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ABSTRACT

In the present work the results of an extensive experimental campaign in which laser-shocks were used to assess the mechanical strength of graphitic materials are
presented. The aim of the project was to study innovative advanced materials used in high energy particle accelerators for beam intercepting devices (BIDs), such as
collimators, absorber blocks and dumps. In this framework, thin targets of graphitic materials relevant for the use as particle accelerator BIDs were submitted to high-
power laser driven shocks at the PHELIX laser facility in GSI. Online diagnostics such as shadowgraphy and laser velocimetry were deployed together with post-
mortem analysis on collected debris and shocked specimens.

The experimental results were compared with results obtained in literature. In this work the data acquired for the performed shots are presented with a focus on
graphite samples. The testing campaign provided large amount of information to cross-check and validate the models implemented for laser-matter interaction,
shockwave propagation and spall strength concerning a wide range of materials, all relevant for the use in beam intercepting devices of particle accelerators.

1. Introduction

In modern particle accelerators, such as the CERN Large Hadron
Collider (LHC) [1,2], the travelling highly energetic particle beams must
be safely arrested by beam intercepting devices (BIDs) in accidental
scenarios. The BIDs materials must withstand severe thermomechanical
conditions due to the quasi-instantaneous energy deposition while also
adapting to accelerator operative requirements of high electrical con-
ductivity, ultrahigh vacuum compatibility, geometrical stability and
resistance to radiation damage. Furthermore, the material choice should
also meet the constraints related to an affordable and large-scale in-
dustrial feasibility. In the past, carbon-based structures made of
Carbon-fibre Carbon (CFC) composite and isotropic polycrystalline
graphite were used in LHC collimators and other beam intercepting
devices, nevertheless the development of new particle accelerators with
increasing beam intensity and energy imposes challenging requirements
for the design of collimators and the selection of their materials. The
upgrade project of the LHC at CERN called High-Luminosity LHC
(HL-LHC) [3] foresees an increase of the beam intensity by almost a

* Research supported by the Aries project.
* Corresponding author.
E-mail address: alberto.morena@polito.it (A. Morena).

https://doi.org/10.1016/j.rinma.2024.100638

factor of two, to reach five times the design instantaneous luminosity of
the LHC, while the Future Circular Collider (FCC) program aims at an
increase of the energy stored in the circulating hadron beams (FCC-hh)
by almost a factor of 20 with respect to the LHC, reaching up to 8500 MJ
[4]. As a consequence of the escalation of beam energy in particle ac-
celerators, the urge of important upgrades of the collimation system [5]
is rising and, in particular, the development and characterization of
novel materials able to handle even more severe conditions is now
becoming a major concern. In this challenging context, CERN has
launched an extensive R&D program to explore new solutions in terms of
materials fitting the requirements of HL-LHC collimator absorbers [6]
with the aim of exploiting the properties of graphitic materials [7-10]
and combine them with some well-known high temperature resistance
metals [11-15].

Thus far materials that might be exposed to particle bunch impacts
have been tested at the HiRadMat facility at CERN [16], however the
energy densities reachable in this facility are only a fraction of FCC
expected conditions [11,17]. For this reason, the ARIES Work Package
17 aims at finding ways to test materials with energy densities beyond
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Fig. 1. Spatial distribution of the pressure on the laser beam radius as
measured in former works [19,20]. An approximation is proposed for the
pressure distribution.

those achievable within the HiRadMat facility and one of the most
promising methods is to irradiate with laser shocks. Even though laser
and particle beams have differences, they can produce analogous
thermo-mechanical effects when they irradiate matter, at least locally. A
previous experimental investigation with laser beams was performed on
polycrystalline graphite for particle accelerators applications, but only
post mortem analysis on the recovered specimens was deployed [18].
Indeed, when interacting with matter both particle and laser pulses
induce quasi-instantaneous heating, which can lead to a change of state
of the hit surface up to plasma conditions if the energy is high enough. In
the framework of the experimental campaign P219 performed at the
PHELIX laser facility a wide range of novel materials and coatings
relevant for BIDs application were submitted to laser-driven shocks to
contribute to their thermo-mechanical characterization under severe
loading conditions and estimate the potential damage instantaneously
induced on absorber materials in case of accidental hits.

