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Abstract

The IFMIF-DONES test systems (TS) gather the experimental facilities offered by the plant, as
well as the ancillary systems providing supplies and services both to those facilities and the
irradiation modules, the latter ones belonging to the TS, although being excluded from the scope
of this article. The irradiation modules gather any system that will be irradiated behind the
lithium target inside the test cell (TC). Therefore, the TC also houses the liquid Li target and the
stripping reaction held between the latter and the D+ beam. The TC is described in section 2,
addressing as well some detail (section 2.1) about transversal key aspects like safety, RAMI,
maintenance and others, although the safety aspects are collected in a dedicated part (section 5).
The vacuum vessel is described in sections 2.2.1 and 2.2.3, relevant outputs from seismic,
thermo-structural and fluido-dynamics analyses being as well provided. The shielding blocks
are described in section 2.2.2, the lining part covering the building cavity filled in section 2.2.4,
the floor in section 2.2.5, and the uppermost part in section 2.2.6. Section 3 is fully dedicated to
the TSs ancillaries, a summary description being included for each of the subsystems, as well as
an overview of their functional requirements. Section 4 provides a functional description of the
different facilities for complementary experiments, apart from the TC. Section 5 is focused on
safety issues applicable not only to the TC but to all the TSs included in the present article.

4 See the Appendix in Ibarra et al (https://doi.org/10.1088/1741-4326/adb864) for the EUROfusion WPENS Team.
* Author to whom any correspondence should be addressed.
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Next, the current guidelines are given for the alignment (section 6) of the in-vessel systems and
the integrated commissioning inside the TC (section 7). Finally, section 8 collects the main
conclusions about the current status of the design of the TSs, irradiation modules excluded.

Keywords: IFMIF-DONES, fast neutron spectrum, vacuum vessel, neutron shielding,

test systems, experimental facilities, safety confinement

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

Acronyms

AC Access cell

ACPs Activation and corrosion products

ASCE American Society of Civil Engineers

AV Accelerator vault

BP Back plate

CPpP Control point

DBA Design basis accident

EPS Electrical power system

FCE Facility for complementary experiments

FPS Fire protection system

GFM Glass-filled magnet

GICS Gas inventory control subsystem

GPS Gas purification subsystem

G-RWTS Gas radioactive waste treatment system

HCS-LP Helium cooling subsystem—low pressure

HCS-MP Helium cooling subsystem—medium pressure

HEBT High-energy beam transport

HFTM High-flux test module

HROC Heavy rope overhead crane

HRS Heat rejection system

HTO Hydrogen tritium oxide

HVAC Heating, ventilation and air conditioning

IFMIF- International fusion materials irradiation

DONES facility—-DEMO-oriented early neutron source

INFN Istituto Nazionale di Fisica Nucleare

IPA Inlet plug access

ISRS In-structure response spectrum

LICS Local and instrumentation control system

LLC Lithium loop cell

LN2 Liquid nitrogen

LSPp Lower shielding plug

L-RWTS Liquid radioactive waste treatment system

LV Low voltage

MB Main building

NBS Neutron beam shutter

NBT Neutron beam tube

PASS Personal access safety system

PCP Piping and cabling plug

OPA Outlet plug access

QTA Quench tank

RAFM Reduced-activation ferritic-martensitic

RAMI Reliability, availability, manufacturability and
inspectability

RAS Reference-accident scenario

RBSB Removable biological shielding

block

RH Remote handling

SBPs Site, building and plant systems
SCS Service control system

SGS Service gas system

SICs Safety-important components
SL Seismic level

SPND Self-powered neutron devices
STUMM Start-up monitoring module
SWS Service water system

TAA Target assembly

TC Test cell

TCCP Test cell cover plate

TIR Target interface room

TSs Test systems

TSA Test systems ancillaries

TSP Top shielding plug

TSY Target system

TWBD Through-wall beam duct
USP Upper shielding plug

WCS Water cooling system

1. Introduction

The IFMIF-DONES plant is based on a linear accelerator
providing a 5 MW, 125 mA D+ beam -two beams in a later
upgraded stage- hitting, in a continuous wave regime, a liquid
lithium target. As a consequence, the resulting stripping reac-
tion produces extremely intense radiation fields, both gamma
and fusion-like fast neutrons.

Therefore, IFMIF-DONES will offer a variety of outstand-
ing experimental capabilities with a special focus on fusion-
related purposes. Nevertheless, those capabilities extend bey-
ond fusion and reach other scientific areas.

The TSs collect a group of systems in charge of providing
the appropriate conditions, environment and room in the irra-
diation facilities offered by IFMIF-DONES to the scientific
community, as well as all the modules exposing payloads to
the fusion-like irradiation fields produced in the core facility,
the so-called TC. This group of key systems is composed by:

e The TC (figure 1), which provides the heavily shielded cav-
ity where the stripping reaction takes place between the
deuteron (D+) beams—one at an early phase of operation
of the plant; two at a further upgraded phase- and the liquid
lithium target.
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Figure 1. Test cell containing the target system and the high-flux test module. Reproduced from [1]. CC BY 4.0.

e Several irradiation regions [2] have been defined behind
the TSY [3], depending on the neutron flux: between 10'*
and 10" n cm™2-s for the high-flux region; between 10'3
and 10" n cm~2-s for the mid-flux region; and below
10" n cm™2:s for the low-flux region [4].

o All the irradiation modules [5], which include all the sys-
tems that will be placed just behind the TSY inside the TC
and will expose payloads to the neutron and gamma fields
produced by the stripping reaction.

Amongst them, the HFTM is the first module that will be
irradiated during the operation phase of the plant, its payload
consisting of around one thousand miniaturized specimens
made of RAFM steel.

Furthermore, another irradiation module, the so-called
STUMM, is foreseen to play a key role during the last phase
of the commissioning of the plant.

Apart from those, other irradiation modules will be
installed in the TC during the different irradiation campaigns
along the lifetime of the plant, thus taking advantage of all  Figure 2 shows the location of the TC in the MB of the facility:

Figure 2. Overall view of an excerpt of the main building where the
TC is placed in the main building.

in particular, the room downstream from the TC and the
room below the AV.

the irradiation regions available behind the TSY. behind the linear accelerator and above the lithium loop.

e The TSA, which play an intermediate role between the plant The present work describes the current, updated status of
systems and the TS customers, thus providing the latter with  the design of the IFMIF-DONES TSs -except the irradiation
the required services and supplies. modules [5]- as well as the associated main features applicable

o The FCEs, which groups all the systems enabling the use of  in terms of transversal areas like neutronics, maintenance, RH,
some specific rooms of the plant for experimental purposes:  safety, alignment and commissioning.
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Finally, the arrangement of rooms related to the TS can be
found in [6], as well as all the rooms around the TC, one of
them being fully dedicated to the TSA.

2. The TC

2.1. Main functional and safety requirements

The TC [1] is the system that provides the core irradiation
facility at IFMIF-DONES. Its main functional requirements
include providing a secure containment structure for produc-
tion of the stripping reaction and the neutron and gamma irra-
diation fields. Therefore, it must provide the space for safely
housing the TSY and the irradiation modules that will expose
payloads to those fields. From now on in the present article, all
those systems may be called in-vessel systems.

Furthermore, the TC must be heavily shielded to fulfill with
the dose rate levels allowed in the adjacent rooms (figure 3), in
accordance with the applicable safety classifications to ensure
the safety of personnel access and machine safeguarding.

Ten pSv h~! is the value that has been taken as a require-
ment for the design of the shielding components, includ-
ing components from the TC and the MB. Of course, the
rooms having thru-all penetrations towards the TC cannot pre-
serve this low dose rate value, so they have been properly
classified (red areas) to avoid personnel access during oper-
ation. Nevertheless, as a best practice, the shielding thick-
nesses around the TC have been homogenized by follow-
ing the design consistent with the most stringent requirement
(10 uSv h™!). Figure 3 shows the shielding performance of
the current design, which is consistent with the threshold men-
tioned above.

The TC is very strongly constraint by crucial top-level
requirements from safety and RAMI. On one side, the overall
plant’s availability shall be higher than 70% while the plant’s
lifetime shall be longer than 30 years. On this regard, the cur-
rent baseline considers two yearly periods for regular mainten-
ance: one short of 3 d and one long of 20 d. This strong require-
ment in terms of availability poses high quality requirements
for all the lifecycle phases of the TC.

On the other side, the TC takes part in the first safety con-
finement barrier (figure 4) of the plant in case of eventual
release of ACP as well as activated lithium impurities, e.g. Be7
and tritium. In particular, the TC components (figure 1) that
belong to this safety confinement barrier are the TC liner and
the TCCP, which confer together a vacuum vessel enclosing
the inert He-based atmosphere at 90 mbar (working pressure)
to the components and systems housed inside. As a safety mit-
igation in case of leakage, the strong negative pressure differ-
ential w.r.t the pressure outside the TC liner will prevent ACPs
from being released outwards so the eventual leaks would
become rather inflows being captured as a pressure increase
inside the vessel.

To keep the activation produced by the interaction with the
fast neutron fields as low as possible, the gas species selected
for the atmosphere inside the TC liner is helium. In addition,
the level of pressure has been defined as 80% of the pressure
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Figure 3. Vertical (top) and horizontal (bottom) sections of the dose
rate maps inside the TC and its surroundings. Few spots need to be
fixed in the baseline design to avoid local streaming. Reproduced
from [7]. CC BY 4.0.

existing on the BP of the TSY under working conditions, as
well as under all the transitional states previously run from
atmospheric conditions. Thus, in case of eventual BP break-
age, the lithium spillage would go outwards from the TSY)
preventing any damage due to lithium inflow upstream into
the accelerator beam lines and hardware.

As the TSY and the irradiation modules will be housed
inside the TC liner, the TC must enable, through the TWBD
penetrations, access for the deuteron beam pipes. Likewise,
specific penetrations enable the continuity between the lith-
ium inlet/outlet pipes and the lithium loop in the room below
(LCCQO). Very importantly, all these penetrations belong as well
to the TC liner and take also part from the first safety confine-
ment barrier, so they need to follow high quality standards as
well.

