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Abstract: The investigation of wave propagation in solids requires the development of reliable
methods for the prediction of such dynamic events in which the involved materials cover wide
ranges of different possible states, governed by plasticity, equation of state, and failure. In the present
study, the wave propagation in metals generated by the interaction of high-energy proton beams
with solids was considered. In this condition, axisymmetric waves were generated, and, depending
on the amount of the delivered energy, different regimes (elastic, plastic, or shock) can be reached.
Nonlinear numerical analyses were performed to investigate the material response. The starting
point was the energy map delivered into the component as the consequence of the beam impact. The
evolution of both hydrodynamic and mechanical quantities was followed starting from the impact
and the effects induced on the hit component were investigated. The results showed the portion of the
component close to the beam experiences pressure and temperature increase during the deposition
phase. The remaining part of the component is traversed by the generated shockwave, which induces
high values of strain in a short time or even the failure of the component.

Keywords: high-energy impact; axisymmetric shockwave; finite element numerical simulation; Large
Hadron Collider; refractory metals

1. Introduction

The understanding of the materials response in the case of high strain rate, impact,
or shock loading conditions is fundamental in several applications, such as, e.g., ballistic,
nuclear and military fields, and aeronautics and aerospace engineering. The involved
materials can cover a wide range of different possible states and the processes to which
they are subjected are significantly different from those related to quasistatic situations.
This implies that the usual approaches for the evaluation of the mechanical response could
be no longer valid.

In the present study, the interest was focused on the impact between high-energy
particle beams and metals. The event is characterized by some peculiar features. The
impact produces an energy transfer into the material, and the temperature increase could be
significant and need to be considered. The time scale of the impact is typically shorter than
the characteristic time of the mechanical response. The directly hit part of the component is
subjected to a pressure increase that could be so high that it implies that the hydrodynamic
response prevails on the mechanical one, resulting in a fluidlike behavior. Conversely, far
regions of the component could remain in relatively low-pressure and low-temperature
conditions, and the mechanical strength rules the dynamic material deformation. This
preliminary overview allows to conclude that plasticity, equation of state (EOS), and failure
are involved in the phenomenon, which is coupled from the thermostructural point of view.

The specific topic of the present paper deals with the numerical simulations using
the finite element method of the shockwave propagation in matter due to radiation effects
induced by high-energy proton beams in tungsten-made targets of the Large Hadron Col-
lider (LHC) at CERN [1]. The construction and the design of such high-energy accelerators
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brought the need of assessing the effects induced by potentially catastrophic events on the
machine components in case of uncontrolled impacts. This aspect is further heightened by
the study and the development of an increasingly energetic accelerator in the future (for
example, the High Luminosity LHC upgrade [2], the Higher-Energy LHC [3], or the Future
Circular Collider [4]). In recent decades, the researchers at several high-energy laboratories
performed a great amount of studies to predict the response of specific components (such as
beam intercepting devices, BID) properly designed for intercepting and absorbing particles
or for shielding more delicate machine components in case of accidental events. Those
studies had multiple objectives, which are summarized as follows: the investigation of the
response of existing components, the validation of the use of specific materials, and the
evaluation of new solutions, in terms of both design and materials, for next-generation
components and machines.

A widespread approach for the comprehension of what happens in hit components
in the case of high-energy particle beam impact is the numerical simulation, which needs
two contributions. The first one is the evaluation of the thermal loads transferred into the
materials by the interaction between high-energy particles and the atomic nuclei of the
target [5-7]. It could be achieved thanks to the development of specific codes for particle
transport simulations [8-14]. The amount and the distribution of the deposited energy
mainly depends on the particle beam parameters (i.e., energy, intensity, and size) and on the
target material itself (i.e., inelastic scattering length, radiation length, density, and atomic
and mass numbers). For a fixed set of beam parameters, the higher the atomic number, the
higher the peak of energy and the shorter its position in the target thickness (measured from
the hit surface). The second contribution is the definition of numerical models to predict
the mechanical evolution of the phenomenon and the effects induced on the hit structures.
By considering the scientific literature, several studies were performed by changing the
beam parameters (size, intensity, and number of bunches), the impact scenario (type of
beam and position of the impact), the hit targets (shape, geometry, and functionality),
the hit materials (copper and copper composites, tungsten and tungsten alloys, iridium,
carbon and carbon-based materials, etc.), and the codes used for calculations (BIG2 [15],
Ansys Autodyn [16], LS-DYNA [17] were the most widely used). In the numerical so-
lutions, several approaches were followed, generally divided in pure hydrodynamic or
thermostructural calculations. In the following, a bibliographic review is reported with
the aim to highlight the main differences in the applied methodologies of simulation. The
interest was limited to the studies in which the targets were made in a metallic material. In
case of pure hydrodynamic models, as performed in [18-22], the target was considered like
a fluid, hence the thermal loads effects were investigated only on pressure, density, and
temperature and the definition of a multiphase equation of state (EOS) was sufficient to
solve the problem. In [23], thermostructural calculations were presented: the loading con-
dition imposed to the hit target was the thermal load obtained from the deposited energy
and calculated by considering a linear EOS. A similar approach was used also in [24,25]
in which under the hypothesis that no changes of state occurred, numerical analysis were
performed for the simulation of oscillations induced in the target. In [26,27], strength and
failure models were combined with the Mie-Griineisen EOS suitable in case of not too high
pressure. In [28-32], more sophisticated models were defined: multiphase EOS were used
to convert the deposited energy in temperature and pressure increase and to evaluate the
hydrodynamic behavior (in terms of pressure, density, and temperature/energy evolutions)
while the deviatoric component of stress was described by defining specific elastoplastic
constitutive models and, in some cases, also failure models. More advanced simulations
were proposed in [33-38], in which, by following different approaches and methodologies,
the map of the energy deposition was updated considering the evaluated change in density
due to the shockwave propagation in case of multiple impacts on the same target. All of the
previously cited studies were performed with implicit or explicit integration schemes in
case of a Lagrangian solution. In [39], a smoothed-particle hydrodynamics (SPH) technique
was adopted to simulate the particle projection.
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Shock and impact techniques provide an important source of data to investigate the
hydrodynamic behavior of matter, especially in extreme conditions that cannot be inves-
tigated using other methods. Another important reason to use this type of experiments
is to investigate material changes, which could occur during the shockwave passage. In
this sense, it is possible to investigate physical, chemical, and metallurgical changes, phase
transition, fragmentation, etc. With these aims, in the last ten years, in addition to what
could be obtained as results from numerical simulations, a significant improvement in
the comprehension of the high-energy beams/matter interaction came from experimental
tests performed in the facility, called High Radiation to Materials (HiRadMat), developed
at CERN [40]. It is a dedicated facility specifically designed to impact in a safe and con-
trolled manner materials and accelerator components with intense and energetic proton
or ion beams. Limiting the attention to experiments related to targets and BID compo-
nents, several experiments were performed starting from 2012 on materials [41-43] and
components [44-46]. Generally speaking, the main objectives were to validate the results
obtained from the numerical simulations and to collect data on the materials response in
such extreme loading conditions, especially for nonconventional and novel ones. The ex-
periments were preceded by intensive research activities aimed to identify the case studies
and the loading conditions. Other important aspects concerned the evaluation of which
quantities and properties it was possible or necessary to measure and which are the most
suitable measuring systems to catch the evolution of the phenomena. The postprocessing
phases of many of those experiments are still in progress, in continuous development, and
under evaluation to setup new experiments [27,47-49].