2. Experimental setup
2.1. Presentation

When a high-power laser pulse irradiates a target, it leads to its quasi-
instantaneous heating up to plasma condition. Indeed, the plasma
expansion, resulting from the laser/matter interaction for nanosecond
laser pulses, triggers a compression wave on the front surface of the
specimen. The shock wave travels across the target until it reaches the
back surface and is reflected as a tensile wave. As a result, a dynamic
tensile stress condition is generated below the back surface, which can
lead to fragmentation. By changing the intensity of the laser irradiation
or the thickness of the specimens, a large range of tensile stresses can be
investigated. If this stress reaches the spall strength of the material, the
material breaks and a spall can be ejected. In this work the results of the
P219 experimental campaign are presented and more details are given
for the shots on graphite specimens. The tests performed at the PHELIX
laser facility provided a large amount of data which will be of para-
mount importance to benchmark and validate the current numerical
models concerning laser-matter interaction and the resultant behavior of
the material both in terms of shockwave propagation and spall failure
for innovative materials with BIDs applications.
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2.2. Petawatt high-energy laser for heavy ion experiments (PHELIX)
facility

The present work provides an overview of the P219 experimental
campaign conducted at the Petawatt HighEnergy Laser for Heavy Ion
Experiments (PHELIX) at the GSI in Darmstadt. The laser produced
square temporal pulses of 1.5 ns at a wavelength of 527 nm (2nd har-
monic), delivering energies in the range of 40-70 J, with a focal spot
obtained by a random phase plate of 1 mm diameter, resulting in a laser
intensity in the range of 3.4-5.9 TW/cm? The laser energies are
measured for each shot by a calorimeter from a pick-off mirror in the
laser chain, and the data coming from the calorimeter have been cross-
calibrated with the laser energies delivered inside the target chamber, i.
e. the laser intensities provided are depurated by the energy loss in the
phase plates. Nonetheless, one fifth of the energy transmitted after the
phase plates is lost in diffraction of order higher than 1st, hence 80 % of
the energy goes into the focal spot. The intensity of all the shots were
corrected accordingly.

Targets were irradiated under vacuum, and a mechanized stage
allowed to move from one irradiated specimen to a pristine one.

The spatial distribution of the PHELIX laser beam has been described
in two studies: measuring the X-ray pinhole picture of the hot zone in the
focal region [19] or the horizontal intensity profile at best focus [20].
The outcomes are shown in Fig. 1. Based on those descriptions, the
simplified spatial profile is proposed to model the laser intensity dis-
tribution. The laser pulse temporal profile can be considered flat top in
time with a plateau duration of 1.5 ns and fall times of 0.1 ns [21].
Knowing the deposited energy, the spatial and temporal profiles the
laser intensity is calculated for each shot and shown in Table 2. Under
these irradiation conditions the ablation pressure applied on the front
surface of the sample can be estimated by semi-empirical scaling laws
found in the literature [22] or via hydrodynamics simulation of the
laser-matter interaction [23].

2.3. Targets

The targets were 10-mm-diameter discs with thicknesses ranging
from 0.75 to 3.5 mm. The thickness of the specimens has been evaluated
by means of hydrodynamic simulations with the aim of obtaining
different levels of damage [23]. During the tests, different materials
were tested, as detailed in the following paragraphs.

2.3.1. Materials

The first calibration shots were taken at well-known materials such
as copper and aluminium. After these tests, 46 shots were fired at
specimens made of different materials of interest for BIDs.

The isotropic polycrystalline graphite SIGRAFINE® R4550 by SGL
Carbon SE (Germany) was among the tested specimens, since it is
currently used for the Target Collimator Dump Injection (TCDI) colli-
mators of the SPS-to-LHC transfer lines [24] and its behavior with
copper coating will be investigated during Long-Shutdown 3 (LS3) at
LHC [25]. Furthermore, hypervelocity impact and laser shock experi-
mental characterization of a graphite similar to R4550 has already been
made [26-28]. Density and properties can be varying depending on
grade and commercial products, nevertheless isotropic graphite is
commonly used in industry and in high energy domains of application.
R4550 characterization under various impact loading is available [10],
and a reference study based on laser-driven shocks has been performed
at the LULI 2000 laser facility on a similar material [26-28].

