Fusion Engineering and Design 216 (2025) 115068

journal homepage: www.elsevier.com/locate/fusengdes —

Contents lists available at ScienceDirect Fusion Engineering

pue—— ||

Fusion Engineering and Design

Thermomechanical failure analysis of IFMIF-DONES target under
off-nominal extreme conditions

M.A. Vazquez-Barroso 22", C. Torregrosa-Martinb , J. Maestre ”

a University of Granada, UGR-DONES, CITAI Ciudad Industrial, Avenida de Incar 31, Esciizar, Granada, 18130, Spain
b [FMIF-DONES Espafia, UGR-DONES, CITAI Ciudad Industrial, Avenida de Incar 31, Esctizar, Granada, 18130, Spain

ARTICLE INFO

Keywords:

DONES

EUROFER

Lithium
Phase-change
Fusion technology
Mechanical failure

ABSTRACT

IFMIF-DONES will be a radiological facility for material irradiation replicating conditions expected in future
fusion reactors. It will employ a 40 MeV deuteron beam directed at a liquid Li target circulating at 15 m/s
to generate high-energy neutrons, depositing 5 MW. The Back-Plate (BP), placed immediately downstream of
the Li, separates the vacuum of the accelerator and target chambers from the low-pressure He atmosphere
housing the irradiation modules. A critical scenario postulates an eventual loss of liquid Li curtain thickness
without shutting down the beam, risking a direct or partial deuteron beam impact on the BP causing large
power deposition. This study provides the BP dynamic thermomechanical response, aiming at characterizing
the involved timings in the impact-triggered events, such as mechanical failure, melting or vaporization. This
is important to evaluate the eventual mobilization of the BP volatilized activated material and the available
timings for beam shutdown. The methodology involves Monte-Carlo simulations for power deposition data
integrated into a Finite Element model in ANSYS for transient thermal and structural analyses. Results include
timings for melting, vaporization, and mechanical response as function of the beam footprint area and the Li

jet thickness reduction.

1. Introduction and objectives

Since the early 1990s, the fusion materials scientific community has
been advocating for the development of a neutron source for the quali-
fication of materials to be used in future fusion power reactors, such as
the DEMOnstration power plant (DEMO) described in Refs. [1,2]. The
research was designed to be conducted in an irradiation facility where
material samples would be subjected to fusion-like radiation conditions,
as highlighted in the Refs. [3,4].

The International Fusion Materials Irradiation Facility-DEMO Ori-
ented Neutron Source (IFMIF-DONES), detailed in Ref. [2], represents
an initial step aimed at providing relevant data for the early engi-
neering design of DEMO, as outlined in Refs. [4,5]. The facility will
operate a 5 MW continuous wave deuteron linear accelerator, which
will produce neutrons via the deuteron-lithium target interaction. The
aim is to reach a maximum dose of 20 dpa in a full power year in the
material specimens within the initial operation phase.

As a radiological facility, the IFMIF-DONES design must ensure
the safety of the public, its personnel and the environment accord-
ing to the Spanish regulations (Refs. [6-8]). In accordance with the
aforementioned criteria, a detailed account of the IFMIF-DONES safety
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approach was presented in Refs. [9,10], which was developed fol-
lowing the defense-in-depth principles, identifying reference accident
scenarios, and outlining the protective measures established following
a prevention-detection-mitigation framework.

The Lithium Systems of the IFMIF-DONES facility are responsible
for providing a stable liquid lithium jet with a controlled thickness of
25 mm. A neutron flux with a fusion-like energy spectrum would be
generated via the impact of a 125 mA current and 40 MeV D+ beam
into the Li jet, which absorbs and removes a total deposited power of
5 MW. As depicted in Ref. [11], this interaction would take place in
vacuum condition on a rectangular footprint area ranging from 10 x 5
to 20 x 5 cm?. The generated neutrons pass through the Back-Plate
(BP) to reach the samples. The BP, represented in Fig. 1 as shown in
Ref. [12], closes the Target Vacuum Chamber (TVC) and separates its
inner vacuum from the Test Cell (TC) atmosphere filled with Helium
at a pressure between 2 and 9 kPa. In the footprint region, the width
of the BP in the beam direction ranges from 1.8 to 3 mm. Its design
is intended to achieve the optimal curvature, facilitating the greatest
possible flux of neutrons through the structure. Concurrently, it serves
to maintain the Li jet in a liquid state within the vacuum conditions of
the TVC.
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Fig. 1. BP geometry.