The present study proposes a methodology for the prediction of the mechanical be-
havior of metal structures subjected to high-energy impact. The methodology is specifically
applied to simulate with the nonlinear FE code LS-DYNA the shock generation and propa-
gation induced in a tungsten-made structure by the accidental beam loss of some bunches of
an LHC collimated proton beam. This particular case was chosen as a case study because it
allows us to highlight the criticalities of such events, especially because the energy absorbed
is high for tungsten. The proposed methodology was tuned thanks to the experience gained
from the critical review of the different numerical procedures proposed for the simulations
of the materials/components behavior in case of high-energy particle beam impact. After
a decade of numerical research studies on this topic, the present work takes advantages
from the analysis of the main assumptions and hypothesis applied to such a particular and
exotic class of shockwave phenomena in order to overcome the limitations encountered in
previous research studies. In addition, the methodology applied for the analysis of results
allows us to clearly investigate any aspects of wave propagation.

2. High-Energy Particle Beam Impact

When high-energy particles pass through solid matter, they lose energy, which is trans-
ferred to the material lattice, increasing its temperature and pressure in a few nanoseconds.
The energy transfer could be considered isochoric because the change in pressure and
temperature is faster than the mechanical response of the lattice (the material is not able
to expand). The event provokes a dynamic response of the structure inducing thermal
stress waves, thermal vibrations and the generation of waves, but depending on the several
parameters, different situations can be expected. Among the big number of influencing
parameters, the most important are the distribution of the deposited energy, the energy
density, the timescale of the phenomenon, the material properties, and the impact scenario.
In the following, each of them is examined.

Typically, in the particle accelerators, the beam is not continuous, but is it made of
a series of particle bunches, each spaced by a time interval. A possible configuration is
reported in Figure 1 in which each bunch duration is 0.5 ns and the time interval between
two successive bunches is 25 ns.
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Figure 1. Distribution of the deposited specific energy (GJ/m?3, logarithmic scale) in a tungsten block
hit at the center of one basis (result of the FLUKA calculation [33]).

The spatial distribution of the deposited energy inside the material is influenced by
the size and the parameters of the beam and by the energy absorption capability of the
material. As mentioned in the Introduction, the evaluation of the thermal load produced
by the particle/matter interaction needs to be performed by specific codes for particle
transport simulations [8-14]. They must take into account that when a high-energy particle
beam interacts with a target, the particles first interact with the electrons of the lattice
of the impacted material and successively with the nuclei, producing a cascade (shower)
of secondary particles. This calculation is out of the scope of the present study, but it
represents the input data for the mechanical analysis of the effects induced by the impact
starting from the map of the absorbed energy. In Figure 1, there is an example of the specific
energy deposited in a block hit at the center of one basis. Independently from the impact
condition, it is convenient to define a reference system identified by the axis of the beam
(longitudinal direction) and the distance from the axis of the beam (radial direction). The
distribution of the deposited energy varies both longitudinally (i.e., in the beam direction)
and in the transversal plane with respect to the beam direction and can be sampled by
a Gaussian distribution. The map of the energy distribution can be also displayed as a
function of the length for a fixed radius or as a function of the radius for a fixed length.
In the scheme of Figure 1, three longitudinal coordinates are highlighted, which will be
useful for the analysis of the results described in the following: L identifies the impacted
base of the component, Lgy,x identifies the depth in which there is the maximum of the
absorbed energy, and Ls is the half of the component. Similarly, in the radial direction, Ry
is the beam axis and R; 5 is the situation at a distance of 2.5 mm from the beam axis. From
the diagram of the energy by varying the length, it is possible to notice that the maximum
of the deposited energy is at a certain depth from the hit surface; this mainly depends on
the material, indicating its stopping power capability. The density strongly influences the
deposited energy: higher values of energy are expected for denser materials, for which the
peak is situated at the smallest distance from the impacted face. In addition, the density
is strictly correlated with the prediction and the evaluation of the tunneling effect [33]: a
variation of the density along the beam axis (such that could occur as a consequence of
the shockwave propagation) modifies the material properties, reducing the effectiveness
of its shielding to successive bunches and requiring a new calculation of the deposited
energy based on the effective density distribution. The energy distribution as a function
of the radius (at each depth of penetration) indicates how local or widespread the energy
distribution is and how sharp or smooth the transitions are, depending on the standard
deviation, which physically expresses the deviation of the particles from the ideal trajectory
(i.e., the beam axis) and therefore is often used to define the beam transverse size.