In addition, the CFC FS140® produced by Tatsuno (Japan) was
irradiated in this test. This material was chosen because it is similar to
the grade used in the primary and secondary LHC collimators.

Several shots were dedicated to a novel composite material named
Molybdenum carbide — Graphite (MoGr), which was tested under laser-
shock impact for the first time.

The research on MoGr was started with the aim of increasing the
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Table 1
Relevant properties of the materials used in the experiment. The longitudinal
elastic wave velocity is calculated for uniaxial stress assumption based on

Cuniaxial = \/E/p , where E is the Young modulus and p is the material density.

Material Grade Density [g/  Orientation  Young Cuniaxial

em?) Modulus [m/s]
[GPa]

Graphite ~ R4550 1,9 Iso. 11,5 2460
MoGr Nb8304Ng 2,55 1P 60 4851
TP 4 1252
MoGr Denser 2,7 1P 83 5544
grade TP 9 1853
CrGr as tested 2,15 P 38 3752
in [32] TP 2,5 1078
CFC FS140 1,7 P 75 5906
TP 3 1328
CuCD B1000 5,3 Iso. 194 6050
CuGr - 5,26 Iso. 80 3900

electrical conductivity of primary and secondary collimators made of
CFC, while maintaining robustness to beam impact. MoGr is produced
by Spark Plasma Sintering at a temperature of 2600 °C which is above
the melting point of molybdenum carbide. At this high temperature the
molybdenum reacts with carbon, forming carbides with a surprisingly
good electrical conductivity. The development of MoGr required an

Table 2
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extensive process optimisation of powder composition and type, as well
as of temperature and pressure of the sintering [29]. In order to assess
the compatibility to particle accelerator requirements the MoGr
Ultra-High Vacuum (UHV) behavior was described [30]. Moreover,
MoGr was submitted both to an ions irradiation campaign at the
M-Branch of the UNILAC accelerator at GSI [31] and a proton irradiation
campaign at CERN HiRadMat facility [16]. Collimators made of
graphite-matrix composites reinforced with Molybdenum carbides
(MoGr) have been installed during (Long Shutdown 2) LS2 replacing the
Carbon-carbon composite CFC collimators. Such collimators are under
operation, for the first time at CERN during LHC Physics Run 3. In the
detail, the chosen grade of MoGr is the Nb8304Ng produced by Nanoker
(Spain), which is installed in the updated HL-LHC collimator absorbers.
As a comparison, another denser grade of MoGr was also tested, the
grade NB2507Ng produced by Nanoker (Spain). In the effort of devel-
oping a cheaper and low-environmental impact material, an alternative
material to MoGr named Chromium Carbide — Graphite (CrGr) was
tested. Besides the properties related to the application in the BIDs, one
of the objectives of the material development is to reduce material and
production cost. Keeping the advantage of the carbide graphite com-
posite, the replacement of the molybdenum as catalysis by chromium
has been considered and Chromium carbide — Graphite (CrGr) was
developed, characterised [29] and tested under proton radiation [32].

Summary of the shots performed. The coatings between brackets are non-functional coatings.