One potential risk of the operation is the eventual loss of the liquid
Li jet thickness without sufficient time to shutdown the beam, which
would imply the direct or partial impact of the D+ beam on the BP with
the consequent large power deposition beyond its acceptance limits.
This event, which can occur with an instability of the curtain thickness
within only 4-5 mm, would induce a rapid power deposition in the BP
behind the Li, triggering a dynamic response characterized by a sudden
temperature increase, thermal deformations, stresses, and its eventual
failure.

A detailed characterization of the BP response to partial or direct
beam impingement and the subsequent chain of events is necessary
as part of this accident analysis. The BP failure could trigger the
mobilization of part of the activated inventory in the BP upstream the
accelerator vacuum chambers due to the sudden helium entrance from
the TC as a consequence of the vacuum loss. This event may be reduced
or mitigated with the actuation of dedicated safety systems to shutdown
the beam and isolate the potentially damaged target from the rest of the
accelerator to contain the eventual mobilization of activated inventory.

A comprehensive understanding of the failure modes (mechanical,
melting and vaporization) of the BP and the associated timings is cru-
cial for the definition of requirements for such detection and mitigation
safety systems. The results of this characterization are important both
in terms of defining the detection and actuation time requirements,
as well as their required reliability (which is based on the potential
consequences of not mitigating the accident).

Finite elements simulations are commonly carried out in accelerator
facilities to estimate the thermo-mechanical response of components
due to beam-matter interaction, as those reported in Refs. [13-16].
In general, these simulations are used to identify steady-state temper-
atures, stresses and cooling, as well as transient responses for target
applications or abnormal operation. In comparison with these studies,
the simulations reported in this article deal with a much higher power
density caused by the short range of the 40 MeV deuterons (up to 2
MW/cm? at the maximum deposition depth), as well as an eventual
continuous power deposition until the beam is shutdown.

2. Methodology

The modeling process for the BP failure sequence have comprised
a number of steps. The first of them is the estimation of beam energy
deposition in the BP for different Li curtain thickness reduction and
beam footprint size. This is done by the SRIM software (described
below). Different Li curtain thickness reductions in the range from 5 up
to 25 mm are considered to study the variation of the energy deposition
profile in the BP.

The second step involves the introduction of the beam energy depo-
sition profiles obtained by SRIM as an internal heat load into an ANSYS
Finite Elements (FE) model for simulating the BP thermo-mechanical
response. This importation is done by post-processing the SRIM re-
sults using a MATLAB script. The importation is one-way coupling,
i.e. changes of density in the BP due to the temperature increase are
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not taken into account in the computed energy deposition by SRIM. In
addition, the ANSYS FE simulations use temperature-dependent prop-
erties of EUROFER97, which have been introduced by extrapolation of
available experimental data to high-temperature ranges based on the
properties of other ferritic-martensitic steels (described below).

Once the ANSYS FE models are set, thermal-transient simulations
are performed to predict the timings in which the BP material would
reach the onset of melting and vaporization. Finally, structural-
transient simulations are also performed in ANSYS transferring the
thermal results with the intent to estimate the timings for potential
mechanical failure of the BP based on stress and deformation.

3. Computational models

3.1. Modeling beam-matter interaction to obtain the power deposition in the
BP

The interaction of high-energy particle beams with solids results
in the energy deposition within the material, which in turn causes
a sudden non-uniform temperature increase. In the present study,
calculations of energy deposition by the D+ beam, which presents a
quasi-uniform rectangular profile in all the footprint region ranging
from 10 to 20 x 5 cm?, in the BP material after passing through a
liquid Li curtain of reduced thickness are conducted using the SRIM
Software (Stopping Range of Ions in Matter), which employs Monte-
Carlo simulations under a quantum mechanical treatment of ion-atom
collisions, as detailed in Ref. [17].