Depending on the amount of energy, different situations can develop. When the
deposited energy is low, the dynamic response remains in the elastic regime, in which
the vibrations and stress waves are low enough to not exceed the elastic limit of the
material, which is able to completely recover the induced deformation. In this condition,
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the changes in density are negligible and the stress waves travel in the material at the
speed of sound. By increasing the amount of energy, the materials enter the plastic domain
with permanent deformation induced. In case of uniaxial stress, because the slope of
the stress—strain relationship is lower in the plastic domain than in the elastic one, the
propagating velocity of the plastic wave is lower. This is because at a fixed strain, it is
proportional to the square root of the slope of the flow stress curve. As a consequence,
there is the dispersion of the wave due to the decrease of the wave velocity with increasing
stress. Considering the opposite situation characterized by a uniaxial strain state, the
stress—strain relationship must also include the EOS. In the case of nonlinear stiffening
EQOS, the stress—strain relationship beyond the elastic limit becomes concave. This implies
that there is a point on the stress—strain curve beyond which the plastic waves start to be
faster than the elastic precursor. Beyond this limit, the wave velocity continues to increase
with plastic strain leading the plastic wave front to steepen up and then propagate as a
shock front. This is what happen when a high level of energy is deposited: shockwaves
are generated, and the mass transport phenomenon could become relevant. In addition to
the previous consideration, in the part of the component in which the energy is high, the
bulk material response is much more similar to that is expected for a fluid. However, the
pure hydrodynamic treatment of the shock propagation is overly simplified and fails to
correctly predict the complexity of the involved phenomena [50].

Another aspect to be considered is the ratio between the lateral dimensions of the hit
structure and the spatial distribution of the absorbed energy in the lateral (radial) direction.
If the particle beam impacts a thin rod, the problem is ideally one-dimensional, and for the
component, a uniaxial stress state could be considered. Conversely, when the particle beam
impacts a wide structure, axisymmetric waves are generated.

The duration of the energy deposition strongly influences the evolution of the phe-
nomenon. Mainly, two different situations can arise depending on the ratio between the
energy release timescale and the characteristic time of the system. One case is when the
deposition time is shorter than the heat diffusion and the mechanical response times. For
example, this happens in the case of accidental beam loss in particle accelerators; for these
events, the time scale typically is in the order of magnitude of nanoseconds or microseconds.
In this situation, from the mechanical standpoint, the deposition is quasi-instantaneous,
and the pressure and energy increases occur at constant density (i.e., isochoric heating).
Conversely, in the case of long-term energy deposition, the time scale is higher and the
system has time to react before the end of the deposition itself.

The possible impact scenarios are summarized in Figure 2. If the impact occurs inside
the material (i.e., not close to free surfaces, point A and B), the traveling of the generated
wave propagation produces the compression of the material above the wave front and the
rarefaction of the material behind it. When the wave reaches the free surfaces, it is reflected
back as a tensile wave, and depending on its residual level of stress (after the attenuation
due to the propagation), it could be able to provoke the spallation fracture (with fragment
projection) or to produce the deformation (plastic or elastic bulge) of the free surface. The
last two possibilities are the same which could develop if relatively low energy impact
occur near the free surface. Otherwise, in the case of high-energy impact near the free
surface (point C), the change of state could involve the material up to the free surface; in
this condition, the reflected wave could not be supported by the material and the effect is
the spray of liquid, gas, or solid parts.

The previous considerations exemplify the complexity of the problem, which needs a
multiphysics approach to be completely examined. As a matter of fact, different subjects
are involved, such as physics, thermodynamics, engineering, and materials science. In
order to correctly get the thermomechanical response of the impacted material from FE
numerical simulations, it is necessary to take both the hydrodynamic behavior, adopting
a dedicated equation of state (EOS), and the deviatoric behavior, resorting to dedicated
strength and failure material models, into account.
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Figure 2. Scheme of the possible scenarios in case of particle beam impact against a solid target: the

C

cases A and B represent an impact occurring far from a free surface; the case C indicates an impact
occurring close to a free surface.

3. Research Method and Procedure

The high-energy particle beam impact scenarios involve extreme conditions mainly
characterized by high pressure, high temperature, and high rate of deformation. As
anticipaed in the previous section, the direct effect of the particle beam impact is to induce
a jump in pressure and temperature, which could also directly produce the change of state
where the deposited energy is high. The impact also generates waves that travel inside the
material, leading also the rest of the component, placed far from the high-energy zone, to
reach high values of strain and temperature in a short time (i.e., high strain rate).

The prediction of these phenomena needs to be treated with the use of finite element
numerical simulations performed with an explicit nonlinear code. The spatial variability
requires the discretization of the domain, and among the several possibilities, the FE
method is the most suitable and sensible. A specific value of energy must be deposited
inside each element with a time profile able to replicate the real bunch profile of the particle
beam. Usually, 3D solid elements should be used, but depending on the specific case,
the computational time can be reduced by using 2D solid elements (e.g., plain strain or
axisymmetric formulations). In this type of problem, the nonlinearities are mainly due to
the material law for plasticity and damage, the multiphase EOS, and the high levels of
deformation. Them within the time scale of the involved phenomena justify the adoption of
the explicit integration scheme. All of the mentioned requirements suggest that LS-DYNA
code is suitable for the solution; it has a general purpose transient dynamic explicit solver
with nonlinear thermomechanical capabilities.