Material Thickness Coating Shot Laser Debris Max. Surface Time Shockwave travel Average wave  Average wave
[um] Id. Intensity Velocity HSC ~ Velocity PDV max. vel. time Streak speed PDV speed Streak
[TW/cm2] [m/s] [m/s] PDV [us] Camera [ps] [m/s] Camera [m/s]
Copper 200 - 2 2,6 0 1063 0,184 1085
Aluminium 500 - 3 4,5 0 2241 0,164 3056
Graphite 750 (Ag) 1 3,4 148 222 0,696 1078
(Marker) 41 3,8 177 243 0,465 0,283 1613 2648
1000 (Marker) 35 4,4 150 180 0,604 0,317 1656 3151
Cu 27 3,8 22 71 0,995 1507
1500 (Marker) 34 3,9 16 69 0,926 1,006 1620 1491
2000 (Marker) 33 3,8 16 64 1,226 1,113 1632 1796
MoGr IP 750 (Ag) 4 3,1 172
(Ag) 37 4,1 172 213 0,327 0,376 2294 1995
1000 (Ag) 28 3,8 91 167 0,465 0,386 2149 2592
1500 Mo 6 3,4 44
Cu 8 3,8 56 110 0,696 0,654 2156 2293
Cu + 9 3,8 115 0,880 0,703 1704 2133
Tape
(Ag) 10 3,7 78 110 0,880 0,625 1704 2400
2000 (Ag) 29 3,8 57 91 1,111 1,025 1801 1950
2750 (Marker) 13 4,0 51 1,641 1,592 1676 1728
3500 (Marker) 15 4,5 33 2,470 1417
MoGr TP 750 (Ag) 5 3,4
(Marker) 7 4,1 210 0,258 0,166 2906 4518
(Ag) 39 3,8 132 165 0,327 0,278 2292 2695
1000 (Ag) 38 4,6 98 155 0,465 0,386 2151 2592
1500 (Ag) 11 3,6 19 58 0,811 0,703 1849 2133
2000 (Ag) 17 3,9 40 1,203 0,938 1663 2133
2750 (Marker) 14 3,9 19 0,100 27630
3500 (Marker) 16 3,8
MoGr 1500 (Ag) 21 33 51 112 0,488 0,439 3071 3413
Denser IP 2250 (Marker) 25 4,2 0 71 1,018 0,928 2209 2425
MoGr 1500 (Ag) 22 3,2 46 35 0,673 1,221 2229 1229
Denser TP
CFC IP 1500 (Ag) 20 3,8 76 100 1,595 1,074 941 1396
2250 (Marker) 36 4,2 0 59 1,963 1146
CFC TP 1500 (Ag) 24 3,7 59 65 1,318 1138
3D CFC IP 1500 (Ag) 44 3,9 0 36 0,748 0,420 2007 3572
3D CFC TP 1580 (Marker) 47 3,8 0 46 0,373 0,195 4233 8090
CrGr IP 1500 (Ag) 12 3,5 108 115 1,065 0,928 1409 1617
2250 (Marker) 23 3,7 0 72 1,433 1,416 1570 1589
CrGr TP 1500 (Ag) 19 3,4 46 43 1,249 1201
CuCD 750 (Marker) 26 4,2 134 130 0,258 2906
1000 (Marker) 18 35 58 62 0,420 2381
CuGr 750 (Ag) 45 3,9 140 106 0,281 0,225 2668 3339
1530 (Marker) 46 3,7 63 1,318 0,146 1161 10445




C. Accettura et al.

Results in Materials 24 (2024) 100638

Through Plane
sample

In Plane
sample

Propagation . Basal

Propagation
Properties _L plans

Properties "
(b)

Fig. 2. Schematic description of the basal plan orientation (a) with respect to the pressure applied during manufacturing processes [29] and (b) with respect to the

pressure applied on the specimen during the experiment.

Another composite of interest for BIDs is CopperDiamond (CuCD).
This composite is produced by SolidPhase sintering at a temperature
slightly lower than the melting temperature of copper. The composition
of the powder is 60 % diamond, 39 % copper and 1 % boron. The dia-
mond particles are dispersed in the copper matrix and have various sizes
in order to enhance the material compaction. The boron is added to
overcome the low chemical affinity between diamond and copper. Even
though the CuCD also has very good thermal and electrical conductivity,
it is extremely difficult and expensive to produce and to machine. This
composite has shown superior robustness to beam impact compared to
other alloys (W or Mo-based) envisaged for tertiary collimators. The
online and post-mortem results of experimental campaigns at HiRadMat
concerning materials for BIDs have been presented in various papers
[32-36]. Indeed, extensive simulation work has been done to bench-
mark the results gathered in the experimental campaigns [36-38]. As a
potential alternative to CuCD, also Copper — Graphite (CuGr) was tested.