Li curtain thickness in normal operation is expected to be 25 mm.
We evaluate the effect of Li curtain thickness reduction by performing
a parametric analysis considering thickness reductions ranging from 5
up to 25 mm (no Li at all) with steps of 2 mm leading to a total of
11 scenarios for each beam size configuration. Each scenario results
in a different power deposition profile in the BP. The peak of power
deposition along the beam direction occurs when incident particles
decelerate, depositing the remaining energy in the vicinity of the so-
called Bragg-peak. The incident energy, which is different for each
Li thickness reduction, influences the Bragg-peak penetration depth
within the BP material.

As previously mentioned, the simulations are based on one-way cou-
pling. For this reason, the corresponding density change in the BP due
to its rapid temperature increase that would influence the beam-matter
interaction are not taken into account (the so-called hydrodynamic tun-
neling effect). This effect involves a Bragg-peak displacement towards
a deeper penetration of the beam in the material. We evaluated the
errors induced by this one-way coupling by analyzing the maximum
Bragg-peak displacement that could take place in the BP due to density
variations from 300 °C to its vaporization point. This evaluation indi-
cates a maximum discrepancy in the Bragg-peak penetration of only
0.54 mm when assuming the density at the vaporization point. This
effect is deemed to be encompassed by the different scenarios involving
the reduction in thickness of the Li curtain and is considered a second-
order influence over the final result. Therefore, we consider that is not
required to perform a two-way coupled simulation (as performed in the
Ref. [18]).

3.2. Finite elements model of the back-plate

The BP geometry is reduced to a two-dimensional model in ANSYS,
situated in the vertical symmetry plane. It is postulated that the thermal
and mechanical effects will be more pronounced in the beam direction,
where larger temperature gradients are anticipated in comparison with
other directions. Furthermore, the center of the BP footprint region is
deemed far enough from the limits of the irradiated volume to neglect
local temperature variations in the transverse direction, conforming the
adiabatic condition and justifying the reduction to a two-dimensional
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Fig. 2. BP numerical model and meshing for the 13 mm Li thickness reduction scenario
and 20 x 5 cm? beam size configuration.

model. Additionally, a symmetry plane is introduced accounting with
the existing parallelism in the BP curvature.

A model with different meshing for each Li curtain reduction sce-
nario is developed with the intention of tailoring the power density
input derived previously in Section 3.1. The number of divisions along
the beam direction in the irradiated part of the footprint is fixed at one
hundred in order to match with the maximum SRIM accuracy, thereby
maintaining the Bragg-peak power deposition values. It is noteworthy
that meshing size is designed accounting with the characteristic dif-
fusive length (see Section 3.4), indicating that thermal effects will be
accurately captured without being influenced by numerical diffusion or
spatial discretization errors. Fig. 2 depicts the BP model, including the
meshing for the 13 mm Li thickness reduction scenario and 20 x 5 cm?
beam size configuration.

3.3. Modeling EUROFER97 properties

EUROFER97 is one of the proposed materials for fusion reactors
that has been identified for further investigation within the context
of IFMIF-DONES and it has been selected as the BP structural mate-
rial expecting to resist irradiation campaigns in the absence of better
proposals.

To perform our analysis, available data of EUROFER97 (extracted
from Refs. [19-22]) have been employed, supplemented by extrap-
olations to higher temperatures from analogous low-carbon ferritic-
martensitic steels and from other similar stainless steels (derived from
Refs. [23-27]). The list of temperature-dependent properties included
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in our computational models, along with the references from where
they are extrapolated depending on the temperature range, are detailed
in Table 1.

The behavior of EUROFER97 under thermo-elasto-plastic deforma-
tions is included. It has been well documented in the literature that it is
susceptible to radiation-induced brittleness (described in Ref. [28,29])
and defect formation. However, our analysis does not consider the
influence of radiation hardening and high strain rates due to the antici-
pated significant softening effects at elevated temperatures (detailed in
Refs. [30-32]).

Thermal properties have been extrapolated from the experimental
data following the slopes obtained from the references at high tem-
peratures for other steels. In order to set the plastic response of the
material, a multilinear isotropic hardening model is considered, which
results specially suitable for large strain, proportional loading situations
(when the orientation of the principal stresses does not change during
the course of loading). It is necessary to have the knowledge of both
the true plastic strains and the corresponding true stress values across
a range of temperatures, in addition to information about structural
parameters as Young modulus or Poisson ratio. All the considered
curves, experimental (continuous) and calculated from extrapolated
data (dashed) are shown in Fig. 3.