The use of fluids inside the TC liner is driven by risk mitiga-
tion in case of lithium spillage inside the vessel. Consequently,
the use of water for cooling the in-vessel components is strictly
forbidden. Indeed, a highly exothermal reaction would take
place in an event leading to contact between water and liquid
lithium.
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Figure 4. Top: first safety confinement barrier around the TC area,
which includes the TC liner, the TCCP and, and by means of proper
penetrations, the liners of both the target interface room (TIR) and
the lithium loop cell. Left: detail of the interface between the TIR
and the TC liner. Red-colored boundary depicts the first
confinement barrier. Note that the weld segregating the TIR (slight
depression atmosphere) from the TC liner (He at 90 mbar) is not a
safety boundary. The same concept applies to the penetrations
towards the lithium loop cell (LLC).

Quite importantly, the lithium fire inside the TC is con-
sidered a beyond-design basis scenario because of the inert-
ized concept of the confinement safety barrier-He inside the
TC; Ar inside the TIR and LLC (figure 4). Anyway, according
to [8], the ignition temperature of liquid lithium is in the range
of 400 °C-600 °C for moist air while the temperature of the
liquid lithium flow running through the inside of the TC liner
is 300 °C, well below the range above mentioned.

The strong requirements applicable to the TC coming
from safety are closely followed by the seismic require-
ments to be fulfilled by the main components of the TC.
This means that the first safety confinement barrier must be
preserved even in the case of a seismic event SL-2 (design
basis earthquake) while the mechanical integrity for quick
re-start of the TS systems must be preserved in case of a
seismic event SL-1 [9]. In the scope of the present article,
more detail is given concerning the performance of the TC
liner under a SL-2 event since it is a worst-case scenario
(section 2.2.3.4).

From structural standpoint, the TC must also provide
stable and reliable mechanical interfaces for the placement
of the in-vessel systems, the mechanical shifts from align-
ment conditions-room temperature and atmospheric pressure-
to working conditions being limited around 2 mm.

[y
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o ==

Jj

-
>
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Figure 5. Layout of all the RBSBs providing the cavity for the TC
liner. Red highlighted values are the integrated nuclear heats (kW)
per each RBSB.

From maintenance point of view, the TC must also observe
consistency and appropriate interfaces with RH means for all
those maintenance procedures that cannot be implemented
either hands-on or hands-off. To be compatible with the avail-
ability requirements, the design of the TC is driven to minim-
ize the RH-based maintenance procedures.

Last but not least, the current TC baseline concept is
strongly driven by its maintainability requirement, which, on
the contrary to the former monolithic concept, has led to a lay-
out of individually RBSB that can be replaced in case of seri-
ous failure. Likewise, this philosophy has been applied to the
TC liner, which is placed in the inner cavity conferred by the
RBSBs (figure 5). It is assumed that replacing one of those
massive components will imply a long shutdown of the facil-
ity, which leads again to very high requirements in terms of
quality standards for those components, with special attention
to their cooling circuits and leak-tight weld beads.

2.2. Technical description

The main components of the TC are shown in figure 1.

2.2.1. The TCCP The TCCP, made of stainless steel
AISI316L, provides, together with the TC liner, the leaktight
enclosure under helium-based, rough vacuum atmosphere.
The TCCP is the detachable part when the TC needs to be
open for maintenance reasons. The joint between the TCCP
and the TC liner is kept sealed by means of a gasket against
the uppermost rectangular perimetral flange of the latter.

The TCCP is designed to take advantage from its envelope
for shielding purposes. Since nuclear heating is quite low at
this region of the TC, the shielding material to fill the TCCP
will be polyethylene.

2.2.2. The shielding components.  The main shielding com-
ponents of the TC are the TSPs, the PCPs and the RBSBs.
Each of them consists of a steel-linered block filled with
heavy concrete, where the concrete does not play any high
structural function because it must withstand only its self-
weight. This is a conservative approach such that any even-
tual degradation of the concrete [10] may not have impact on
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Figure 6. Vertical cut detail showing the clearance between the
TSPs and the inner surfaces of the PCPs. The angle of 1.5° applied
to the lateral slopped surfaces of the TSPs is also shown. The same
concept (not shown here) is applied to the gaps between the TSPs
and the inner surfaces of the TC liner. The USP presents a pocket on
the lower part to enable room for the inlet/outlet connections (not
shown) for the He cooling of the LSP.

the structural performance of the TC, in sight of the very high
neutron fluxes produced. Therefore, the inside of the shield-
ing block must include the proper structural features to pre-
vent the concrete from being subjected to significant tensile
stresses that may lead it to cracking during the component’s
lifecycle.

Both the TSPs and the PCPs (figure 1) are mechanically
supported by the TC liner while the RBSBs are placed outside
and sit on the bucket liner floor.

The geometry of all these shielding components contributes
to a high rate of material filling and shielding against the neut-
ron streaming towards the adjacent rooms. This translates into
a definition of gaps constrained by a reasonably small clear-
ance for assembly of adjacent components. Consequently,
both the shielding components and the TC liner follow intric-
ate, bespoke, doglegged shapes. The current baseline design,
therefore, includes gaps of 40 mm between adjacent RBSBs,
around 60 mm between RBSBs (figure 6), and the bucket
liner, and around 70 mm between the RBSBs and the TC
liner outer surface. Regarding the TSPs, the respective gap
between each TSP and the PCPs inner surfaces is 40 mm
(figure 6) which is the same of the TSPs w.r.t the TC liner inner
surfaces.

At present, this baseline is considered quite reasonable as
a good balance between shielding and feasibility in terms of
manufacturability and assembly. Nevertheless, a more accur-
ate study will be developed during the next steps of the project
to fully ensure the feasibility of the design from all standpoints.

2.2.2.1. The TSPs.  Once the TCCP is removed, the TC liner
is only visible by means of its uppermost rectangular peri-
metral flange, the TSPs being, at this moment, fully access-
ible. The largest plug is the USP, which contributes, together
with the LSP to the shielding upstream to the room above the
TC (figure 3) the AC, where human presence must be enabled
while the operation in the TC is being carried out.

Figure 7. View of the TC liner inside showing the numbering of the
PCPs: #1 and #4 for the HFTM [5] and the STUMM [5], #2 and #5
for other irradiation modules [5], #3 for the TC liner, and #6 and #7
for the TSY. In addition, a tentative notion about the routing of all
the pipes and ducts outside the TC liner is given. The bucket liner
needs to be enlarged, at its uppermost part, along two sides in order
to drive all the ducts and pipes outside the TC liner.

According to the present baseline concept, the USP-around
120 Tm-is the heaviest component to be handled by the HROC
in the AC [11].

The geometry and concept of the LSP, just below the USP,
are similar to the latter, the main difference being its much
higher exposure to the neutron fields, which leads to a helium-
based cooling flow for proper evacuation of the nuclear heat-
ing. In order to avoid any risk of exothermal reaction, the LSP
is cooled by helium. These RH inlet and outlet helium con-
nections will be located on the upper surface of the LSP so
a pocket (figure 6) is needed at the lower part of the USP to
enable room for them.

In order to enable proper insertion to and extraction from
the TC liner, each of the TSPs has its lateral surfaces conver-
gent with 1.5° angle (figure 6).

2.2.2.2. The PCPs.  Apart from the TSPs, other essential
shielding plugs are the PCPs, which, in addition, allow the
transport of all the signals, power supply, as well as several gas
and vacuum services, required by the in-vessel systems and the
TC liner atmosphere during all their operational and mainten-
ance states. Therefore, each PCP (figure 8) has got, embed-
ded in the concrete, a complex network of pipes for gas/va-
cuum transport and ducts for electrical harness. Those features
must also follow complex, dogleg-shaped geometry to avoid
neutron streaming. The PCPs numbering is shown in figure 7.
The TSY is serviced through PCPs #6 and #7. PCPs #1 and
#4 provide services and supply to HFTM while PCPs #2 and
#5 do so for other irradiation modules behind the high-flux
region. Pipes and ducts from PCPs towards the corresponding
feedthroughs at the TC liner walls go as short as possible and
orthogonal to the wall where they exit. The failure probabil-
ity for this hardware inside the TC liner is minimized, which
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Figure 8. Detailed view of one of the HFTM PCPs according to the
current baseline design.

is also better from availability standpoint since maintenance
tasks outside the TC liner do not require opening the TC, so
they will be probably quite shorter.

2.2.2.3. The RBSBs.  Together with the TSPs and the PCPs,
the neutron shielding performance required by ensuring the
safety classification of adjacent rooms is completed by the
RBSBs [7] and the MB structure (figure 3).

The RBSBs include the removable shielding blocks filling
the space between the bucket liner and the inner cavity of the
TC where the TC liner is placed.

The current baseline includes 11 RBSBs (figure 5). Since
they are placed outside the TC liner, the RBSBs requir-
ing cooling to evacuate significant nuclear heating -all of
them except RBSB#9 and RBSB#10- will use water as
cooling fluid because no contact with lithium can happen
in case of failure. In the case of the TSPs, which are
placed inside the TC liner, the stainless-steel liner prevents
any incidental contact between spilled liquid lithium and
concrete.

The cooling circuits are parts with higher probability of fail-
ure within a RBSB. To reduce this as much as possible, the
length of seamless pieces will be maximized for the circuit
pipes.

The RBSBs, together with all the removable shielding com-
ponents, are foreseen to be filled with heavy concrete [12].
Dose rate maps shown in figure 3 consider heavy concrete for
all the removable shielding components and ordinary concrete
for the MB structure.

2.2.3. The TC liner

2.2.3.1. General description.  The TC liner is the most crit-
ical component of the maintainable, leaktight vacuum vessel
where the PCPs, the TSPs and the in-vessel systems-TSY and
irradiation modules- are placed, the stripping reaction in a
continuous, steady-state being held thanks to the interaction
between the 140 MeV, 125 mA, continuous-wave (CW) deu-
teron beam (or beams) and the liquid lithium target.

Apart from the TC liner main body, such a vacuum vessel
is composed of:

le+é

w100

.'
Biological Dose Rate (uSv/h)

Figure 9. Detail of the residual dose rate map of the uppermost part
of the TC. Residual doses coming from the TC liner, the HFTM, the
TA and QT are included. Biological dose rates much lower than

10 uSv h™! are expected above the USP so hands-on tasks seem
quite feasible.

e the TCCP, which provides leak tightness at the top of the
TC,

e the penetrations enclosing the TWBDs; and

e the penetrations enclosing the liquid lithium IPA and OPA
and all corresponding closure weldings.

All these sub-parts are foreseen to be made of stainless steel
3161.

While being conceived and designed for all the lifecycle
of the plant—30 years at least- the maintainability requirement
has led to a removable component so all their interfaces with
the rest of the TC and with the MB structure are reasonably
easy to cut-and-weld for eventual extraction in case of a seri-
ous failure.