2.3.2. Orthotropic directions

Carbide-graphite composites, as well as CFC composites, are mainly
composed of oriented graphite, therefore they exhibit an orthotropic
behavior. The dynamic behavior of those anisotropic materials has been
investigated by measuring the propagation of the pressure waves in both
orthotropic directions after the application of a pressure field. Table 1
shows the properties of the materials in the two directions. The naming
convention used in this work is presented in the following and in Fig. 2.
The orientation of the basal planes in the sample depends on the uniaxial
pressure applied during the manufacturing. An anisotropic sample is
named in-plane (IP) if the specimen was cut in the direction of the
graphite basal plane. In that case, impact loading pressure generated by
laser driven shock is applied perpendicularly to the graphite basal
planes. On the contrary, a sample is named through-plane (TP), if the
specimen was cut perpendicularly to the direction of the graphite basal
plane, and so the pressure loading and the wave propagation are parallel
to the basal planes of the material.

The preferred orientation of graphite basal planes is defined with
respect to the applied uniaxial pressure during manufacturing. The
naming convention for the material directions used in this study is
referred to previous works [29].

2.3.3. Coatings

Since thin-film are deposited on the collimator absorbers of the LHC
to enhance electrical conductivity, their adhesion was also investigated
during this test campaign. Taking advantage of irradiation conditions
close to those of a LAser Shock Adhesion Test (LASAT) used to assess the
bonding strength of coating and adhesives, 6-um-thick molybdenum
coatings and 3-um-thick copper coatings were applied on the back face
of some of the targets. However, due to their low reflectivity, the pres-
ence of this coating was detrimental to the quality of the signal from
online diagnostics (PDV and Streak camera), and for this reason this
configuration was limited to a few shots. In addition to that functional
coating, a coating aiming at enhancing the back surface reflectivity was
applied on the sample as further explained in following sections.

Table 1 gathers some of the main properties of the materials used for

4L LED
Flange —__

Vacuum
chamber

PHELIX -
laser beam |

-{ PDV system

Target

holder SieaK

" camera

High-speed
camera

Fig. 3. Schematic of the online diagnostics used during the experi-
mental campaign.

this experiment under laser pulses.

2.3.4. Diagnostics

During the P219 experimental campaign, both, on-line and post-
mortem diagnostics have been used. In Fig. 3 a schematic of the on-
line diagnostics used during the experimental campaign is reported.
Photonic doppler laser velocimetry (PDV) was installed pointing at the
back surface of the specimen to measure the back surface velocity when
the shockwave broke out. Nevertheless, the temporal resolution was
limited to 55 ns. Facing the challenges due to the low reflectivity of the
target, several methods were used to enhance the return signal in the
1.5-mm-diameter PDV probe: surface polishing, 1-um-thick silver flash
coating, or application of reflecting silver colour ink. A fine adjustment
of the alignment of the incident and reflected probe beam was also
required. The VISAR installed in PHELIX facility [21] relies on streak
camera allowing a measurement window of 30 ns. Based on preliminary
simulation, it was shown that this measurement window was incom-
patible with the time scale of the shock-wave arrival on the back surface.
The streak camera was nevertheless used to point directly at the back
surface without interferometry system. Streak images, recorded with a
16 bits CDD with 1344 x 1024 pixels could define the time at which the
shock broke out of the back surface of the specimen with a temporal
resolution in the range of 65-120 ns, depending on the choice of the
sweep window. High speed systems based on shadowgraphy was
implemented for transverse imaging of the debris ejection. With photo
diode enlightenment, the camera took 26.6-um-pixel-size pictures of the
cloud of debris, every 1.7-5.4 ps. Opening and closing time of the shutter
were recorded on oscilloscope to determine the exact time of the cap-
ture, while the exposure time was fixed at 369 ns. Ejected debris were
collected on a transparent PMMA plate placed at 12 mm from the back
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Frame rate: 232’500 fps
Resolution: 192x104 pixels
Shutter speed: 1/2'713'000 s
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Fig. 4. Experimental data from the shot on 1000 pm graphite target: (a) shadowgraphy from high-speed camera (b) acquisition from streak camera, (c) PDV data

with comparison between data from all the diagnostics.

surface. The shape and size of debris will be analysed by scanning
electron microscopy. Ultimately, post-mortem microscopy and tomog-
raphy of the specimens submitted to laser impact will be deployed to
measure the crater on the front surface, the spallation depth on the back
surface and to localize the subsurface cracks.

