of relative displacements may be the TC-liner deforma-

ions due to low pressure operation and HFTM/STUMM pressurized
ooling systems. The TC bunker will be closed and depressurized dur-
ng commissioning and operation preventing any direct measurement
nd fiducialization of components inside. Some of the methods under
onsideration to monitor these displacements are:

• Linear Variable Differential Transformers (LVDTs): This passive
displacement measuring system may be placed on the sides be-
tween the Target Assembly back plate and the HFTM/STUMM,
as widely used in many mechatronic systems in particle acceler-
ators [44]. Although radiation campaigns shall be performed to
verify their resistance when exposed to the hundreds of MGy/fpy
expected around the Target Assembly and HFTM/STUMM.

• Radiation Resistant Fiber Optic Strain Sensors: This type of strain
gauges could be installed around the Target Assembly, HFTM and
TC liner walls. This could be an interesting solution since recent
studies at the SNS spallation target in ORNL show that they could
survive up to 1000 MGy [45–47].

• Laser tracking by optical paths: Finally, other possible solution
could be the use of shielded optical paths by mirrors across the
TC liner and bunker to point towards specific fiducials placed
on the Target Assembly, liner walls and HFTM. This diagnostic
could be used during installation, commissioning and eventual
position crosschecks during operation. Radiation resistance of
such eventual solution as well as its contribution to neutron
10

streamings outside the TC still need to be verified. G
. Conclusions

This work highlights the problematic of the Diagnostics of IFMIF-
ONES, while describing strategies that are being proposed for man-
ging their Requirements and Constraints. The work emphasizes the
ntegration efforts that are necessary at the current project phase
iming at harmonizing the ongoing design of the different Systems.

transversal approach is considered a key aspect for a successful
mplementation, taking into account both Organizational Aspects and
echnical Aspects. For the Organizational Aspects, a top-down strat-
gy is being established, based on the use of common nomencla-
ures, a methodology for creating common Diagnostics and Instruments
atabases, and standardization guidelines of components whenever
ossible. An important feature of this approach has been the definition
nd differentiation of Instruments, Instrument Sets and Diagnostics. These
omenclatures are used for the creation of a database that includes
hierarchical classification of Diagnostic Families and Instruments,

iming at improving the management of their requirements definition
nd the follow-up of solutions. A preliminary version of such top level
lassifications has been shown for the Accelerator Systems, Lithium
ystems and Test Systems. Regarding the Technical Aspects, this work
rovided a general description of some of the most challenging and one-
f-a-kind Diagnostics and Instruments within the Accelerator Systems,
ithium Systems and Test Systems. Common challenges involve func-
ional requirements beyond the state-of-the-art of instruments as well
s constraints associated to harsh operation environment (radiation,
igh temperatures, limited maintenance) and integration aspects (EMC,
able routing, space limitation). Extensive R&D programs are ongoing
o find technical solutions that overcome these challenges, including
xecution of validation campaigns in close collaboration with other
acilities. Current and future works are focused on applying the pro-
osed methodology extensively to all the IFMIF-DONES diagnostics and
nstruments for a systematic and transversal requirements definition
nd the pursuit of solutions to the Project.
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