For the first installation, the penetrations are foreseen to be
mounted from the TIR towards the TC, once the TC liner main
body is placed and then welded hands-on to the latter.

Figure 9 shows the general geometry of the TC liner. In ver-
tical direction, several main sections can be distinguished. At
the bottom, the lower section keeps the geometry of the cavity
where the in-vessel systems and components are placed and
where the different irradiation regions are available for irradi-
ation modules, just behind the TAA (figure 1). This volume is
around 60 m>. Its T-shaped envelope includes an area where
the TSY, with its relatively big components are placed (QTA
and TA), as well as the TWBD penetrations following the
accelerator’s beamlines with a convergence of 9° w.r.t the
symmetry XZ plane (figure 9).

Just above the lower section, the middle section provides
the proper interfaces for the mechanical seats of the TSPs
inside the TC liner. The lateral clearances between TSPs and
TC liner (40 mm), as well as those between each TSP seat and
the PCPs (figure 6), allow for easy mechanical assembly of the
plugs and appropriate pressure equalization between the upper
and the lower sections.

At the top of the TC liner, above the USP, there is the
upper section, which has a volume around 20 m?>. Its height is
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Figure 10. Left. Top view of the TC liner showing the convergent TWBD penetrations. Right: vertical cut showing the TC liner sections,

the TSPs, the PCPs and the TCCP.

constraint, on one side, by the upper surface of the USP and, on
the other side, by the lower surface of the TCCP. This section
includes the uppermost, large flange of the TC liner, which
interfaces with the TCCP by means of a series of bolted joints
-not yet included in the current baseline- and a sealing gasket,
all of them accessible by hands-on maintenance procedures.
Very importantly, the shielding performance of the USP and
the LSP must provide residual dose rates low enough to allow
hands-on procedures, once the TCCP is removed, concerning
all the hardware above the USP, which includes all the ducts
and pipes running inside the TC liner upper section from the
PCPs to the feedthrough panels. Figure 10 shows the resid-
ual dose rate distribution in the upper section of the TC liner,
which is below 10Sv h™=!.

Figure 7 gives an idea about the quantity of pipes and ducts
running inside the upper section of the TC liner from the PCPs
to the feedthrough panels (not shown). For each pipe or duct
coming through the TC liner, a single feedthrough is needed,
which, in turn, must be leaktight. All the single feedthroughs
will be grouped in several feedthrough panels located in front
of each PCP, such a way that no overlap between pipes/ducts
exiting from different PCPs are foreseen inside the TC liner.

Feedthrough panels avoid direct interface between the feed-
throughs and the TC liner main body so, in case of a leaky or
faulty feedthrough, intervention on the TC liner main body
is avoided. Obviously, the feedthrough panels must be eas-
ily detachable from the TC liner main body by hands-on
means.

The central area of the upper section is kept empty to avoid
any collision with the extraction/insertion of the TSPs.

The TC liner sections above the lower one do follow the
stepped, doglegged shapes because, on one hand, they support
the TSPs and, on the other hand, its external lateral surfaces
face the RBSBs geometry. This very intricate shape of those
sections of the TC liner poses additional difficulties from the
manufacturing point of view. This must be considered in terms
of mechanical tolerancing on those middle and upper sections
to define properly the gaps w.r.t the RBSBs and avoid any

mechanical collision while avoiding any significant neutron
streaming towards the AC.

2.2.3.2. The TC liner atmosphere. Concerning the atmo-
sphere inside the TC liner, helium is foreseen as a residual gas
in working conditions, i.e. 90 mbar. The leakage rate currently
specified for the vessel is around 3 - 10~ mbar 1 s~ although
in the state of the art, similar or even bigger vessels with leak
rates several orders of magnitude lower have been successfully
built. Upon the start-up of the facility, the following stages are
foreseen for carrying the TC liner from atmospheric conditions
to working conditions:

1. Air removal by means of a vacuum cycle to reach 1 mbar.
2. Filling with helium gas to reach atmospheric pressure.
3. Vacuum pumps start-up to reach 90 mbar.

To drive the TC liner from working to maintenance condi-
tions at atmospheric pressure, the opposite procedure is imple-
mented although the TC liner volume is not filled with air but
with argon to keep an inert atmosphere in presence of eventual
lithium spills or remains.

All the management, monitoring and troubleshooting of the
TC liner atmosphere will be driven by the corresponding TSA
subsystem (section 3), i.e. the GICS. In particular, gas extrac-
tion is provided by a vacuum flange located on PCP3 (figure 6),
vacuum being primarily provided to the lower section volume.
The pressure in the different volumes inside the TC liner needs
to be monitored, i.e. the upper volume and the lower volume.
In addition, a venting valve is foreseen (figure 9) to equalize
the pressure inside the vessel and outside, so any pressure dif-
ferential affecting the TCCP is cancelled during its removal/in-
sertion. Due to the large area of the TCCP, even a slight differ-
ential may induce high forces on the TCCP, its removal being
compromised.
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Figure 11. Left: temperature distribution map of the TC liner atmosphere. A convective plume can be seen, its maximal temperature being
around 130 °C. Right: temperature distribution on the walls of the low section and some portion of the middle section of the TC liner. Water
cooling keeps the low section mostly around 30 °C, the uncooled interface part of the TWBD sleeve penetrations being around 60 °C. The
uncooled lower steps of the middle section get quite warm so a further evolution of the design should include cooling for those.

The temperature required for the atmosphere inside the TC
liner is 50 °C-60 °C, its main contributor in terms of cool-
ing being the TC liner water circuits. Anyway, an additional
cooling capacity backup is provided by the GPS from the TSA
(section 3) if necessary.

The TC liner is cooled by three water circuits in parallel
(0.91s7 1), the heat power to be dissipated being 28 kW in total,
17 kW from nuclear heating and 11 kW from heat coming from
in-vessel components and atmosphere. A convective plume -
maximal helium speed of 1.4 m s~! is produced around the
BP and the HFTM, its maximal temperature reaching around
130 °C (figure 11). Nevertheless, the average temperature of
the atmosphere is around 46 °C, which is consistent with the
requirement.

The TC liner low section is kept around 30 °C—40 °C, well
within the requirement of 50 °C—60 °C as maximal temperat-
ure (figure 11). Nevertheless, a further evolution of the design
must include cooling for the lower steps of the middle section
since they heat up as much as 160 °C.

2.2.3.3. Thermo-structural analyses. ~ From structural point
of view, several mechanical supporting layouts were analyzed
with special focus on their performance against the seismic
events applicable and the reliability and stability of the key
mechanical interfaces for the in-vessel components position.
The mechanical supporting layout providing the best mechan-
ical performance in the models is based on a very rigid attach-
ment of the bottom of the TC liner to the Bucket floor, as well
as the attachment at the uppermost part of the TC liner. The
structural behavior of such a concept against the seismic loads
is described in the next section.

Concerning the mechanical stability for the in-vessel com-
ponents, an important topic comes from the need for the in-
vessel components to not have extremely high displacements
from alignment to working conditions. Those displacements
have been, at a first approach, required to be around 2 mm

25 mm vertical
30 mm horizontal plates

25 mm (grey)

35 mm (green) ‘

200 mm bottom plate ‘

~ 8 mm IPA/IPA, beam ducts ‘

Figure 12. TC liner model showing the wall thicknesses considered
for FEA analyses.

maximum. The alignment (section 6) will be implemented at
atmospheric pressure and room temperature while, at working
conditions, the TC liner will be at 90 mbar and subjected to
a thermal gradient resulting from the steady state determined
by the nuclear heating and the performance of the cooling sys-
tems involved (figure 11).

Figure 12 shows the model subjected to analyses -gravity,
thermal and vacuum loads- with the thicknesses considered
for all the plates of the TC liner. Thermal loads are considered
in the model as the temperature field distribution on all the
parts of the TC liner resulting from previous thermal analyses,
which are addressed later in the present section.

Maximal deformation (25.2 mm; figure 13) is obtained in
one of the longest plates of the main body. Nevertheless, this
area is far away from the key mechanical areas inside the TC
liner, e.g. where the TA and the HFTM are mechanically sup-
ported. According to the present models, the displacements,
from alignment conditions (atmospheric pressure, room tem-
perature) to working conditions, for those key in-vessel sys-
tems, are shown in table 1.

Even if further analyses will be implemented, as long as
the design is getting to its final stage, these results are quite
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Figure 13. ISRS for design earthquake (SL-2), horizontal and vertical, corresponding to the location of the test cell in the main building
(4% damping) and modal analysis results: effective cumulative mass of the structure, translation and rotation for the TC liner.

Table 1. Displacements of the TAA and HFTM from alignment to working conditions.

TA displacements (mm)

HFTM displacements (mm)

X Y z

X Y z

0.1  0.01 ~0

0.43

—2.20 0.03

promising because the distortion after the alignment of the
in-vessel components will be kept very low.

2.2.3.4. Seismic analyses. At present, the seismic analyses
have been focused on the TC liner because it is the most crit-
ical and demanding component amongst the TS. For the rest
of seismically-required TS components, dedicated structural
analyses are yet to be implemented. Since the TC-liner is clas-
sified as seismic class SC1, its function as part of the first safety
confinement barrier must be kept in an event of a SL-2 earth-
quake, which is the design-basis earthquake.

Figure 14 shows the ISRS for a SL-2 earthquake corres-
ponding to the location of the TC. There is a strong difference
between the horizontal and vertical spectra, due to the base
isolation of the MB [9]. This isolation reduces the horizontal
natural frequencies of the MB [13], causing an amplification in
frequencies below 1 Hz and drastically reducing the accelera-
tions above 1 Hz, for horizontal motion. For vertical motion,
the isolation does not have the reducing effect and may even
amplify accelerations [14]. This is the main reason why ver-
tical seismic demand governs in this case seismic analyses.