Once the mechanical properties in terms of stress—strain response
have been defined, it is necessary to establish a criterion for determin-
ing when the BP might fail. In this sense, failure is defined as the point
at which the BP loses its integrity, either as a result of the changes
in properties induced by the increase in temperature (thermal failure)
or by the plastic deformations (mechanical failure), leading to the
entrance of helium from the TC atmosphere into the TVC. Therefore,
the timing of the potential failure of the BP must be inferred by
analyzing the post-simulation thermal-structural results to determine
when a defined failure criterion is reached.

Initially, the strain-to-rupture of EUROFER97 was considered as a
potential mechanical failure criterion by definition of this property (last
deformation value before fracture in tensile tests). Stress results quite
sensible to rapid deformations and thermal loads, thus becoming not
reliable for failure criterion in this context. In the literature, it ranges
from 21.5% reported in Ref. [26] to 38.7% given in Ref. [19] at 700 °C.
The presence of elevated temperatures exceeding a thousand °C, at
which the BP material becomes highly ductile make it challenging to
establish a common threshold for structural failure in the footprint
volume. Nevertheless, we establish as a mechanical failure criterion for
a plastic fracture when a 30% strain is reached in a sufficient portion of
the BP width (approximately 50% in the central region of the footprint).
Note that our model is not designed for giving results after fracture,
instead we try to infer when it might happen based on the total strain.

Concurrently, the progressive heating process of the BP results in a
loss of consistency due to the change of state of the bulk inventory from
a solid to a liquid and/or gas. This phenomenon, in conjunction with
the existing pressure difference between the TC helium atmosphere
and the inner TVC vacuum, is regarded as a potential failure mode.
Consequently, it is conservatively postulated that a thermal failure
criterion may be established when 75% of the material in the BP width
at the center of the footprint region has melted. It is clear that a 100%
of material thickness melted will lead to the He entrance from the
TC atmosphere, but at some point the remaining solid part will fail
as a consequence of the progressive loss of consistency, the external
pressure gradient and the stress concentration in a reduced thickness
portion. In addition, the temperature of the remaining portion may be
underestimated as a consequence of not including the tunneling effect
in the power density profile. For this reason, it was considered that a
solid portion of less than half millimeter thickness at high temperatures,
which corresponds to a 25% of the BP thickness in the centerline in the
beam direction when the rest have melted, will be enough for triggering
this situation.
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Table 1
List of EUROFER97 temperature dependent properties included in the model.
Property References
Experimental Extrapolation
Density 300-700 °C [19] >700 °C [23]

Melting/boiling temperature

Isotropic thermal conductivity

Enthalpy

Isotropic instantaneous coefficient of thermal expansion
Isotropic elasticity: Young modulus, Poisson ratio
Multilinear isotropic hardening: plastic stress—strain

1506.85/2826.85 °C [23]
300-600 °C [19,20] >600 °C [23]
300-600 °C [19,20] >600 °C [23,24]
300-500 °C [19] >500 °C [23]
300-700 °C [19,21] >700 °C [25]
300-700 °C [19,21,22] >700 °C [26,27]
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Fig. 3. True stress-strain curves for EUROFER97.

3.4. Transient-thermal model

Transient-thermal simulations yield spatial temperature distribu-
tions over time. They are used to estimate critical events associated
with melting and evaporation phenomena and to provide the response
of the modeled structure to heat loads. The corresponding input for
each Li curtain thickness reduction and beam size configuration sce-
nario is effectuated through the application of the power density dis-
tribution calculated following the steps in Section 3.1.

Mesh elements type PLANE292, which corresponds to a linear rep-
resentation, are implemented in the model, along with implicit inte-
gration with variable time discretization scheme. It is expected that
these elements type help to provide stability when extreme temperature
gradients appear. Furthermore, linear distribution of heat strain is
expected for the forthcoming structural simulations.