2.3.5. Post-mortem analysis

Post-mortem analyses were carried out using two advanced imaging
systems: the Keyence digital microscope VHX-7000 and the Veeco 3D
Optical 3D profiling and roughness system. The Keyence digital micro-
scope was used to first obtain high-resolution images of the damage
induced on the specimens, allowing for detailed observation of the
craters on the front and back surfaces. An “in-depth” 2D profile analysis
of the craters was then performed to evaluate the variations in shape and
depth of the laser-induced damage on both the front and back side of
each specimen. For this purpose, the roughness and profiling capabilities
of the Keyence microscope were employed. The same type of analysis
was done using the Veeco 3D Optical 3D profiling and roughness system,
which is known for its highly accurate surface roughness measurement
functions, with a maximum height range of 2 mm in Vertical Scanning
Interferometry (VSI) mode and an accuracy of + 1.50 nm.

The findings from the Keyence digital microscope and Veeco system
were consistent, both showing similar variations in the shape and depth
of the laser-induced craters. This comparison of results between the two
systems provides valuable cross-validation and confidence in the con-
clusions reached through the post-mortem analysis.

3. Experimental results
3.1. Pulse list and results overview

The pulse list given in Table 2 summarizes for each shot the char-
acteristics of the target (material, coating and thickness), the laser in-
tensity, the average velocity of the debris measured by the High-Speed
Camera (HSC), the maximum back surface velocity and the average
breakthrough time measured by the PDV and by the streak camera. The
laser pulse duration of 1.5 ns and spatial distribution are considered
constant. From the results it is possible to highlight the complementarity
of the diagnostics. The PDV was able to determine the peak velocity of
the back surface of the material with adequate precision, while the
streak camera measured the time that the shock-wave needed to travel
through the specimen. Indeed, the high-speed camera was the only
diagnostic to record the failure mechanism of the various specimens and
it also gave the possibility to evaluate the average speed of the debris
flying off the material, which is fundamental to estimate the spall stress.

As already said, the low reflectivity of the surfaces played an important
role for the data acquisition of both PDV and streak camera systems,
hence causing the loss of signal during some shots.

The waves speeds determined by the PDV and Streak Camera timings
and the specimens’ thicknesses could be compared to the longitudinal
elastic wave speeds reported in Table 1. It should be recalled that the
elastic wave velocities were recorded with a uniaxial stress assumption,
hence their validity becomes lower as the thickness of the specimen
increases. As a matter of fact when the specimen thickness becomes
equal or greater than the focal spot of the laser of 1 mm, the uniaxial
approximation looses validity since the shockwave tends to become
spherical, thus providing bidimensional features.

Furthermore, the disturbance travel times acquired by the PDV and
the Streak Camera are significantly different from each other. The pre-
sent effect might be explained by the fact that the Streak Camera records
the first movement of the back surface, hence capturing the elastic
precursor, while the PDV indicates the maximum speed, hence the
arrival of the plastic wave.

In view of the conclusion drawn, it becomes more clear why for
example the average wave speed determined by the Streak Camera for
the shot 41 is close to the uniaxial elastic wave speed declared in Table 1,
while the other wave speeds seem inconsistent with the data in Table 1.

3.2. Example of data analysis - shot on 1000-um-thick graphite target

The shot on the 1000 pm graphite target is taken as an example to
describe the data analysis which follows the data acquisition from the
diagnostics. From the frames acquired with the high-speed camera the
debris detaching from the back surface can be tracked and their average
velocity can be easily estimated by knowing the distance covered be-
tween two frames and the frame rate of the camera, as shown in Fig. 4.
As previously mentioned, the streak camera was used to define the time
at which the shockwave arrived at the back surface of the specimen,
which can be used to determine the average shock-wave speed inside the
material. Indeed, the shockwave speeds evaluated in Table 2 can be only
qualitatively compared to the shockwave speeds from Table 1 since in
the laser experimental conditions the produced shockwaves are not
perfectly planar shockwaves.