The dynamic behavior of the TC is strongly influenced
by the shielding concrete masses resting on the TC liner
(USP, LSP and PCPs), currently estimated to weigh around
250 tons. The seismic analyses here presented already consider
the mechanical supporting layout -top and bottom anchoring-
described in section 2.2.3.3. The anchoring layout considered
for the attachment of the bottom plate to the bucket liner floor

B: version 2, 4x4 tensioned long bolt through bucket
Total Deformation
Type: Total Deformation
Unit: mm
Time: 3

30
25,246 Max

0
{ 16,667
= 13333
10

66667
33133
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Figure 14. Deformations of the TC liner under gravity, thermal and
vacuum loads.

consists of 11 spots (see section 2.2.5) each of them indicating
the local action of corresponding pre-stressed bolt. For the
upper fixation, a rigid connection, with restricted displacement
and rotation, between the uppermost flange of the TC liner and
the bucket liner has been considered (figure 15). A dedicated



Nucl. Fusion 65 (2025) 122010

S. Becerril et al

B

Q e e
Dedicated *
Beam d

Figure 15. Upper boundary conditions considered for the TC liner seismic analyses.

beam to provide high bending momentum has been considered
all along the uppermost perimeter of the TC liner, except
for the sections where pipes and ducts come out from the
PCPs and go outside the TC liner. The TSP masses have
been also considered through friction contact (0.2 as friction
coefficient).

The results of the modal analysis can be seen in figure 14.
The modal analysis is prestressed, performing a previous
static analysis considering the operational loads: gravity,
thermal loads and the negative internal pressure of the vessel,
around 0.1 MPa. The main modes of horizontal translation are
between 11 and 13 Hz, as is rotation around the horizontal
axes. Vertical translation mobilizes most of the mass between
15 and 16 Hz. Rotation around the vertical axis has its main
modes above 20 Hz. By comparing the modal results with the
spectra, the accelerations to which the main modes are related
are close to the tail of the spectra, i.e. the zero period accelera-
tion (ZPA). Quite reasonably, the maximum acceleration cor-
responds to the translation in the vertical axis, around 0.5 g.

With these modal results, a response spectrum analysis
was performed. Results on the three axes have been spatially
combined with the Newmark combination (ASCE, 2019).
The results of the response spectrum analysis are combined
with the static ones to obtain the total demand on the struc-
ture considering the operating loads and the design earth-
quake. The local primary membrane stress results, combined
from the static and response spectrum analysis can be seen
in figure 16 for the most demanding combination. The max-
imum allowable local primary membrane stress for annealed
AISI316L under TC liner operational conditions (temperat-
ure, negligible irradiation damage) is 220 MPa according to
RCC-MRx [15]. The structure presents certain areas where rel-
evant stresses appear (~210 MPa), mainly around the sharp
corners and the vertical plates at the bottom part of the
vessel.

In general, the structure presents an acceptable seismic
behavior from the design point of view. Since the seismic
inputs are not yet definitive (the ISRS are not yet consolid-
ated), special attention should be paid to their evolution, espe-
cially for vertical motion.

2.2.4. The bucketliner.  The bucket, which is made of ordin-
ary concrete, is the area of the MB structure that provides the
big cuboidal cavity that is filled with the TC components. It
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Figure 16. Results of the response spectrum analysis combined
with the operating loads (Newmark combination, worst case).
General primary membrane stress (von Mises)—MPa.

plays a key role in the shielding of the radiation coming from
the stripping reaction to the adjacent rooms (figure 3).

The bucket liner covers the bucket with a thin layer made of
stainless steel that prevents the contact between the MB con-
crete with water in case of an eventual spillage from the cool-
ing circuits of any of the water-cooled components of the TC.
In addition, it includes some draining channels (figures 17)
at the bottom to drive the activated water from an eventual
spillage to a tank embedded in the concrete of the TC floor.

Its uppermost part provides mechanical support for the
attachment of the TC liner at the top as well as housing the
path to the respective rooms of all the pipes and ducts provid-
ing services to the different TC components (figure 7).

2.2.5. The TC floor. ~ The TC floor is composed of the stack
of the TC liner floor, the bucket liner floor and concrete slab
that separates the TC from the LLC. It plays a key role in the
maintainability of the TC because it is the only part requiring
water cooling that cannot be dismounted, so no circuits can be
embedded in the concrete of the MB structure.

Therefore, its heat sink must be provided through the cool-
ing elements of a detachable component, in this case the TC
liner. The thick bottom plate of the latter has the cooling pipes
welded on the outer surface and is in contact with the bucket
liner floor by means of 11 spots (figure 18), each of them
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Figure 17. Top: view of the bucket liner showing draining channels
on the floor. Bottom: front view of the lower part of the bucket liner
showing the collector and drainage lines embedded in the MB
structure concrete.

Figure 18. Tentative layout of the contact spots between the TC
liner floor and the bucket liner floor, which has been considered for
the bottom anchoring for the seismic analyses (section 2.2.3.4).

including pre-stressed long bolts though all the stacked com-
ponents until the LLC liner.

The main aim of this highly hyperstatic layout is to provide
significant thermal contact surface, so a soft interlayer material
with high thermal conductivity will be needed, for eight of the
11 spots, in the interface between bucket liner floor and TC
liner floor, the remaining three spots providing the kinematic
mechanical constraints to the position of the TC liner on the
bucket liner.

Besides this, maximizing the contact area between the
bucket liner floor and the concrete below is crucial to minim-
ize the heat power deposited on the concrete. On this regard, a
thick bottom plate of the TC liner goes in the same direction.
After dedicated neutronics analysis, a thickness of 100 mm

Figure 19. Temperature distribution on the TC floor and the bucket
concrete.
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Figure 20. Thermal conductance between steel and concrete as a
function of temperature based on different research works [16-20].

for the bottom plate of the TC liner has been considered the
best value as a good compromise between the heat deposition
(1.2 kW) in the concrete and the manufacturability and feas-
ibility of the supply of the raw material. By doing so, active
cooling of the bucket concrete is avoided, which would be a
major issue from the availability point of view of the plant in
case of serious failure.

Figure 19 shows the temperature distribution obtained in
the bucket concrete by assuming that the bucket liner and the
concrete is fully in contact in the areas with higher heat depos-
ition. This will lead to clever techniques during the construc-
tion of the MB, e.g. using the bucket liner floor as perman-
ent formwork structure for the concrete pouring of the slab, to
ensure chemical adherence -and good thermal conductance-
between the liner and the concrete.

Thermal conductance between both components is the
dominant factor to keep the maximal temperature in the con-
crete below a reasonable value (around 60 °C). 1.7 W m K—!
has been assumed for the thermal conductivity of the con-
crete while 70 W m? K~! is the thermal contact conductance
between the bucket liner and the concrete for the spots aligned
with the mechanical supporting areas of the TC Liner, and
30 W m? K~! outside these spots. A higher value has been
selected for the contact areas aligned with the supporting spots
of the TC liner since the higher pressure produced on them
enhance the thermal conductance. Anyway, both values are
on the conservative side: the one applying outside the spots
is lower than the worst value found in literature (figure 20).
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2.2.6. The TC uppermost part. ~ Although the design of the
uppermost part of the TC is currently ongoing, a group of
needs has been identified as main drivers:

1. Space around the uppermost part of the TC liner for the

routing of all the pipes and ducts required for servicing the

TC liner, the RBSBs and all the in-vessel components and

systems.

. Hands-on access to all the pipes and ducts mentioned in
the last point, as well as their associated hardware (valves,
gaskets, gauges, etc...). This maintainability access must
be enabled as well for the feedthroughs of the TC liner.

. Upper mechanical supporting points of the TC liner to
provide natural eigenfrequencies away from the resonant
range according to the seismic spectra applicable.

An enlargement of the bucket liner at its uppermost part
(figure 7) will enable space and feasible hands-on access for
the different bunches of ducts and pipes, and all their associ-
ated hardware.

Concerning the third bullet, the design is ongoing although
the concept shown in figure 15 provides a good structural per-
formance against the seismic loads applicable whereas it is
compatible with the exit of the ducts and pipes from the PCPs.

3. The TSs ancillaries

The TSA are in charge of providing all the required ser-
vices to the TS, mainly the TC, the HFTM and the STUMM
according to the current baseline. They are comprised of
the GICS, GPS, WCS, HCS-MP, HCS-LP and the Electric
Power Supply Subsystem (TSA-EPS). Simplified diagrams of
all these subsystems, except for the TSA-EPS, are shown in
figure 21, which does not include redundant elements for a
better understanding.

3.1. GICS

The GICS is comprised of multiple vacaum pumps and com-
pressors that make it able to remove or supply the internal
atmosphere of the TC (He for operation, Ar for maintenance),
the HCS-MP or the HCS-LP. It interfaces with the TC through
the GPS. With two sets of two vacuum pumps, it can remove
the atmosphere of those customers and store it in a buffer tank.
From this buffer tank the gases can be fetched back and be
stored in bottles for eventual later usage. Moreover, to supply
gas to these customers, the GICS feeds them either through
the SGS [6] helium and argon lines, or through the bottles
whenever the quality of the stored gas is good enough.

The first pair of vacuum pumps is dedicated to removing
the initial atmosphere of the TC with 208 m> h~!, while the
second pair (1.2 - 1073 m? h™!) is dedicated at keeping the
vacuum level (90 mbar) under working conditions. Each pair
of vacuum pumps is equipped with inlet filters. The com-
pressors are the same in each pumping unit with 30 m* h™!
and the buffer tank has a capacity of 3 m>. There are four kinds
of bottles that can be filled: the first one can store Helium from
the HCS-LP, the second one helium from the HCS-MP or the

TC, one for argon from the TC and the last one for gas waste
disposal, all gases being compressed at 200 bar. Additionally,
in the case of overpressure downstream the high-pressure com-
pressors or in the external supply line, the GICS is equipped
with a guard vessel of 1 m® which is connected to the
G-RWTS [6].

Very importantly, the GICS is in charge of the continuous
monitoring of the pressure inside the TC liner and start-up
the secondary pump to reset the desired pressure values inside
whenever the pressure level has become too high. It also mon-
itors the on/off ratio of the secondary pump since it gives a
good notion of the eventual degradation of the leak tightness
of the TC liner.

Some of the key components are redundant for availability
reasons: pumping groups, filters and buffer tanks.

3.2. GPS

The GPS re-circulates continuously—ten times per hour- the
He atmosphere inside TC liner as well as removing any
unwanted chemical species or aerosols during operation and
providing with a backup cooling capacity to remove heat from
the TC liner if necessary.

The GPS is equipped with a redundant air blower
(600 m3 h~!) equipped with redundant inlet filter as well.
Upstream from the blowers, the flow goes through the GPS
purification unit. Downstream of the blower, a heat exchanger
is placed to lower the temperature of the flow from 60 °C to
30 °C, that first temperature being reached as an addition of
the heat load coming from the TC and the heat injected by the
blowers. For that purpose, the GPS is also equipped with a ded-
icated closed water loop, equipped with a plate heat exchanger
to cool down the water, two redundant compressors and a surge
tank. The gas temperature at the outlet of the shell and tube
heat exchanger is controlled by the temperature transmitter
that regulates the control valve located at the cold leg of the
water-cooling loop.