In order to ensure the accuracy of the results attached to the selected
mesh defined in Section 3.2, the characteristic diffusive length L is
calculated for linear heat transfer, as reported in the Ref. [14], as
two times the square root of the thermal diffusivity « multiplied by
the characteristic timescale r (milliseconds in our case): L = 2y/a - 1.
Note that diffusivity is taken as the maximum value reported in the
literature for the considered temperature range, matching with the
normal operation temperature of 300 °C (7.05 mm?/s determined in
Ref. [20]). This result in a characteristic diffusive length of 0.17 mm.

In line with the adiabatic condition, it is considered that other
heat transfer mechanisms from conduction, such as radiation to the
environment or convection, are second-order effects in solid metals
for the predicted timescales of milliseconds, and therefore they are
not included. Phase-change effect is reflected in the description of
thermal properties such as enthalpy and density in the vicinity of these
temperatures (for both melting and vaporization).

It is considered that an envelope estimation for thermal failure
timing will be when 75% of the width in the central region of the
footprint passed the melting temperature, as described in Section 3.3. In
addition, the amount of mobilizable inventory can be estimated as the
volume above the melting point at that time. The timing of the onset
of melting and vaporization and the temporal evolution of the melted

fractions (25% and 75% of the BP material thickness) are determined
as they provide insight into the heating rate of the BP material within
the beam footprint region.

3.5. Transient-structural model

Transient structural analysis calculates the response to temporary
loads, taking into account the full temperature—time profile estimated
in the previous thermal-transient simulations, until the BP material
loses too much consistency. The purpose is to elucidate the time
required to reach the mechanical failure criteria discussed in Sec-
tion 3.3. Mesh elements type PLANE183 (quadratic order) are imple-
mented in the model, along with implicit integration with variable time
discretization scheme.

To improve the accuracy of the results in the two-dimensional
model, a plane (constant) strain condition is assumed along the trans-
verse direction to the beam, as discussed in Section 3.2. A pressure load
of 9 kPa is applied to the external part of the BP facing the TVC, as well
as the pertinent impositions to prevent rigid body motion.

In a first instance, the mechanical model accounts the material tran-
sition to the liquid phase via the definition of the structural properties,
which maintain the last value reported in the solid state for increasing
temperatures. This assumption implies that some degree of structural
consistency is given to the liquid phase, but as a consequence it is
possible to extend structural results in the remaining solid part even
after melting effect occurs in the material. Nevertheless, results must be
carefully interpreted, paying special attention to the portion supposed
to be in liquid phase as the attached results to these areas should not
be included. In addition, there are inertial effects from the melted part
with structural consistency that may provoke an overestimation of the
deformation results, as it keeps attached to the structure during the
simulation time.

To remove those inertial effects, a second model is proposed to
understand the behavior of the solid part of the structure by removing
the elements above the melting point at a fixed time, with the mesh
remaining unaltered in the remainder of the beam footprint region. This
model is developed once the results of the transient thermal simulation
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Table 2
Depth of the Bragg-peak, irradiated zone width and characteristic length for thermal
diffusion for the different Li jet thickness reduction model meshing.

Thickness Bragg-peak Irradiated BP Min. time
reduction (mm) depth (mm) thickness (mm) step (ps)
25 (no Li) 1.76 1.87 11.5

23 1.59 1.71 10.4

21 1.43 1.52 8.2

19 1.26 1.35 6.5

17 1.09 1.18 4.9

15 0.90 1.00 3.5

13 0.74 0.83 2.4

11 0.56 0.65 1.50

9 0.38 0.46 0.75

7 0.20 0.28 0.28

5 2.7E-3 0.09 2.9E-2

for the entire model have been estimated. For this reason, it is presented
with the simulation results in Section 4.4.

4. Simulation results
4.1. Power deposition in the BP and heat load input in ANSYS

A MATLAB script was employed to collect the deposited power
density in the BP for each of the Li curtain thickness reduction sce-
narios. The power deposition distributions across the BP thickness for
both beam configurations are identical, differing only in power density
values: the focused beam mode of 10 x 5 cm? results in double the
power density respect to the 20 x 5 cm? one, applied in half of the
volume, which results in the same total power deposited of 5 MW.

Fig. 4 illustrates the total power deposition in the BP material. It is
noteworthy that below a reduction in Li curtain thickness of 4.6 mm,
the D+ beam does not significantly deposit power in the BP material,
as the Bragg-peak remains within the Li curtain. The power deposition
increases logarithmically with reduction in Li curtain thickness, reach-
ing a point of near complete stopping of the beam inside the BP in the
direct beam impact scenario.