Before discussion of the simulation of the high-energy particle beam impact against a
solid structure, it is necessary to recall some fundamentals of shock.

Planar and Cylindrical Waves

Usually, the shock propagation is investigated with reference to planar impact for
different scenarios: hypervelocity impacts, shock tubes, and explosions. In general, at
least in the portion of material in which the shock is generated, a uniaxial strain state is
generated, while the stress state is three-dimensional. A complete and exhaustive treatment
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of the shockwave propagation in solids and high-velocity impact dynamic phenomena
can be found in [50-52]. The complete treatment of the shock theory is out of scope for
the present paper; in this section, the main features of a shock are reported with the aim
to identify and collect the necessary tools to cope with the comprehension of the results
obtained from numerical simulations in case of high-energy particle beam impacts.

In general, a shock is characterized by a propagating surface in which the displacement
is continuous, but other properties, such as density, pressure (or stress), particle velocity,
and in general, the other thermodynamic quantities are discontinuous. In Figure 3, a
simplified configuration of the typical pressure profile obtained in case of plate impact of a
finite duration is reported as a function of both time and spatial coordinate (corresponding
to the shock travel direction). The pressure shock wave consists of a shock front, a flat top
with a finite time/spatial duration, and a release tail (release wave), which is the portion of
the shockwave coming after the peak of pressure. This wave profile is typically obtained in
case of the impact of a projectile. Otherwise, when the shock is produced by an explosive
or a laser pulse, the shape of the shockwave is triangular [53].

A
o
=1 P, P E
7]
& C+up
a
Us
Release —
wave
Po, pos Eo
up=0
Po: pos Eo
UP=0 CO
Time ~ Coordinate ~

Figure 3. Pressure profile in case of plate impact: in function of time (left) and spatial coordinate
(right). P, p, E, C, and U, identify respectively pressure, density, energy, speed of sound, and particle
velocity of a point belonging to the shocked material; Py, po, Eo, Co, and Upo identify pressure, density,
energy, speed of sound, and particle velocity in the undisturbed material, respectively; Us is the shock
front velocity with C + U, > Us.

Generally, the plastic wave front is preceded by the elastic precursor, but when the
pressure level is high, the shock front overtakes it; no signals move ahead of the shock
front, which is traveling at velocity Usg, being supersonic relatively to the undisturbed
material, in which the sound of speed is ¢yp. Another important consideration to take
in mind is that beyond the elastic regime, the sound speed continues to increase with
pressure, if a stiffening EOS is considered because the pressure grows faster than linearly
with the volume. In addition, when a wave travels in a shocked material, the fact that
particles are moving at velocity up has also to be considered. Then, two considerations
can be derived. The first is that a disturbance front, which can be also quite smooth at
the beginning, continues to steepen up (becoming a shock front) while traveling into the
material (as schematically represented in Figure 4); this is because the higher amplitude
parts of the front travel faster than the lower amplitude ones. The second consideration
regards the release wave. It travels in the shocked material (in which the particles are
moving at velocity up). Hence, by traveling, the release wave reduces the duration of the
shock, and there could be a time in which the top of the release wave reaches the shock
front reducing it intensity (and as a consequence also its speed). This also means that any
disturbance can catch the shock front from behind (the shock front is subsonic relative to
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the shocked material). This is particularly evident in case of extremely short waves, such as
those generated with laser energy deposition [53].
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Figure 4. Explanation of the formation of a shock front starting from a smooth wave beyond the
elastic limit; at each point, the velocity of the pressure wave is the sum of the speed of sound and the
particle velocity proper of the conditions in which the point is (Cc + Upc > Cp + Upp > Ca + Upa).

The high energy deposition inside the material produces a loading condition for which
the cylindrical assumption is more realistic. At the beginning of these phenomena, the
spatial pressure distribution is strictly related to the energy distribution deposited in the
material (Figure 1). During the subsequent phase of propagation, the shockwaves generated
in the material maintain an axisymmetric shape. This introduces some peculiarities that
differentiate the wave propagation from those expected for the planar case (Figure 3). The
scope of the present study is to analyze the results obtained from the numerical simulations
of the high-energy impact with reference to what is expected from the wave propagation
for cylindrical waves and underlying the differences with the more common mechanical
impact scenarios. The rigorous mathematical solutions of the partial differential equations
governing the propagation of planar and cylindrical waves are not presented here for
sake of brevity, but they can be found in [54]. Since the numerical approach is the basis
of the present study, it was also applied for this preliminary investigation. To this end,
two simple numerical models were built for the visualization of the differences between
planar and cylindrical shocks (Figure 5). The finite element simulations were performed
with the software LS-DYNA. For the planar case, the geometry was modeled with shell
elements in plain strain formulation and the uniaxial strain condition was obtained by
fixing the nodes to not move in the y direction; in this way, the lateral deformation was
prevented. In the cylindrical model, the geometry was modeled with shell elements with
an axisymmetric formulation and the axial displacement were constrained; hence, only the
radial displacement is allowed. In this second model, the component is an expanding ring.
In each model, a rectangular velocity profile was imposed to a row of nodes; the velocity
was in the x direction with a duration of about 2 us and a maximum value of 300 m/s.
The component is supposed to be in tungsten (density pg = 19255 kg/m?) and the material
behavior was modeled with a pure hydrodynamic material model whose behavior was
completely defined by a linear EOS (bulk modulus B = 417 GPa).