The purification unit includes adsorption columns filled
with porous substances, zeolites, where the impurities are
adsorbed at cryogenic temperatures (—196 °C) using LN2. It
is assumed that all the circulated gas is processed and there-
fore cooled down by the purification unit, the effective cooling
power is 5.8 kW which is equivalent to 1.4 m? per day of LN2.
The present concept is under revision to try to reduce the LN2
consumption.

The GPS acts as a confinement barrier by the closure of the
isolation valve located at the inlet and outlet of the interface
with the TC. These isolation valves are redundant.

3.3. Water cooling subsystem

The WCS circulates a flow of water through the outer surfaces
of some components of the TC to remove heat from them and
keep their required working temperatures: under 95 °C for the
RBSBs and around 50 °C-60 °C for the TC liner. The com-
bined expected heat load is about 90 kW, which is dissipated
by a flow rate of 25 kg s~! and an inlet temperature of 12 °C,
the AT being 2.2 °C.
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Two parallel heat exchangers are cooled with chilled water
at 7 °C from the HRS [6] and, as a safety measure, there
is an additional heat exchanger cooled by the HRS cooling
towers (27 °C) in case chilled water is not available. In order
to ensure that the temperature of the cooling water of the
heat exchangers is appropriate, there is a three-way valve at
the inlet of the heat exchangers, connected to a temperature
transmitter that is located at the junction of both exchangers.
The return line from the TC includes a decay volume -not yet
defined- for the short half-life radionuclides (>0, '°0, °N,
7N) to decay under activity thresholds leading to activities
below 10 Sv h~!. On this regard, the water mass flow men-
tioned before is not yet consolidated since it is a key factor
for the size of the decay volume. In the case of upgrading to
IFMIF [2], having two accelerators, the thermal load would
be double so the AT will double but the same layout can be
kept.

3.4. Helium cooling subsystems

The HCS-MP and the HCS-LP provide with helium flow the
LSP and the HFTM or the STUMM, respectively. They both
guarantee the supply of helium during normal operation and
in case of electrical blackout. Additionally, the HCS-MP pos-
sesses a water-cooling loop dedicated to the helium/water shell
heat exchangers of both HCS subsystems, while the HCS-LP
has another dedicated water-cooling loop for the helium com-
pressors of both subsystems.

The HCS-MP is designed to have a flow rate of 0.28 kg s !
for a maximum heat load of 36.3 kW, with an inlet temperature
of 20 °C and an outlet temperature of up to 44.7 °C. The HCS-
LP is designed for a flowrate of 0.36 kg s ! and a thermal load
of 123.4 kW, with an inlet temperature of 50 °C and an outlet
temperature of up to 116 °C.

Each HCS counts with 2 double compression units so 4
compressors in total. Under working conditions three com-
pressors will be in use and one of them is on standby.

The configuration of both HCS is quite similar. The helium
compressors have a filter in their inlets and can be isolated.
Downstream, there are two redundant oil removal filters. After
that, 2% of the flow rate is bypassed to the purification unit,
which is similar to the one in the GPS, recirculating it to the
buffer tank upstream the compressors afterwards. In the case
of the HCS-LP, this bypass also involves a detritiation process.
Upstream the compressors there are two pressure vessels, the
first one connects to the purification system and the second
one to the GICS system, both are equipped with pressure
relief valves and pressure transmitters. Additionally, both sys-
tems have redundant filters at the outlets of their consumers to
remove solid particles. And, lastly, both systems are equipped
with guard vessels, located between the compressors and the
consumer; they protect the consumer equipment from over-
pressure, the excess of pressure being discharged into it by a
control system and/or safety relief valve.

Additionally, in case of electrical blackout, the HCSs can
provide 2% of the nominal operation mass flow to remove
decay heat from the TC for at least 3 d of operation using the

backup secondary compressors. These compressors are addi-
tional to the double compressors detailed previously.

In the HCS-MP, both upstream and downstream the com-
pressors, there are shell and tube heat exchangers, the first for
cooling down the helium coming from the consumer and the
latter to compensate compression heat.

In the HCS-LP, there is only a shell-and-tube heat
exchanger located upstream the compressors and downstream
of them there is a heater, as the fluid needs to increase its tem-
perature to the required one in the inlet of the HFTM. Also,
another difference between both systems is that the HCS-LP
collects all the returning lines -eight- coming from the HFTM
in a vessel that controls the baseline mass flow and the pres-
sure for the HFTM inlets. Each of the eight outlet lines from
the HFTM includes a mass flow control valve to fine tune the
needs of each of its eight cooling channels.

The HCS-MP will require a consumption of LN2 of
1.7 m*® day~! while the HCS-LP will require 2.2 m? d~'.
Additionally, upstream this purification unit, the HCS-LP has
a detritiation unit, still in conceptual design, to remove radio-
active gases generated during normal operation. It involves
a detritiation process that will convert the tritiated chemical
species (gaseous) into tritiated water. This design is divided
into three different skids. The skid-1 is the detritiation system,
where the helium flowrate passes through a pre-filter (to pro-
tect the detritiation equipment) and enters a catalytic reactor,
where the tritiated gas is oxidized on a catalytic process using
oxygen in the flow to convert the hydrogen and tritium chem-
ical species to the oxide form (tritiated water, HTO). The inlet
tritiated stream is mixed with dry air for optimal conversion
of hydrogen/tritium species to the oxide form. This reaction
is taken at high temperatures, so an electric heater is installed
upstream the catalytic reactor. After the catalytic process, the
helium flowrate is sent to an adsorption column, where the tri-
tiated water vapor is adsorbed on molecular sieves columns
operating under room temperature. The skid-2 has the function
of performing the regeneration of the molecular sieves when
they become saturated, dry nitrogen coming from the SGS is
used in this process in counter flow through the beds, extract-
ing the adsorbed water vapor, which is recovered afterwards
in a condenser. The skid-3 collects the condensed water and
pumps it to the L-RWTS.

Both HCSs have intermediates water cooling loops to cool
down its own components. The HCS-MP intermediate loop
cools down the shell and tube heat exchangers of both systems
with water supplied at 12 °C and a flow rate of 39.6 m®> h—!,
While the HCS-LP intermediate loop cools down the Helium
compressors of both with water supplied at 32 °C and a flow
rate of 34 m® h~!,

Eventually, all the HCS water loops, as well as those from
the GPS and the WCS, already consider connections to drain-
ing lines for eventual water removal towards the L-RWTS [6].

3.5. Electrical power supply

The TSA-EPS receives AC power from the EPS (SBP-EPS),
one of the plant systems, and distributes it to all the TS. It
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also provides monitoring, control and protection of electric
power distribution within its scope and provides on/off con-
trol of electrical power flow to the loads as well as the earthing
equipment to all the TS.

The TC has an installed power of 2 kW, the HFTM, 154 kW;
The STUMM, 33 kW, TSA, 2812 kW and the FCE, 60 kW. Itis
important to note that the major consumer is the TSA without
counting the consumption of the helium double compressors,
which are fed directly from the EPS mid voltage supply, each
double compressor consuming up to 568 kW.

The TSA-EPS is comprised of 16 LV panels which provide
power according to different types of supplies depending on
the criticality of the customers. Six of them supply the non-SIC
(Safety Important Components) electrical consumers, there
are another six for SIC-2 components and four for SIC-1 com-
ponents. In the case of the SIC-2 and SIC-1 panels, there are
two of each, providing the electrical supply from two inde-
pendent paths, making them redundant. All of them are sub-
sequently classified depending on their voltage and whether
they are uninterruptible or not. The ones uninterruptible are fed
from the safety power subsystem that includes back-up diesel
generators.

4. The FCEs

Apart from the materials validation and other fusion-related
activities for future fusion reactors, other experiments with
a wide range of applications are envisaged at IFMIF-
DONES [2]. There are two spaces foreseen in the facil-
ity for such applications: the room R160, downstream
(figure 22) from the TC, and the room R026, below the
AV (figure 23). The first one will take advantage from the
continuous neutron stream from the TC, while the second
one will use 1/1000 of the D+ beam being extracted and
driven downwards by means of a kicker, an electrostatic
septum, a magnetostatic septum, few quadrupoles and few
dipoles.

4.1 Room (R160) downstream from the TC

Room R160 has an area of approximately 300 m? and will
include a few important components to enable the execution
of dedicated experiments. The use of this room is yet to be
defined by a proper experimental program, which, in addi-
tion, will lead to the definition of the hands-on maintenance
and installation tasks and the installation of the experimental
setups.

The neutrons present at the back of the TC will be transpor-
ted via a 150 mm inner diameter duct, which is composed by
two permanent sections, one inside the RBSB#11 and another
one inside the bucket concrete downstream- and a set of rotat-
ing biological shielding barriers. The permanent sections com-
pose the NBT while the rotating shielding wheels are included
in an active mechanical device called NBS.

Neutron Beam Tube (NBT)

Neutron Beam Shutter (NBS)
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Figure 22. FCE room (R160) and its auxiliary room. The location
of the NBT and NBS is shown as well.

The classification of this room is dual: yellow (max-
imal dose rate of 1 mSv h~!), for maintenance and install-
ation of new setups, when the NBS is closed; red (forbid-
den access) when the NBS is open and experiments are
running (beam on). In addition, that room must provide
enough shielding to keep consistent dose rates in the adja-
cent areas according to the safety classification, e.g. green area
(below 10 uSv h~') in the corridor east side of the room.
The layout of the shielding solution to do so is still under
study.

With respect to the NBS, the figure 24 shows the shielding
performance currently achieved according to the latest neut-
ronics models. Further improvement, e.g. small local shielding
pieces, is ongoing to avoid the very local neutron streaming
slightly above 1 mSv h™~! found at two horizontal cuts: at the
level of the NBS driving shaft (figure 24 (top)) and the level
of the NBT (figure 24 (bottom)), the latter via the NBS chart
guides.

The NBS consists of two coaxial sections, each of them
including rotating shielding discs (figures 25 and 26). The
inner one has four short discs connected by pins and slots
while the outer one has a big heavy shielding disc. The latter
is planned to be used as a neutron filter and will have a set of
five holes parallel to the shaft used as collimators/splitters for
the neutron stream and where the moderators could be placed
in. Both shielding sections can be controlled independently by
their motors, which are located aside to minimize their interac-
tion with the neutron fields coming from the TC. Such a way,
the failure rate of those elements is reduced. In order to make
the handling tasks in room R160 more manageable, the NBS is
designed in a highly modular way, so the heaviest component
is the disk #5, which weighs around 6 tons.