In addition, Table 2 presents the depth of the Bragg-peak at the
upper part of the footprint region together with the associated thickness
of the irradiated volume.

It is important to note that the number of divisions in the beam
direction at the upper region of the footprint is fixed at one hundred,
thereby ensuring that the condition of smaller cell sizes in comparison
with the characteristic diffusive length (0.17 mm) is effectively met. It
is also interesting to apply the characteristic diffusive length definition
(see Section 3.4) in order to estimate the minimum time step required
to capture thermal effects in the irradiated volume of the BP at each
iteration.
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The power density distributions are imported to ANSYS through the
elaboration of a table in MATLAB indicating spatial coordinates for
each of the one hundred values calculated with SRIM. Fig. 5 presents
how the input power density in ANSYS is implemented for the specific
scenario of 13 mm Li jet thickness reduction in 20 x 5 cm? beam size
configuration.

4.2. Timing for thermal related events

Thermal-transient simulations determine the evolution of the tem-
perature profile in the BP material, focusing on the beam footprint
region. Fig. 6 presents examples of temperature distribution contour
plots at specific times for the 13 mm Li thickness reduction scenario
with a 20 x 5 cm? beam size configuration.

The timescales for the onset of melting and vaporization were
derived from the maximum temperature profiles determined by the
thermal simulations. Additionally, the times required to melt 25% and
75% of the material along the BP thickness at the beam footprint region
were extracted. A summary of these results is provided in Table 3. In
addition, they are illustrated in Fig. 7.

A comparative analysis of the two beam size configurations indi-
cates that the onset of melting and vaporization occurs approximately
twice as fast in the focused mode compared with the 20 x 5 cm?
configuration. It is observed that times required to reach melting onset
are similar independently of the Li jet thickness reduction. Something
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Table 3
Timings for thermal related events for different Lithium curtain thickness reductions and beam configurations.
Li jet thickness Consermetiing (MS) Gsoumetrea (MS) G5ometrea (MS) Eonservap (MS)
reduction (mm) 20 x 5 10 x5 20 X 5 10 x5 20 x 5 10 x5 20 x 5 10 x5
25 (no Li) 12.5 5.55 20.0 10.2 35.3 18.4 43.3 14.3
23 17.8 8.26 21.5 10.7 33.8 17.5 88.0 43.3
21 20.6 8.78 23.6 11.3 33.2 17.5 104.0 51.6
19 21.2 8.85 24.3 11.4 33.2 17.4 119.0 56.6
17 21.2 8.85 24.3 11.4 46.0 27.5 131.0 58.8
15 21.2 8.85 24.1 11.4 63.0 42.9 137.2 59.3
13 21.0 9.01 23.6 11.3 86.4 69.6 141.3 60.2
11 20.6 8.77 22.4 10.8 114.5 108.0 140.9 55.0
9 19.8 8.59 31.1 14.4 148.0 121.0 140.7 58.8
7 20.9 8.05 51.1 27.2 191.8 150.1 143.8 59.1
.tonset melting . t25% meited . t75% melted .tonsel vaporization
150
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Fig. 6. Temperature distribution at specific times for the 13 mm Li thickness reduction
scenario with 20 x 5 cm? beam size configuration.

similar applies to vaporization onset up to 17-19 mm of Li jet reduc-
tion, when it tend to accelerate. This effect is associated with heat
conduction, which is impeded as the non-irradiated volume diminishes
(i.e., when Li jet reduction increases). The reduction in heat conduction
through the material results in a faster onset of melting/vaporization.

Furthermore, in both beam size configurations the time required to
melt the 25% of the BP central axis thickness material stabilizes above
11 mm of Li thickness reduction, whereas for the 75% melting it occurs
after only 19 mm reduction. It is once more evident that the process of
heat conduction delays the occurrence of these thresholds.

Li jet thickness reduction (mm)

Fig. 7. Timings related with melting and vaporization onsets and with 25% and 75%
of width melting for both beam operation modes.