The streak camera image in Fig. 4 should be read from the top to the
bottom because this is the timeline of the shot. When the horizontal
pattern of the image changes it means that the streak camera system has
detected a movement of the back surface of the specimen, signifying that
the shockwave has arrived. Since the PHELIX laser shock pulse arrival on
the front surface is known thanks to the synchronisation system of the
facility, the shockwave travel time can be evaluated as the difference
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Fig. 5. Microscopies of the post mortem MoGr IP and TP specimens back surfaces.

between the time of shock breakout and the time of pulse arrival. 4. Discussion
Finally, the PDV system was able to determine the maximum speed of

the shockwave breaking out of the back surface and to confirm the speed In addition to the overview of the results, two study cases are given in

of the debris evaluated by the high-speed camera and the time of the following: one based on

the complementarity of the diagnostics and

shockwave breakout measured by the streak camera, as shown in Fig. 4. the other aiming at comparing data obtained during experimental
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Table 3

Comparison of quasi-static bending strength measured in former works and spall
strength obtained by acoustic assumption, derived from PHELIX “P219” exper-
iment measurements.

Material ~ Grade Orientation  Quasi-Static bending  Spall strength
strength [MPa] [MPa]
Graphite ~ R4550 Iso. 61 125
MoGr Nb8304Ng 1P 10 76
TP 80 267
MoGr Denser grade 1P - 309
TP - -
CrGr as tested in P 5
[32] TP 26
CFC FS140 P 10 21
TP 160 28
CuCD B1000 Iso. 300 35
CuGr - Iso. 50 -

campaigns performed on similar materials.

4.1. Orthotropic materials, comparison of damage observed depending on
the direction of stress

Fig. 5 presents the general aspect of the target back surface for MoGr
specimen, taking into account the direction of stress and the thickness of
the target. When the target thickness increases, the damages observed
on the back surface are reduced. Qualitative comparison of the back
surface damages allows the comparison of the ability to withstand the
dynamic stress. When comparing the damages on IP and TP MoGr

Backside MoGr IP

Results in Materials 24 (2024) 100638

targets, it appears that the IP direction is weaker than the TP direction as
it was observed during quasi-static bending tests (Table 3). An evalua-
tion of the spall strength in both cases is proposed in the following.

Fig. 6 shows the crater profile observed on the back surface of IP
MoGr and TP MoGr targets. Both the depth and the volume of the craters
observed under similar irradiation conditions are more remarkable for
TP MoGr specimen.

The pullback velocity is evaluated as the difference between the
maximum of the free surface measured by the PDV and the debris ve-
locity measured by the HSC. All the data acquired through the present
work are shown in Table 2. The back surface velocities acquired for
MoGr targets are plotted in Fig. 7 taking into account the direction of the
basal planes depending on the shock propagation, as a function of the
target thickness.

The spall strength is evaluated based on the pull back velocity under
the acoustic assumption [26]:

1

Osp :ipocoAupb 1)
where Cj is the bulk sound velocity in [m/s], po is the density in [kg/ms]
and Auyy, is the pullback velocity obtained experimentally. The material
properties used for each material are taken from Table 1. The averaged
values of spall strength, resulting from the current post-experimental
study are given in Table 3 and compared to the quasi-static bending
strength measured in former works [32]. It is worth noting that given the
porosity of the materials used in the study, the acoustic approximation
must be considered with caution [26].

In further works, assisted by numerical simulation, such diagnostics
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Fig. 6. Profilometries of the backsurfaces of postmortem MoGr (a) IP samples and (b) TP samples.
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Fig. 7. Experimental peak sample surface speed and detached debris speed, for
IP and TP MoGr samples, as a function of the initial sample thickness.

should both allow to evaluate the loading conditions into the targets and
get an insight into the resulting damage phenomena in materials under
high strainrate loading.