In case of accidental power blackout, the disks of revolving
mechanism will autonomously (gravitationally) rotate back to
closed position. This closure should occur in a relatively short
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Figure 23. General 3D layout of the accelerator in the AV and the R026 below. Beam extraction towards R026 is symbolically shown as
well.

Vertical surface of the wall
between TC and CER

Figure 24. Top: horizontal cut of the dose rate (microSv/h) distribution map at the level of the NBS driving shaft. Bottom: horizontal cut of
the dose rate (microSv/h) distribution map at the level of the NBT.
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Figure 25. Representation of the disc arrays. 1: Disc #1; 2: Disc #2; 3: Disc #3; 4: Disc #4; 5: filter disc; 6: hollow shaft discs array; 7:
internal shaft; 8: hollow shaft filter disc; 9: driving motor filter disc; 10: driving motor disc array.
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Figure 26. Overview of the NBS and NBT integrated in MB and TC.

transition period providing a passive safety function for room
R160.

Room R160 will also include the necessary installation
and maintenance tooling, and mediums (gases, vacuum, etc)
required for the execution of scientific experiments.

4.2. Pulsed beam facility (R026)

This facility will be placed in room R026, which has a ground
area of 2871 m? with an average height of 7.4 m (with a total
of 21 240 m?), representing a substantial volume available for
the development of complementary experiments. This room
allows for the inclusion of pulsed beam techniques, which is
not possible in the other reserved spaces where only the use of
a continuous neutron stream is permitted.

Apart from experiments using directly the pulsed deuter-
ons, the production of pulsed neutrons with a maximum flux
of 7.4 - 10° n cm~2 s is envisaged using a graphite/graphene
target under vacuum conditions followed by several moderat-
ors to tailor the energy spectrum. Time-of-Flight (n-ToF) tech-
niques will be used to determine the individual particle ener-
gies based on their path and velocity, and thus allowing a very
broad range of reactions and experiments to be developed in
this facility.

Furthermore, to enable these experiments, specific afore-
mentioned devices are necessary to extract the pulsed, 1/1000
beam from the CW D+ beam in the AV. Besides, neutron
production targets and various detection systems (based on

semiconductors, scintillators, GFM spectrometers...) will be
required. All this hardware imposes additional maintenance
and safety assessment requirements that will be defined as long
as the experimental program is created.

In addition, the advancement of these operations calls for
the integration of a multitude of plant systems, including the
RWTS for wastes management, the HVAC system for room
ventilation, the SGS and the SWS for gas and water services,
the FPS and safety control system (SCS) for accident preven-
tion, detection and mitigation.

5. Safety considerations and propagation to the
TSs components

The classifications of the SICs are well described in [21].
Briefly and from the TS standpoint, there are two main safety
functions. On one side, the first safety confinement barrier
function concerns. (a) the TC liner (penetrations included),
(b) the TCCP, (c) the closest valves -and its control- to the
TC liner providing isolation to the fluids serviced to the TC,
and (d) the circuits sections between the isolating valves and
the TC liner. So all these components are SIC-1. On the other
side, the shielding safety function is covered by components
which are SIC-2 because they must preserve the SIC-1 com-
ponents undamaged under a seismic event SL-2. In addition,
they contribute to the shielding function in normal operation,
which confirms the SIC-2 condition.
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5.1 Quality standards of the TC

The first safety confinement barrier is well described in [21],
the present paper showing its definition around the area of the
TC (figure 4).

With respect to the TC liner, due to its size, it will be man-
ufactured in various pieces that will be welded to each other to
compose the whole component’s main body. All those leak-
tight weld beads will belong to the first safety confinement
barrier, so they must be safety qualified and accepted by the
Spanish Nuclear Council.

Besides this strong safety constraint, the top-level require-
ment in terms of availability of the plant is also a key point in
the quality guidelines to be followed for the TC liner. Indeed,
although the current concept of the TC allows for maintainab-
ility, a major failure in either the TC liner or one of the RBSBs
would lead to a very long shutdown of the facility, in the order
of 1 year or even longer.

This means that the quality standards to be applied to the
TC liner need to be the highest ones whenever they balance
well with the cost of component. This is an exercise currently
ongoing although some tentative guidelines are being defined
in the following terms:

e Raw material certificates with chemical composition
(EN10204 Type 3.1).

e Buttwelding joints strongly preferred.

e Certificate 3.1 (EN10204) for the filled material: mechanical

testing (tensile, Charpy), chemical composition analyses.

Production of coupons of the buttwelding procedures

involved.

° Visual tests and penetrant tests for the bevels of the parts

to be welded and the different steps of the coupon pro-

duction: after tack welding, after root pass, complete

coupon...

Mechanical testing: Charpy, tensile, bending...

Micrography.

Analyses for retained carbon content.

Chemical analyses.

e Qualification of the welders according to ISO 9606.

e Qualification of the workshops according to ISO 3834-2.

e Non-destructive analyses of 100% length of the bevels

before welding.

° Visual and penetrant tests.

° Dimensional control of the parts (bevels) before welding.

Non-destructive analyses of 100% of the weld beads length

after welding.

° Visual and penetrant tests.

° Dimensional control of the parts (bevels) before welding.

° Radiography test.

e Qualification of the personnel in charge of the tests.

o
o
o

o

Regarding the TC liner penetrations, seamless options have
been considered in order to enhance their reliability this mean-
ing that there are no weld beads upon the entire penetration.
This is the reason why the cylindrical shape has been preferred.
As a consequence, in the case of the penetrations sleeving

the TWBDs, neutron streaming will be minimized by proper
shielding components inside the penetration and making the
shape adaption inwards to the TWBD rectangular pipes.

The seamless option for cooling pipes for the water cooling
circuits is likewise preferred, if possible. Otherwise, the main
driver would consist of minimizing weldings on the pressure
boundary and locating those in regions with the lowest neutron
fluxes.

All these quality standards will keep the TC liner failure
rate as low as possible within a reasonable cost of the com-
ponent. Apart from this very high quality at the manufacturing
phase of the component, regular in-situ maintenance actions
could be also considered whenever they do not handicap so
much the availability of the plant since they shall be implemen-
ted by RH techniques due to the very high residual doses inside
the TC liner, which will discard any hands-on intervention.

On this regard, an option that could be applied with low
impact on the plant’s availability may consist of coupons clev-
erly located on the inner surfaces of the lower section of the TC
liner, mainly next to the most critical weld beads. They should
be easily inserted and extracted by RH means. After each or
several irradiation campaigns, the coupons would be recovered
for activation measurement and eventual post-irradiation test-
ing that may include mechanical tests, micrography and other
tests. This would be a way to monitor the degradation of
the mechanical properties of the nearby weld beads. Quite
importantly, those coupons will also give information about
the helium content produced in the critical weld beads and its
potential re-weldability in case of failure.

Together with the coupons, active in-situ inspection tech-
niques would also add a further level of monitoring about the
state of the TC liner. This in-sitfu inspection should be done by
RH means and be implemented only from the inside because
the outer side keeps inaccessible due to the RBSBs. With such
access constraints, a promising inspection method, currently
under exploration, may be based on eddy-current techniques
since they can provide penetration depths as high as 19 mm
for stainless steel AISI316L. which is consistent with the weld
bead thicknesses currently present in the baseline design [22].

Concerning the stainless-steel raw material for the manu-
facturing of the vacuum vessel (TCCP and TC liner), the cobalt
content will be controlled to ensure it is under a certain con-
tent, which is still to be defined although it must be balanced
with the cost of such a huge vessel. Indeed, the lower the co
content the better to limit the activation of the material under
the neutron fields inside the TC liner. On this regard, the cobalt
activation is higher when subjected to thermal neutrons, which
is the case at the location of the walls of the TC liner, away
from the high irradiation region. Nevertheless, keeping a very
low cobalt content may increase dramatically the cost of the
vessel, so a preliminary target to be confirmed in this regard
might be 1000 ppm of Co content. From the quality assurance
point of view, material certificates with chemical composition
will be mandatory.

The interfaces of the TC liner penetrations enclosing the
TWBDs with the TIR liner belong to the 1st safety confine-
ment barrier, so those leaktight welding beads must follow the



Nucl. Fusion 65 (2025) 122010

S. Becerril et al

same quality guidelines as mentioned before. The same hap-
pens with the TC liner penetrations enclosing the IPA and OPA
plugs.

Quite importantly, the accelerator beamlines cannot be
safety-credited [21] due to the very high quantity of compon-
ents and their complexity. This means that the welding beads
between the TC liner penetrations and the TWBDs, which
take part of the accelerator beam lines, are not safety credited,
its main purpose being the leaktight volume and atmosphere
segregation because the TIR volume will be filled with a slight-
depression, argon-based atmosphere while the TC liner will be
under a helium-based, rough vacuum of 90 mbar. The same
happens with the interfaces between the TC liner penetrations
and the outer surfaces of the IPA and OPA plugs, its main
purpose being the volume and atmosphere segregation with
respect to the LLC.

For those welding beads with leaktight volume segregation
requirements only, a tradeoff will be carried out in order to
provide the best quality as a good compromise in terms of cost.
Indeed, the TC liner is still highly constraint by the availab-
ility requirement, so high-quality standards will be, anyway,
required for these weld beads because a significant leakage in
the vacuum vessel would lead to a dramatic, extremely long
shutdown of the plant.

As mentioned before, the TC liner will be composed of sev-
eral pieces welded to each other, trying to locate those weld
beads as far as possible from the maximal neutron fluxes. Of
course, this is somehow constraint by the maximal available
sizes of stainless-steel plates of the required thicknesses and
the limitation in terms of part size admissible by the mech-
anical manufacturing tools. Such an approach will lead to the
minimization of helium production in the material due to the
neutron fields, the maximal value being 1 appm He to ensure
the feasibility of eventual re-welding. On this regard, for the
most exposed weld beads to the neutron fields some local
shielding could be considered, if necessary. Figure 27 shows
the yearly He production on a vertical cut (XZ plane) of the
TC liner.