In the case of a planar (or longitudinal) wave, the variables (e.g., pressure, particle
velocity, density, etc.) depend on only one coordinate (e.g., the longitudinal one, called x)
and on time. As a consequence, at a fixed time, the variables are homogeneous on a plane
orthogonal to the direction defined by that coordinate. The direction of propagation is
parallel to the longitudinal coordinate and the wave front is a plane normal to this direction
(each section of material is moved in the propagation direction parallel to the other ones).
The amplitude of the wave remains constant during the propagation, at least until the
release wave will catch the front and after the passage of the release wave, the material
returns to the undisturbed condition. These features were confirmed by the analysis of the
numerical results. From the numerical point of view, the wave propagation was visualized
by considering the pressure as a function of the longitudinal coordinate at different times
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(Figure 6a); farther portions are invested by the pressure wave at a later time. The curves
at increasing time show that the wave front was becoming sharper while the slope of
the release wave was decreasing, implying a reduction of the duration of the shock and
potentially being able to reduce the shock amplitude (and as a consequence, also the shock
front velocity) if it catches the front (this is not the case shown in Figure 6a).
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Figure 5. Scheme of the numerical models used for the investigation of the propagation of planar
and cylindrical waves in solids: formulations, boundary conditions, and constraints.
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Figure 6. Pressure as a function of longitudinal coordinate for plane strain case (a) and pressure as a
function of radial coordinate for the axisymmetric case (b) at different times.

Conversely, when a cylindrical coordinate system is considered and under the as-
sumption of cylindrical symmetry, the variables depend on only the radial coordinate r
and time. The solution of the wave equation, at a sufficiently large distance from the axis
of the cylinder, gives that the amplitude of the shock decreases with the radius and, in
particular, the decrement is proportional to 7~/ and the intensity of the wave decreases
with 1/7. Intuitively, this can be understood by thinking that when the cylindrical wave
moves toward increasing radii, the same energy amount is distributed over a cylindrical
surface whose area increase linearly with the radius. Another important difference between
planar and cylindrical cases is that in the case of cylindrical waves, behind the shock
front, there is always a negative pressure state (positive hydrostatic stress) that comes
from the axisymmetric constraint itself. The fact that the material does not return in the
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undisturbed condition implies that not only the pressure is not zero after the shock end,
but also that particle velocity and density do not return to their initial values. When the
shock amplitude is moderate, the change in density remains limited: the material is still
solid and can support tensile load. When the shock is strong, the consequent change in
density can be significant and the material could undergo a change of state, being unable
to support hydrostatic tensile load (the material is no longer solid). These considerations
were confirmed by the numerical results. For the cylindrical case, the wave propagation
investigated by considering the pressure as a function of the radial coordinate at different
times (Figure 6b). By focusing the attention on a point of the pressure wave (e.g., the
peak of pressure of the shock front), it is possible to clearly observe the reduction of the
amplitude while the wave is traveling. In addition, another important consideration is that
with an imposed flat boundary condition in velocity, because of the axisymmetry, it is not
possible to obtain a flat pressure profile, but the pressure decreases during the shock phase
itself. At the end of the shock, the pressure reached negative values in the entire portion
of material behind the end of the shock. If no limits are imposed, the material can reach
high values of negative pressure (depending on the pressure level reached at the end of the
shock). Otherwise, a limit can be defined in the FE model corresponding to the maximum
hydrostatic tensile stress which can be supported by the material (this is not the case shown
in Figure 6b). In particular, the negative pressure can be limited by imposing that a pressure
lower than a threshold P,,;,, (with P,,;, < 0) is not allowed (e.g., to simulate the material
change of state and/or its loss of capability to support higher negative pressure).

4. Tungsten Component Impacted by LHC Proton Beam

As case study, a cylindrical bar made in tungsten was considered as the target. It was
hit at the center of one base by eight bunches of the LHC at 7 TeV (standard deviation of
the beam equal to 0.88 mm and 1.15 x 10! protons per bunch; for more details, see [33]).
The bunch length was 0.5 ns and the time between two successive bunches was 25 ns: the
total duration of the deposition phase was about 200 ns. The simulated case is a possible
accidental event for the LHC collimation system, and the duration of the deposition could
correspond to the time before the protection system of the LHC starts to dump the beam.
In nominal operating conditions, the collimators, which are placed close to the beam,
intercept and stop particles of the external halo. In accidental scenarios, when the beam is
out of control, collimators, which are strategically positioned, absorb the particle impact,
thus protecting other critical structures, such as the superconducting magnets. The LHC
collimation system is made up of several collimators placed along the LHC ring. The study
of the possible damage of the collimators is a crucial issue due to the fact that they are the
closest components to the proton beam.

The evaluation of thermal loads was performed by the FLUKA Team at CERN, using
the FLUKA particle physics MonteCarlo simulation package [8,9]. Then, the FLUKA results
obtained in GeV/cm3/proton were converted to J/m?® and used as input for the finite
element analysis. The hypothesis of isolated bunches was made, which means that the
reactions generated by the first bunch were assumed to be finished before the arrival of the
second bunch and so on. Another assumption made in the present study was to neglect
the tunneling effect. Theoretically, the FLUKA results are correct only for the first bunch
that is impacting against a pristine material. The successive bunches encounter a material
in which shockwaves were generated and propagated inducing modifications in some
materials properties, such as the density. The results obtained in [33] demonstrated that in
the case of the impact of a limited number of bunches, the induced modifications are not
significant to require the update of the FLUKA calculation.

The FE numerical simulation was performed using the nonlinear code LS-DYNA [17]
with a Lagrangian approach and an explicit integration time scheme. A multiphase EOS
from the SESAME library was used combined with the definition of strength and failure
models. The detailed description of the numerical model and the analysis of the results are
reported in the following sections.
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Description of the Numerical Model

The geometry considered was a cylinder 1 m long and with a radius of 10 mm impacted
perpendicularly at the center of one base. The numerical model represented the irradiated
parts of a bigger component. This means that the external surface was not modeled as
a free surface, so there were not any reflections at the boundary, simulating, in this way,
the presence of other material. The geometry of the target and the thermal load were
axisymmetric, and this allowed to reduce the 3D problem to a 2D one [55].