4.2. Graphite comparison with studies from literature

Fig. 8 presents the results of the PDV measurements performed on
graphite targets. The conditions of irradiation during each of these cases
can be found in Table 2.

Besides application in particle accelerator, graphite is a material
commonly used in high energy industrial applications, such as nuclear
reactors. Similar graphite materials have been submitted to laser shocks,
and the results are reported in the literature. Laser-driven shocks with
nano and picosecond laser irradiation at Kamerton-T and at PHELIX
facility respectively, on different grades of Graphite (Graphite MF-307

Shot 01 Gr Iso 0750 um

Shot 41 Gr Iso 0750 um
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and Polycrystalline Graphite PG-5) [18,19]. Back surface velocity was
not monitored during the aforementioned experiments, but damages
and material transformation on the front and back surface were char-
acterised by Optical microscopy and Raman spectroscopy, and the
spalled regions thicknesses were measured. A reference study based on
laser-driven shocks has been performed at the LULI 2000 laser facility,
on a similar material, named EDM3, which is a porous isotropic and
homogeneous graphite from POCO Company [26-28]. The material had
also been characterised at smaller strain rate under hyper-velocity im-
pacts obtained by projectiles launched by MICA, a two-stage light-gas
gun located at CEA CESTA [39,40]. A simulation benchmark of the laser
shocks experiment on porous graphite EDM3 was performed in a pre-
vious work [23]. In this work, it is proposed to compare the maximum
back surface velocities extracted during the two experimental cam-
paigns. It is worth noting that even though the two materials are similar,
they are not strictly identical since the density is different. Indeed, a
higher density means lower dissipation of the disturbance. Moreover,
the characteristics of the laser pulse provided by the two facilities are
also slightly different from the point of view of the spatial profile and the
pulse duration. In particular, the energies delivered by the LULI laser are
higher than the GSI laser. For these reasons the maximum back surface
velocities can be compared only if they are normalized by the maximum
laser intensity, the pulse duration and density of the tested graphite, as
shown in Fig. 9. As it seems from the comparison of the normalized
maximum speed the data acquired during the two experimental cam-
paigns are relatable. However, the normalization shown in Fig. 9 is able
to only give a rough estimation of the analogies between the shots taken
in different conditions. As a matter of fact, simulations need to be per-
formed to completely understand the phenomena involved.

5. Conclusion and future work

In the present work the motivations and the results of the P219
experimental campaign were presented. The laser-shock tests performed
at the PHELIX laser facility of the GSI research center in Darmstadt
(Germany) provided a large amount of data. Globally, 48 samples were
tested under high intensity laser, all the specimens were made of

Shot 35 Gr Iso 1000 um
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Fig. 8. PDV measurement performed during shots on graphite specimens. The back surface velocity is recorded for specimens of various thicknesses.
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Fig. 9. Comparison between GSI and LULI shots of the maximum speed of the
back surface determined by the PDV (V},,,x) normalized by the maximum laser
intensity of the shot (Iay), the duration of the pulse (tyus.) and the density of
the specimen (p) in function of the thickness of the specimen.

materials relevant for particle accelerators BIDs application. The
isotropic graphite R4550 was taken as reference material, since it is
well-known. However, cutting-edge materials, namely MoGr, CuCD,
CuGr and CrGr were irradiated as well.

During the shots, the phenomena happening on the back surface of
the specimen were recorded by means of several diagnostics, such as a
PDV laser velocimeter, a streak camera and a high-speed camera.
Indeed, post-mortem analysis by means of scanning electron microscopy
and tomography were performed.

The combination of online and post-mortem diagnostics provided
fundamental information on the damage observed on different materials
submitted to laser-shocks and will permit to quantitatively compare the
different materials. Surely, the acquired experimental data will allow to
benchmark and enhance the actual simulation procedure in terms of
materials constitutive models for laser-matter interaction, shockwave
propagation and spall strength for a variety of innovative materials
specifically developed for beam intercepting devices of particle
accelerators.
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