Another strong safety guideline to be followed in the TC
concerns the safety-credited hardware inside the TC liner. In
principle, due to the extreme irradiation conditions inside, no
component in the TC liner is being assigned any safety credit
because it might not be possible to get qualified compon-
ents under those unexperienced irradiation fields. Therefore,
all the hardware inside the TC liner will not have any safety
function, only monitoring purposes so, in case they fail no
major consequence is expected in terms of the safety. As a
result, the safety-credited hardware to keep the safety func-
tions of the TS, e.g. isolation valves for the 1st confine-
ment safety barrier must be included in the TSA, outside
the TC. Further description in this regard can be found in
section 5.2.

Some of the strongest drivers for the plant’s systems design
coming from safety lie on the so-called RASs. These scen-
arios have to be mandatorily considered on the design basis
of the systems so they keep the safety functions even in those
incidental cases. The TC liner is mainly a passive compon-
ent such that its thermos-structural behavior copes with all the
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Figure 27. Vertical section of the He production map inside the TC
liner (appm He/fpy) where ‘fpy’ means full-power year. Reprinted
from [23], Copyright (2019), with permission from Elsevier.

RAS applicable. As mentioned above, the active components
to keep the safety functions of the TC will belong to the TSA.

However, the convolution of all the RAS applicable has led
to including the following asset in the vacuum vessel (TC liner
and TCCP) design: the location of a rupture disk or safety
release valve to mitigate an eventual sudden gas inrush through
the accelerator beamline since the TAA or the TWBDs are
not safety-credited components. At present, there is no DBA
providing a pressure increase over the atmospheric pressure.
Anyway, the uppermost part of the vacuum vessel will be
provided with additional ports to enable the assembly of a rup-
ture disk or safety release valve as shown in figure 9.

Finally, the only safety-credited, redundant diagnostic
needed in the TC concerns the pressure transmitters monitor-
ing the pressure inside the volume of the upper section.

5.2. Safety drivers to the TSA

The definition of the quality standards to be applied to the
different TSA subsystems is pending. Nevertheless, they will
take advantage of other facilities -or even industrial plants-
with similar systems. Therefore, this section is focused on a
few specific drivers coming from the particularities owned by
IFMIF-DONES as one-of-a-kind facility worldwide.

Due to the current definition of the first safety barrier con-
finement, all the active safety-credited elements to provide
isolation to the TC liner must be outside the TC and exposed
to dose rates low enough to not compromise their perform-
ance. Therefore, those active elements must be either in the
AC or in the TSA room (yet to be defined). In addition, they
will belong to the different loops or circuits that provide pen-
etrations in the TC liner via the feedthroughs placed in its
upper section, which, in turn, leads to each of those TSA
subsystem -HCS-LP/MP and GPS- to include two redundant
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normally-closed isolation valves as close as possible to the
feedthroughs (figure 21). In addition, all these short branches
from the feedthroughs to the isolation valves will also include
safety-credited redundant pressure transmitters and, only in
the case of the GPS, safety-credited redundant flowmeter. In
the case of the WCS, since the water cooling can be a mitiga-
tion capacity in incidental events, just the flow meters close to
the inlet and outlet of the RBSBs and the TC liner will require
safety credit and redundance.

Apart from the considerations related to the first safety
confinement barrier, the WCS may also be concerned by the
need of a decay volume, which final location is still pending.
Anyway, the arrangement of the WCS hardware in the TSA
room already has a space reservation for an eventual decay
volume.

Eventually, the different loops of the TSA have already
more conventional, but safety-related, devices like safety relief
valves and guard vessels to avoid excessive overpressure in the
circuits.

5.3. Safety drivers to the FCE

Concerning the shielding function, the only active component
involved is the NBS, which means that it has to provide safety-
credited signal about the position of the shutter.

In a wider sense, although not detailed in this article, the
rooms for the FCE will have specific radio-protection and safe-
access requirements for workers or personnel that should go
in. This will be managed by the corresponding access and
radio-protection mandatory procedures defined by the Safety
Department of the facility. The access to the rooms will be also
managed by the PASS integrated in the SCS.

5.4. Safety drivers to the TS LICS

For each system, there will be a LICS in charge of its control.
Each system with safety-credited devices or diagnostics will
integrate a specific segregation devoted to the SCS in its LICS.
All the safety-related signals will be managed and transmitted
under highly reliable, timely routes from the safety-credited
hardware to the LICS cubicle. The TS system most concerned
by this guideline is, by far, the TSA. The FCE is up to some
extent, also affected, as well as the TC, although very slightly.

6. Alignment strategy inside the TC

The present section describes the alignment strategy cur-
rently applicable to IFMIF-DONES according to the present
baseline. Further stages towards a final design of the plant
will include tasks like a plan for the integration of alignment
activities in between the erection of the MB and a complete
error and uncertainties budget and its translation to the final
design of the components by means of appropriate mechan-
ical tolerances.
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6.1 General introductory notions

There are two key elements of the facility installed inside the
TC, the TAA and the HFTM. Both must be aligned with the
beamline of deuterons produced by the accelerator system.

The biggest challenges for the alignment in the IFMIF
DONES facility are: (1) the systems to be aligned with respect
to the global coordinates system are installed in different
rooms (figure 28), (2) some elements (e.g. TAA and HFTM)
are in a very radioactive area which prevents manual hand-
ling. The fact that no manual handling is allowed for align-
ment implies that a hard-rad fiducial needs to be continuously
installed with each equipment that becomes radioactive and
the adjustments in position must be done via RH.

The reference points fixed on walls and floor for the align-
ment will be named in this article CPs, but in the literature
are also known as monuments or nests. There is a network of
CP in the AV, where most of the main accelerator systems are
installed, and a laser tracker will be used for the alignment
of such elements. Part of the strategy and the instrumentation
defined for the alignment at IFMIF DONES is related closely
to the one from the LIPAc accelerator [24, 25]. There is also
a network of CP in the walls and floor of the AC, which is the
room from which sight lines to the key systems inside the TIR
and the TC are enabled whenever the corresponding shielding
plugs are removed.

In order to align, in the same global coordinates system, all
the key systems of the accelerator in the AV and the TIR, as
well as the TAA and the HFTM in the TC, the AV CPs network
and the AC CPs network need first to be properly linked.

This is enabled by means of three holes (figure 29) that are
closed with cylindrical shieldings during normal operation. In
addition, the cylindrical shieldings are covered with a blind
flange avoiding air passing between the two rooms (figure 29).
The need to connect the two CPs networks and calibrate pos-
itions periodically is fully justified by the differential settle-
ments of this huge concrete structures as illustrated in [26],
where displacements in the order of 3 mm were measured. The
use of holes temporarily open for the connection of CPs net-
work was used successfully by INFN as illustrated in [27]. The
detailed procedure and uncertainty results applied to IFMIF
DONES is described in [28], the present article providing fur-
ther progress and update w.r.t the latter.

6.2. Fiducials and adjustable elements for TAA and HFTM

The TAA will be subjected to extremely hard irradiation fields
so, at present, a yearly 20 days maintenance period is fore-
seen to replace it by a new one. In addition, the removal of
the TAA implies the previous removal of the HFTM, which
may also need replacement or not depending on the IFMIF-
DONES irradiation programme and the state of degradation
of the module. Upon each insertion of those key elements, a
position check is advisable, a remotely managed laser radar
located in the AC (figure 29) will be used to look at the cor-
responding fiducials.



Nucl. Fusion 65 (2025) 122010 S. Becerril et al

: lln'!]'l 57 i S
3 sl - n| o
P P 2

HFTM
RIR T l
Injector RFQ ~ MEBT SRF Linac modules Dipole 3 module |
%
l l L5

\
|

AV -

Figure 28. Top: general view of the rooms housing key systems to be aligned w.r.t the global coordinate system (GCS). The AC does not
house any key system to be aligned but it has a key role to enable the leap frogs required to link the positions of the AV equipment and TIR
equipment with the GCS, which is located inside the TC. Bottom: top view of the layout of the equipment to be aligned and its distribution
in several rooms: accelerator systems in the AV and the TIR; TAA and HFTM in the TC.
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Target Assembly

Figure 30. Top: target assembly with the fiducials TAO1 to TA04.
Bottom left: adjusting mechanisms for horizontal displacements and
vertical rotation. Bottom right: joints for vertical displacement and
horizontal rotations.

The fiducials in the TAA (TAO1 to TAO4) (figure 30) are
stainless steel spheres that remain in place during irradiation.
Due to high radiation doses, no manual use of Spherically
Mounted Retroreflectors is allowed, and they cannot be left
installed because radiation and high temperatures would dis-
tort their reflection properties. Instead, the stainless-steel
spheres are radiation resistant but require the use of a laser
radar that scans part of the surface and computes the coordin-
ates of the system.

Those spheres may become rusty with the irradiation, but
the laser radar is still capable of capturing its center and
location.

The maximal XY error position defined for the D+ beam
w.r.t the TAA and the HFTM is =10 mm, which has been
split into +5 mm for the D+ beam XY position with respect
to the GCS, and 5 mm for the HFTM and TAA XY position
with respect to the GCS. This error budget prevents, as a quite
conservative approach, from a catastrophic hitting of the D+
beam against unwanted surfaces of the beamline. Therefore,
some positioning tuning mechanisms have been foreseen and
included in the current baseline, such that the HFTM can be
tuned within a range of 40 mm in X and £10 mm in ¥, while
the TAA can be tuned within a range of £10 mm in X and
+5mmin Y.

The support structure of the TAA includes three flexible
axis that provide degrees of freedom in X-LA (left axis), X-RA
(right axis) and Y axis. The six degrees of freedom of the solid
body are achieved with axial joints, one per leg of the structure,
being therefore one redundant. Successive stages of measuring
of fiducials and implementation of correction of position with
a robotic arm actuating in each of the joints would eventually
get the TAA in the desired ‘installation position’.
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Figure 31. High flux test module showing the position of the six
fiducials and the local coordinates system.

The position of the HFTM is determined by six fiducials
(HFO1 to HF06) as seen in the figure 31. These fiducials are
located at the top of the equipment in order to facilitate the
localization with the laser radar. Their coordinates are first
measured with respect to the local coordinates system, which
is placed in the middle of the area hosting the test specimens to
be irradiated. This measurement is done when the equipment
is not yet irradiated in a metrology laboratory. Subsequently,
the coordinates of the fiducials are transferred to the global
coordinates system by applying the corresponding translations
and rotations. Finally, the correct positioning of the fiducials
during the alignment process, will lead to the right ‘install-
ation position’ of the test specimens receiving the neutron
flux.