The time step of the explicit analysis was set equal to about 0.1 ns in order to correctly
appreciate the bunch profile (0.5 ns). The FE analyses were performed using underinte-
grated (1 integration point) 2D axisymmetric elements. The model counted 50 elements
in the length (i.e., axial) direction and 100 elements in the radial direction: the elements
dimension was 20 mm x 0.1 mm. The study of the mesh influence for a similar case was
performed in [56] and showed that these values are a good compromise between solution
accuracy and computational costs. The FLUKA calculation was also performed on the same
2D axisymmetric geometry with the same spatial discretization (bin size equal to element
size). The FLUKA results converted in GJ/m? are shown in Figure 1 where a logarithmic
scale was used for the visualization. The energy as a function of the radius at various axial
coordinates and the energy as a function of the length at various radial coordinates are
shown in Figure 7. The peak of the energy was about 150 GJ/m? and occurred along the
axis of symmetry (r = 0 mm, Rg) at a depth of 60 mm from the impacted base (Lgmax)-

150 " = 150 ‘ =
wns R=0 mm T
Emax

. \3 """" R"'05 mm U T R TR S (o L=O 5 m
“c 100 “e 100

= =

e e

> >

2 =2

& %) &

I30 0.2 0.4 0.6 0.8 1 0.2 0.4 06 0.8 1

Length (m) Radius (cm)

Figure 7. Distribution of the specific energy deposited from a single bunch on tungsten cylindrical
bar (result of the FLUKA calculation): energy as a function of the axial direction curves varying
the radial coordinate (left) and energy as a function of the radial coordinate varying the axial
coordinates (right).

The plastic flow stress was described by the Johnson-Cook (J-C) formulation [57] in-
cluding strain, strain rate, and temperature effects on based on the relationship

o= (A+Be")(1+Clog é) (1 = %), for which the parameters are listed in Ta-
ble 1. The failure of the component was simulated by an element erosion criterion that
limited the negative pressure at low density. This criterion was introduced to simulate that
where the component is no longer solid (e.g. a change of state occurred), the material is not
able to support negative pressure (tensile stress); on the basis of the expected behavior in
the case of a cylindrical shockwave, as described before, this could happen in the portion
of material behind the shock front. From the point of view of the stability of the numerical
solution, the erosion criterion also avoided too high distortion of the numerical mesh in
a portion of the component with a negligible strength. At each time step and for each
element, the FE solver performed the check of the erosion condition; if at the same time,
both the pressure and the density became lower than the corresponding imposed limits,
the element was deleted from the model. In detail, the threshold in pressure was set equal
to zero and that in density was set equal to 14,600 kg/m3. In addition, a limit for the
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hydrostatic negative pressure (Psp,;) was also defined to take spallation of the material into
account [58]; if the computed pressure became lower than Py, the element was excluded
from the calculation.

Table 1. ]-C parameters for tungsten [59].

Parameter Value Unit Parameter Value Unit
00 19,255 kg/m?3 £ 1x103 s1
G 1.6 x 1011 Pa m 0.41 -
v 0.33 - T melt 3683 K
A 3.30 x 108 Pa Troom 300 K
B 1.03 x 10° Pa ¢ 135.68 1/ (kg K)
n 0.02 - P —1.2 x 10° Pa
C 0.03 -

The EOS used for the prediction of the hydrodynamic component of stress was the
polynomial formulation defined in LS-DYNA [17]. The coefficients were obtained fitting
the multiphase tabular EOS number 3550 of the SESAME library [60]. The procedure for
the identification of the coefficients was automatically performed for each element at fixed
times, considering a limited portion of the entire table. At a specific time and for each
element, the considered portion on the EOS surface was centered in the point defined
by pressure, density, and energy proper of that element. This meant that a specific EOS
was defined for each element, and it was updated when the element condition in terms of
computed pressure, density, and energy fell outside the range used for the previous poly-
nomial interpolation. The EOSs were also used to introduce the specific energy obtained
from FLUKA inside each element. This was performed defining a temporal load curve
following the bunches profile. The numerical simulation ended at 1 ps, in order to simulate
the propagation phase in free conditions (after 200 ns, there were not any new bunches
impacting the structure).

5. Results and Discussion

The numerical results are shown in terms of pressure, density, temperature, and
particle velocity in Figures 812, where the time/spatial distributions of those quantities
are reported at different locations according to the definition of Figure 1. The maps show
the time evolution along a coordinate (along the radius at a fixed length or along the length
at a fixed radius). This is a typical representation of 1D wave propagation used in this case
in order to highlight and better understand the evolution of radial and axial waves. The
temperature scale was limited to the melting value at nominal density (3683 K; see Table 1).
The white area represents the part of the component deleted from the calculation if one
of the following criteria are satisfied; the erosion condition (negative pressure and low
density), the spalling criteria (see Table 1) and negative pressure computed on elements in
which the temperature exceeds the Ty, (see Table 1). This allows a rough estimation of
the damage in the component.