The assumption of a constant reduction in the Li curtain thickness is
useful for determining the heat load and for visualizing the BP response
to this specific energy spectrum. In reality, the Li curtain thickness
reduction will vary exponentially over time and, consequently, the
timescales presented in Fig. 8 encompass an envelop of the reduction
process for each of the beam size configurations.

4.3. Timing for mechanical failure

Transient-structural analysis of the BP provide profiles of total
deformation and strain within the BP material thickness as response
to the thermal load calculated in the thermal-transient simulations,
with a particular focus on the beam footprint region. The timescale for
mechanical failure is assessed by determining strain, paying also special
attention to the associated deformation profile.

Figs. 9 and 10 illustrate the total strain and deformation, respec-
tively, of the BP for the 13 mm Li thickness reduction scenario with
20 x 5 cm? beam size configuration at specific times.
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Fig. 8. Enveloping timings related with thermal results for both beam mode configu-
rations.

Total deformation plot indicates a significant tendency to deform
downstream in the beam direction, which is in opposition to the helium
pressure applied from the TC atmosphere. The maximum displacement
from the nominal position is observed at the center of the beam-
impinged area, exceeding 6 mm in the final converged time step. Given
the initial 2 mm separation between the BP and the module housing the
samples, deformations beyond this value suggest a contact phenomenon
between these systems in addition to the corresponding heating of the
samples module, which will be addressed in future analyses, especially
in relation to metal vapor source terms.

Strain distribution indicates that the highest strain values corre-
spond to the BP section in proximity to the symmetry axis at the
Bragg-peak, where melting onset is firstly reached. As discussed in 3.3,
the BP material becomes more ductile with increasing temperature,
allowing higher strain values without fracturing. Nevertheless, the
numeric model considers that the melted material is perfectly plastic
with negligible yield strength. In the solid parts, strain does not exceed
20%. Therefore, these simulations do not clearly indicate when the
mechanical failure criteria is reached and thus the timing for this event.

Additionally, a strain concentration is observed in the BP material
thickness within the beam footprint region farthest from the symmetry
axis. This is probably due to the extreme temperature gradient with
the non-irradiated volume provoking fast properties degradation, and
to the apparition of a pivot joint where high moments are observed.
In addition, it corresponds to a region where the temperature profile
is over or near the melting onset, and thus structural effects become
meaningless in the liquid phase.
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Fig. 9. Total deformation of the BP at specific times for the 13 mm Li thickness
reduction scenario with 20 x 5 ¢cm? beam size configuration.

4.4. Reduced thickness model (melted material removal)

We conducted an analysis of a reduced-thickness sample in which
the material exposed to temperatures above the melting onset at a fixed
time was removed. The portion to be removed is determined based on
the results of the thermal transient analysis.

Fig. 11 illustrates the 50% reduced-thickness models for 13 mm of
Li thickness reduction in the 20 x 5 cm? beam size configuration, and
Fig. 12 presents the 75% reduction model for a 23 mm reduction of Li
curtain thickness scenario in the 20 x 5 cm? beam size configuration.

The structural results (deformation and strain distributions) for the
aforementioned scenarios are presented in Fig. 13 for the 13 mm Li
thickness reduction scenario and 50% reduction, and Fig. 14 for the
23 mm one with 75% reduction, both for the 20 x 5 cm? beam mode
configuration.

Fig. 13 shows that the maximum deformation is nearly identical in
the reduced-thickness model and in the complete one, with maximum
strain concentrated at the interface between the removed volume and
the rest of the BP material. This is probably due to the exclusion of
dynamic and inertial effects in the reduced-thickness model, derived
from the incorporation of material in the liquid phase with structural
consistency in the complete one. In addition, both exhibit deformation
in the beam direction against the pressure, probably caused by thermal
expansion effect (reinforced in the complete scenario by the numerical
expansion of the melted material).

Concerning the scenario considering a 75% of thickness reduction
shown in Fig. 14, something similar to the previous case is observed,
with similar deformation and strain distributions and discrepancies
justified by inertial and dynamic effects attached to the melted material
in the complete model.
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Fig. 10. Total strain of the BP at specific times for the 13 mm Li thickness reduction
scenario with 20 x 5 cm? beam size configuration.