The degrees of freedom in the alignment process of the
HFTM are governed by the following devices shown in
figure 32: (1) two eccentric bolts providing independent trans-
lation in the X axis (TX), (2) one eccentric bolt providing trans-
lation in the Y axis (TY), (3) two vertical bolts providing trans-
lation in the vertical axis, (4) two connections (C-A, and C-B)
fixing the distance with respect to the TAA.

One of the key relative distances to achieve with very low
uncertainty is the distance between the rear outer surface of
the TAA, and the front surface of the HFTM. This distance
must have a nominal value of 2 mm, with as low deviation as
possible, even when heterogeneous temperatures distributions
deform the structures. This is the reason why the connections
C-A and C-B keep a physical link preventing the two elements
move away, distorting the neutrons flux received in the speci-
mens, or move closer to each other risking a potential clash
and the resulting damage.

6.3. Shifts from alignment to working conditions

The installation and alignment of the TAA and the HFTM
will be done at room temperature and atmospheric pressure.
Nevertheless, during operation, the liquid lithium will be flow-
ing at 300 °C inside the pipes and the TAA. In addition, the
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Figure 32. Top left: translations with eccentric bolts in the
horizontal plane. Bottom left: vertical translation with two bolts
(one per side, only one seen in the picture). Right: view showing the
physical connections of the HFTM with the TAA.

whole TC liner will have been vacuumed just to keep residual
helium at 90 mbar in operation, the nuclear heating produced
by the neutron fields affecting all the in-vessel components and
systems, even if cooled down by helium gas as in the case of
the HFTM. The TC liner walls -mainly in the low section- will
also present a thermal distribution as a result of the steady state
between the nuclear heating and the water cooling on its outer
surfaces.

On one hand, as explained in section 2.2.3.3, the TC
liner baseline limits the shifts -from alignment to working
conditions- induced in the key in-vessel components and sys-
tems to around 2 mm in the worst case. On top of this,
thermal shifts are expected on the TAA inside the TC liner. The
changes in position that are more relevant for the core process
of the stripping reaction generating neutrons are those in the
backplate of the TAA, which are around 1.2 mm in X direction
(figure 33) and 2 mm in Z direction, the displacements along
Y being negligible.

During the installation and alignment of the in-vessel com-
ponents, these shifts will be considered beforehand so for each
of them the following positions are defined:

e ‘Nominal position during irradiation’: theoretical position of
the center of the local coordinates systems of the in-vessel
system or component -TAA and HFTM- at working condi-
tions, assuming that the beam is at its nominal position as
well.

o ‘Installation position 01—IPO1’: position of the center of the
local coordinates systems of the in-vessel system or com-
ponent -TAA and HFTM- wanted at the end of the alignment
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Figure 33. Displacements along X of the TAA due to thermal loads
during operation.

(TC open, room temperature), compensating the deforma-
tions that will take place later on when the machine will be
carried to working conditions.

Finite element method calculations provide the displacements
that we have to deduce for the determination of IPO1. It is also
planned to use a range of electric heaters in a mock up TAA
and HFTM to physically reproduce the temperatures distribu-
tion before even the first irradiation is initiated. This activity
will be part of the commissioning (section 7). The measured
values would provide a realistic approach to the expected dis-
placements and will allow for benchmarking of the thermal-
structural models of the TC liner and the in-vessel systems.

7. Notions about the integrated commissioning
inside the TC

The commissioning of the facility will be implemented
according to a staggered approach [29] starting with the accel-
erator, that will take three phases by itself up to its beam dump.
The last section of the accelerator will be commissioned dur-
ing the fourth phase, together with the lithium target and the
STUMM. Of course, to reach this point in good shape, the TC
will have successfully fulfilled its own testing phase, as well
as the TSY. This means that, at this moment, basically all the
plant systems and all the ancillary systems are ready.

The first time a beam hits the lithium target, the STUMM
will also be there. The main objective of the latter consists of
providing the benchmarking of the theoretical models about
the irradiation fields inside the TC liner, mainly in its high-flux
region. After the commissioning, once the models have been
consistently benchmarked, the prediction about the irradiation
models applicable to the high-flux region with the HFTM will
be much more precise.

Some first notions have been already defined about the dif-
ferent stages of phase IV of the commissioning:
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71. Starting up and detecting the beam

The objective of this stage is to get a first beam hitting the
lithium target safely. Therefore, the beam will be displayed at
quite low power and in pulsed mode to protect the machine,
i.e. the accelerator hardware and beamline walls, in case of
very significant shift w.r.t its nominal position. Moreover, the
beam size will be significantly small w.r.t the nominal range
of sizes.

As an output for this stage, the beam position and size on
the target should be well captured by means of the proper dia-
gnostics in the HEBT system, the lithium diagnostics and the
STUMM diagnostics. Quite importantly, the TC liner walls
will also be populated with a certain number of detectors,
micro-fission chambers, ionization chambers, gamma thermo-
meters and SPNDs- cleverly placed to provide information
about the state of the irradiation fields in the TC liner. From
this stage onwards, relationships between the diagnostics on
the TC liner and the diagnostics in the STUMM will try to be
found through data processing. If this may be confirmed dur-
ing the commissioning, the TC liner diagnostics may play an
important role in monitoring the state and position of the beam
during the steady state of the machine, which might allow for a
low quantity of detectors in the HFTM, thus maximal volume
available for payload being provided. In addition, as the TC
liner walls are irradiated with fluxes orders of magnitude lower
than in the high-flux region, the reliability of those diagnostics
would be higher.

Eventually, the positions of the in-vessel systems at
this point will be so-called ‘Installation Position P01’
(section 6.3). If necessary, some slight steering of the beam
from the Accelerator Systems may be required.

Due to the low duty cycle of the beam, nuclear heating is
expected to be much lower than in CW conditions. This means
that, at the end of this stage, the in-vessel systems will still not
be in its ‘Nominal position during irradiation’ (section 6.3).
Anyway, the cooling systems of both the lithium systems and
the TSs will start working and dissipate the heat produced.

72. Centering and enlarging the neutron footprint

The objective of this stage is to increase the duty cycle of the
beam and its size, so the irradiation conditions are converging
towards the final steady-state at CW.

Continuous monitoring of the beam size and position will
be implemented while the frequency of the pulses is increased
step by step. At each step, higher nuclear heating will be
provided to the in-vessel systems, so real time feedback will
be necessary to keep the beam safely in the central zone of the
target. The beam size will also be gradually enlarged to get
closer to the 10 x 5 cm? size.

As the deposited energy will increase much during this
stage, relative shifts are expected of the beam w.r.t the in-
vessel systems. In fact, shifts will come from the displace-
ments of the in-vessel systems due to its very significant
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increase in temperature, as well as from the accelerator due
to the increase of power of some of its systems to cope with
the higher duty cycle.

As an output from this stage, the beam characteristics
should be quite close to the CW, steady-state condition and
its position should be, with certain error margin, well centered
onto the lithium target. The in-vessel systems will be close to
its thermos-structural steady-state, the lithium flow taking a
very high power, i.e. almost 5 MW, coming from the stripping
reaction.

78. Reaching full-power CW steady-state and testing the
range of beam sizes

The objective of this stage is to get the steady state of the
machine with the beam placed on the nominal position dur-
ing irradiation. Firstly, the beam size will be the smallest from
the nominal range of sizes: 10 x 5 cm?. Afterwards, the beam
size will be, step by step, enlarged. At each step, the machine
will require some time to get its new steady state, for which
some beam tuning may be needed to place it in the nominal
position.

During this stage the steady state conditions must be
reached so relatively long time will be necessary for all the sys-
tems to get their thermal and thermo-structural steady states.

74. Benchmarking of the neutronic theoretical models

Once all the machine has reached the full power steady-
state condition, data gathered from all the detectors of the
STUMM will be compared to the theoretical data from the
neutronic models. Most of all these data will be integrated
values since most of the detectors gather integrated effects
through all the range of energies produced by the stripping
reaction. Nevertheless, several diagnostics based on activation
specimens will be available in the STUMM in order to give the
fluxes applicable to some specific energies.

As an output from this stage, the neutronic models should
have been corrected according to the real performance of the
machine under CW steady-state conditions. Those models
should be ready to predict the signals for the HFTM and TC
liner neutron diagnostics.

Therefore, the machine would be ready to replace the
STUMM by the HFTM. Depending on the duration of the CW
stage of commissioning, the TAA should also be replaced.

8. Conclusions

Through the present work a comprehensive overview of all the
TSs at IFMIF-DONES has been given, except for the irradi-
ation modules, which will have a specific article in this special
issue.

The overview has been updated according to the status of
all the engineering work currently ongoing. The transversal
areas -safety, maintenance, logistics, quality assurance,...-
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have been also included as per the scope of the TSs
and their propagation in terms of requirements and design
features.

Concerning the TC, the components have been described,
their critical features being addressed regarding their perform-
ances against the most important requirements.

On this regard, shielding performance is currently in good
shape although there are some local spots requiring further
improvement of the design. From thermal point of view, the
TC keeps in good shape as well since the average working tem-
perature expected in the vacuum vessel is foreseen to be well
below the requirement (50 °C-60 °C). Likewise, the RBSBs
are kept, according to the present design, within a thermal safe
range (around 95 °C in the worst case) to preserve properly
the water content for the neutron shielding. Likewise, the cur-
rent design has been also focused to enable a non-maintainable
Bucket floor, thus the nuclear heating deposited there being
minimized.

From structural point of view, the vacuum vessel has been
also analyzed under the most severe load case, seismic plus
operation loads, to ensure fulfillment as part of the first safety
confinement barrier.

Very importantly, several quality guidelines have been also
listed for the most critical components of the TC in order to
maximize the availability and the safe operation of the plant.
Safety requirements have been also propagated to other TSs,
i.e. the TSA and the FCE.

Concerning the latter, critical components like the NBS
have been explored from neutron analyses point of view to
ensure the dual classification of the room R160 in beam-on
conditions: yellow, if NBS is closed (restricted access for
maintenance and installation); red, if NBS is open and exper-
iments running in the room.

Last but not least, a description has been given about the
main approaches for transversal activities like the alignment
of the in-vessel components and the integrated commissioning
in the TC.

Overall, this work provides the reader with a clear under-
standing of the updated status and complexity of these crucial
systems in IFMIF-DONES, which are at the core of the plant,
as well as a comprehensive overview of the design, stress-
ing the aspects and features leading to the compliance with
the most critical requirements. Consequently, one can infer
that, although further work is, of course, needed, the current
baseline is in good shape to ensure the main functionalities of
the facility.
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