Figure 8 shows the results as a function of time and radius for the axial coordinate
corresponding to the peak of the deposited energy, called Ly (i.e., 6 cm from the impacted
base). The maps show that the radial wave started immediately after the deposition of
the first bunch. In the part of the component in which the deposited energy was high,
the pressure remained approximately constant during the deposition phase; the increase
in pressure due to the arrival of a new bunch compensated the pressure reduction due
to the expansion during the time interval between two bunches. This created a roughly
stationary pressure wave with a time duration equal to the deposition phase. The shape of
the shockwave changed during the traveling because the release wave overtook the front.
As a matter of fact, the speed of the release wave was higher than the speed of the shock
front because it was moving in a compressed medium. This reduced both the level and
the time duration of the wave, which became shorter and narrow (as also in shockwaves
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produced with nanosecond duration lasers [53]). As mentioned in the previous section,
this is not the unique reason for the reduction in the intensity of the shock, which was
also reduced for geometric reasons, as the energy was spread over an increasing volume.
The energy deposited by the first bunch was sufficient to overcome the Tye)¢ in a cylinder
of 1 mm of radius; the molten part became a cylinder of 3 mm of radius at the end of
the deposition. This means that during the deposition phase, the wave front was moving
inside molten material. At about 600 ns, the wave front reached a radius of 3 mm investing
solid material. Far enough away from the beam axis, the deposition induced a continuous
increment in pressure and temperature but with much lower values with respect those of
the central part. In this portion, which was still solid at the end of the deposition, the strong
modification of the state was induced when the front arrived; a significant increment of
both pressure and energy was induced by the front while the change of phase occurred
because of the arrival of the release wave. The part of the component behind the wave front
was characterized by a reduction in density. Conversely, the density increased when there
was the passage of the shock front: when the shockwave, even if attenuated, hit the almost
pristine (at least in density) material, it was able to induce high compression states. The
map of the particle velocity in the radial direction shows as the material flowed from the
center to the external at velocity higher than 1 km/s projecting the internal plasma toward
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Figure 8. Pressure (a), density (b), particle velocity in radial direction (c), and temperature (d)
distributions by varying the radius at the axial position of the maximum energy deposition (Lgmax Of
Figure 5).
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Figure 9. Pressure (a), density (b), particle velocity in radial direction (c), and temperature (d)
distributions by varying the radius at the impacted base (L of Figure 5).
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Figure 10. Pressure (a), density (b), particle velocity in radial direction (c), and temperature (d)
distributions by varying the radius at 50 cm from the impacted base (Lsg of Figure 5).



Metals 2022, 12, 670 15 of 21

1000 1000

(a) . ®
200 900
200
800 800 16
700 700
— 14 —~
__ 600 80 ¢ __ 600 &
@ G Q
£ 3 < 12 2
o 500 2 o 500 =
E a2 £ &
= 400 100 8 F 400 10 §
o (=]
300 300
8
200 50 200
6
100 100
0 0 4
0 20 40 60 80 100 0 20 40 60 80 100
Length (cm) Length (cm)
1000 1000
3500
900 0 900
800 800 3000
70 50 2 2500 &
__ 600 é __ 600 ;/
[2] 1]
B = 2 2000 5
© 500 S o 500 ©
£ -100 3 E g
= 400 = 7 400 1500 £
300 < 300
-150 1000
200 200
100 100 500
(c) . -200 (d)
0 20 40 60 80 100 0 20 40 60 80 100
Length (cm) Length (cm)

Figure 11. Pressure (a), density (b), particle velocity in axial direction (c), and temperature (d)
distributions as a function of the length at R = 0 mm (axis of symmetry) (R of Figure 5).
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Figure 12. Pressure (a), density (b), particle velocity in axial direction (c), and temperature (d)
distributions at the radial position of 2.5 mm (R; 5 of Figure 5).
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Figures 9 and 10 shows the distributions of the same quantities on the impacted
base of the component and for a depth of 50 cm from the impacted base, respectively.
The previously made considerations are still valid even if some specific comments must
be stated. First of all, lower values of pressure, temperature, and particle velocity were
reached combined with a less severe reduction of the density in the inner part and a
limitation of the molten portion. This because as observable in Figures 1 and 7, the map
of the deposited energy was not cylindrical. Considering the base, indicated with Ly (see
Figure 9), some elements failed because the minimum pressure became lower than Pgpy.
The nonsolid portion was limited, and the shockwave travel occurred entirely in solid
material. Considering the depth of 50 cm from the impacted base, indicated with Ls (see
Figure 10), the molten region extended up to a radius of 1.5 mm, and starting from 400 ns,
the shock propagation was in the solid part.

In LS-DYNA, the energy balance is performed by the routine of the EOS; at each
time step, the total internal energy of each element is calculated by adding the increment
with respect to the calculation performed at the previous time step. The increment is
the sum of two main contributions: the mechanical work, due to deformation, and the
external work. In turn, the mechanical work is composed of deviatoric and hydrodynamic
components. In case of pure structural analysis, once the total internal energy is calculated,
the temperature update is performed by the routine of the flow stress material model
(J—C in this case). Under the assumption of the adiabatic process, the internal energy is
converted in temperature considering the density and the specific heat capacity for the solid
state at room temperature as the proportional factors. This implies that the temperature
calculation does not take the modification of the specific heat capacity and that of the
melting temperature, which are information derivable from the EOS, into account. The
temperature evaluation, as reported in Figures 8-12, was strictly correct only in the solid
part. Nevertheless, the temperature distribution was used to obtain a rough estimation of
which part of the component was solid or not.

The next step was the analysis of the results fixing the radius and observing the time
evolution as a function of the longitudinal coordinate; this was performed to evaluate
the axial wave. The behavior of the axis of the component (Rg) is reported in Figure 11.
During the simulated time, nothing apparently moved in the axial direction: pressure,
density, and temperature changed during the deposition phase and during the subsequent
rarefaction phase but no waves in axial direction were appreciable. The maximum pressure
was reached after the arrival of the second bunch and was almost kept until the end of
the deposition. After the end of the deposition, the pressure reduced for the expansion
consequent to the radial wave propagation. The failure criteria were satisfied for elements
behind and above the portion in which the deposited energy was high. The molten area
extended along the component up to 80 cm from the impacted base. The axial velocity
was high (in absolute value) only near the base because the material expanded toward the
external being a free surface. Figure 12 shows the results obtained at a radial coordinate
of 2.5 mm, which is quite far from the beam axis to be characterized by low values of the
deposited energy (see Figure 7). This implies that the deposition phase was responsible
for a modest increment in pressure, while the pressure grew significantly when the shock
front arrived.