In conclusion, we can derive that an intermediate result between the
two presented scenarios will occur in reality, as inertial and dynamic
effects in fact may have some influence over the final distributions
but in a lesser extent compared with the case of no material over the

melting point.

5. Conclusions

The energy deposition of the incident 40 MeV D+ beam inside
the BP material (EUROFER97) has been calculated for the presented
scenarios using SRIM and MATLAB. A series of thermo-mechanical
simulations has been conducted in ANSYS, in which the thickness
reduction and the impinged area (beam size configurations) of the
Li curtain were varied. In the case of 20 x 5 cm? configuration, the
melting onset occurs between 12 and 21 ms, and vaporization one in
a range from 43 to 144 ms, while for the 75% of melted material,
it is observed in 33 to 192 ms. For the 10 x 5 cm? configuration,
temperatures in the melting onset are obtained between 5 and 9 ms,
in vaporization from 14 to 60 ms and 75% melting in 17 to 150 ms.

The vaporization onset time is of great importance in terms of
safety, as it indicates the time before the BP material begins to mobilize
in gaseous form. In addition, the time required to melt the 75% of
the BP material thickness at the beam footprint region is considered
as the indicator for thermal failure. It results interesting to compare
both tendencies to identify the amount of mobilizable material when
thermal failure occurs or, conversely, time to start to appear this
mobilizable material in gaseous form after thermal failure occurs (if
the beam continues impinging the footprint region of the BP). The 75%
melted curve falls below the vaporization curve for specific Li thickness
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Fig. 14. Structural results for the reduced model for the 23 mm Li thickness reduction
scenario with 20 x 5 cm? beam size configuration and 75% melting.

reductions. For the 20 x 5 cm? mode, this reduction is above 10 mm,
while for the 10 x 5 ecm? mode, it is above 14 mm.
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Structural simulations tried to determine timings for reaching the
mechanical failure criteria, established at a 30% of strain over a suffi-
cient width on the BP central axis, as the progressive loss of consistency
dominates over internal loads. The proposed models foresee that the
increasing temperature and subsequent loss of material consistency will
lead to the mechanical failure of the solid part of the BP material. This
lends support to the assessment that melting 75% of the BP material
will induce failure, as there is a positive correlation between increased
material removal due to melting and increased total deformation.

In conclusion, simulations suggest that thermal failure criteria is the
most appropriate, as the temperatures involved in the range of tens
of milliseconds are sufficiently high to provoke the loss of mechanical
properties fast enough before reaching intense stresses inside the ma-
terial. This failure criteria is achieved in a range from 33 to 192 ms
and from 17 to 150 ms for the 20 x 5 and 10 x 5 cm? beam size
configurations, respectively. These ranges are important for defining
the maximum times for triggering the beam shutdown if instabilities
are detected in the lithium curtain during operation.

After failure occurs, the entry of helium from the TC into the beam
vacuum would favor the mobilization of activated material upstream
through the accelerator beam tube. The amount of this mobilizable
airborne material will account for both liquid and gaseous material
at the time of failure, along with the addition of a safety margin to
consider that the beam may continue to irradiate for some time there-
after. Conservatively, 50 ms have been considered until the passive
beam shutdown occurs due to the loss of vacuum in the cryomod-
ules upstream in the beam line, in view of the preliminary results of
the MuVacAS (Multipurpose Vacuum Accident Scenarios) experimen-
tal campaign concerning propagation velocity after a sudden loss of
vacuum and gas entrance in the beam line.

In order to continue in the future analysis with the assessment of the
consequences resulting from the entire accident sequence derived from
the BP failure, the next evaluations for this purpose will be translated
into an amount of activated material that could reach a worker inside
the facility or a member of the public outside. To this end, it will be
necessary to estimate the amount of respirable airborne mobilizable
material that could potentially escape from the different containment
structures in the path to representative locations for workers (outside
the beam tube) and the public (outside the boundaries of the IFMIF-
DONES complex). These assumptions shall take into account the effect
of atmospheric dispersion through the determination of local weather
conditions, if necessary.

In addition, the results of this future analysis will be essential
in defining the requirements for various safety devices that may be
installed across the potential path of the activated material, such as
the fast isolation valves in the beam tube that will act as confinement
barriers by closing in case of detection of increasing pressure in the
beam tube.
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