In Figure 13, the maps of the von Mises stress are reported. As it is possible to notice,
it was zero where the temperature exceeded the melting value. In the portion of the
component where the temperature was high, the von Mises stress was low, and a pure
hydrodynamic approach could be sufficient because the mechanical strength was negligible.
Conversely, the material strength and the deviatoric stresses were of importance (or even
the dominant part of the stress) in the portion of material where less energy was deposited:
the internal higher pressure status generated circumferential stresses able to induce high
deviatoric stresses.
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Figure 13. Von Mises stress distributions at (a) Lo, (b) LEmax, (¢) Rg, and (d) Ry 5 (see Figure 5).

Another possible visualization of the results is the observation of the paths followed
by the elements on the EOS surface. In Figure 14, the EOS is reported in the pressure—
energy plane varying the density: the grey lines plotted as background are the isodensity
curves of the tabular SESAME EOS for Tungsten. The paths followed by three elements
are reported. Figure 14a shows the path of the element in which the maximum energy was
deposited (P1). As a consequence of the energy deposition of the first bunch, it experienced
a sudden increase in its internal energy, which passed from 0 to E;. This jump was made
with a negligible variation in the material density (isochoric transformation) and was
associated with the pressure increase. During the 25 ns of void before the arrival of the
next bunch, this element expanded reaching lower values of pressure, density, and energy
(isentropic release), in accordance with the possible states predicted by the EOS. The state
in which the expansion ended represented the initial condition for the second bunch and
so on. When no more bunches hit the component, the free expansion started. Figure 14b
shows the path of two elements: P, is located at a radius of 2.5 mm at the same axial
coordinate of the element in which there is the maximum deposition and P3 is located at a
radius of 2.5 mm at the axial coordinate of 50 cm from the impacted base. Both of them
are located in a part of the component in which the deposited energy was relatively low.
In these elements, the deposition phase was responsible for a continuous and moderate
increment in pressure without a significant modification in density. Conversely, the state of
these elements considerably changed because of the crossing of the shock front: pressure,
density, and energy increased (during the shocking phase) and then decreased (during
the releasing phase). What happen to each element during the free expansion phases
depended on the global redistribution of the stress on the component: as illustrated by
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these examples, an element could expand (reaching lower value of pressure and density),
or compress (reaching higher value of pressure and density), with the aim of reaching the
global equilibrium condition.

Pressure (GPa)
Pressure (GPa)

% 200 400 600 800 % 5 10 15 20 25

Energy (G) /m) Energy (GJ /mi)

Figure 14. Equation of state of tungsten visualized in the pressure versus energy plane varying the
density. The diagrams represent the P-E-p evolution of three elements: P; is situated where there was
the maximum of the energy deposition (a); P, and P5 are situated far from this region (b).

6. Conclusions

In the present paper, the analysis of the effects induced in solid structures by the
propagation of shockwave generated from the impact between the material and high-
energy particle beam was discussed. First of all, the comparison between planar and
cylindrical shockwave was generally discussed, which allowed to focus on the specific
characteristics of the axisymmetric waves. In this case, the propagating wave reduces its
amplitude moving toward increasing radii and produces a strong rarefaction (hydrostatic
tensile state of stress) beyond the shock front.

The second part of the paper was related to the research activities on materials and
structures for the LHC at CERN. The prediction of the mechanical response and the induced
damage is important for some critical components (such as the beam intercepting devices)
installed on the machine. When a high-energy particle beam interacts with a solid structure,
it deposits its energy inside the hit material. The deposition induces a sudden nonuniform
increase in temperature, energy, and pressure and provokes the generation of axisymmetric
wave. Depending on the energy level, the impact condition and the time duration of the
phenomena, several scenarios can develop.

In the present study, the impact against a cylindrical tungsten bar hit at the center
of one basis by eight proton bunches at 7 TeV of the LHC was simulated. The geometry
considered was a cylinder 1 m long and with a radius of 10 mm. The evaluation of the
energy deposited on the impacted material was performed by the FLUKA Team at CERN,
using the statistical code, called FLUKA. The output of the calculation was the energy
map on the component which was used as input data for the FE calculations. They were
performed in LS-DYNA in the case of Lagrangian and pure structural analysis and solved
with an explicit time integration method. The fact that both the target geometry and the
load applied, in terms of energy deposition, are axisymmetric allowed to reduce the 3D
problem to a 2D one, so the component was modeled with 2D axisymmetric elements.
The material behavior was described by a multiphase EOS combined with both strength
and failure models. The results were analyzed in terms of temporal evolution of pressure,
density, temperature, particle velocity, and von Mises stress. The typical approach used
in case of 1D wave propagation was followed to investigate both radial and axial waves.
Analysis of the evolution of these quantities was conducted by varying a single spatial
coordinate at a time. The results showed that the high amount of energy delivered on the
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impacted (central) part of the component acted as an explosive inducing the shockwave
generation and its travel from the central zone to the external radii. The pressure evolution
was strictly related to the density changes and the energy deposition, in accordance with
the EOS. The traveling shockwave produced a strong rarefaction in the material placed
behind because of the release wave and a compression in the material placed ahead of it
with the possibility to strongly change its state. Fixing the attention on a single element,
the evolution of the states on the EOS surface was performed. Finally, a rough estimation
of the induced damage was also performed.
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