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Abstract

This work presents first insights into the dynamics of free-surface release clouds from
dynamically compressed polystyrene and pyrolytic graphite at pressures up to 200 GPa, where
they transform into diamond or lonsdaleite, respectively. These ejecta clouds are released into
either vacuum or various types of catcher systems, and are monitored with high-speed
recordings (frame rates up to 10 MHz). Molecular dynamics simulations are used to give
insights to the rate of diamond preservation throughout the free expansion and the catcher
impact process, highlighting the challenges of diamond retrieval. Raman spectroscopy data
show graphitic signatures on a catcher plate confirming that the shock-compressed PS is
transformed. First electron microscopy analyses of solid catcher plates yield an outstanding
number of different spherical-like objects in the size range between ten(s) up to hundreds of
nanometres, which are one type of two potential diamond candidates identified. The origin of
some objects can unambiguously be assigned, while the history of others remains speculative.

Supplementary material for this article is available online
Keywords: recovery, nanodiamonds, laser-induced shock compression, high energy density

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

1. Introduction

Material properties are only poorly understood and theoretic-
ally very difficult to describe in the transition regime between
solid-state matter and a plasma [1-4], the so-called warm
dense matter regime [5]. Here, the thermal energy of electrons
is similar to those of chemical bond energies and above giv-
ing rise to extreme chemistry [6]. The rising number of high-
energy laser facilities [7, 8] enables continuously improv-
ing access to these highly interesting states of matter in as
yet uncharted parts of the phase diagrams of materials. One
promising way to improve our understanding of materials
under such extreme conditions as they are found in planet-
ary and stellar environments is the performance of dynamic
shock compression experiments investigating the processes by
means of in situ and recovery methods.

Dynamic shock compression experiments can be realised
using various techniques. Our experimental approach is based
on a high-energy laser creating an upstreaming plasma on the
front surface of a solid-state sample [9, 10]. This upstream-
ing plasma drives a shock wave through the remaining target
obeying the conservation law for momentum. The shock wave
compresses the target to extreme pressure and temperature
conditions [11] relevant to stellar or planetary objects in our
Universe (see figure 1(a)) [12-17]. In such an environment,
the target species enter new regimes in which processes of
extreme chemistry or phase separations can be triggered lead-
ing to a transformation of the initial sample. Eventually, the
shock wave is reaching the sample rear-side where the material
is expelled in an ejecta cloud. Only lately, x-ray free electron
lasers emerged which deliver highly intense and ultra-short

(fs) x-ray pulses to probe such transient (ns) states in situ [18].
Thereby, the formation of numerous potentially metastable
structures was demonstrated [12, 13, 19-23], whose recov-
ery is highly desirable for an improved understanding of their
formation process and possible applications of these mater-
ials. The main challenges are the small amount of material
(<1 mm?) that is shock-compressed, the nano- to micrometre
scale of the formed metastable objects, the open question of
their preservation during the free expansion from their extreme
states, and their high ejection velocities of up to tens of km s~

The work presented here focuses on a first step towards
the recovery of lonsdaleite, often referred to as hexagonal dia-
mond, and cubic diamond formed in laser shock-loaded pyro-
lytic graphite (PG) and polystyrene (PS) samples, respectively
[12, 13, 19]. Lonsdaleite formation in our experiments has so
far only been achieved by dynamically compressing PG. The
diamond particles originating from PS and PG samples are
ejected after shock breakout in the course of a free-surface
release as part of an ejecta cloud travelling at estimated max-
imum velocities up to ~20kms~!. High-speed recordings
with frame rates of up to 10 MHz grant first insights into the
dynamics of the evolving ejecta cloud and its impact into a
variety of specially designed catcher systems. Their success at
capturing intact diamond particles was evaluated using various
post analysis techniques such as Raman spectroscopy, x-ray
diffraction, tomography, as well as scanning and transmission
electron microscopy. To date, two types of diamond candid-
ates could be identified.

Generally, recovery of materials formed under transient
extreme conditions is a concept that has been well estab-
lished in light gas gun, flyer plate, and diamond anvil cell
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experiments, as well as in space missions such as NASA’s
Stardust [24-29]. However, recovery of materials created
during laser-driven shock compression experiments [22, 23,
30, 31] is still an emerging technique and is particularly under-
developed in the high-pressure regime (>100 GPa) relevant to
this work [32, 33]. We want to close this gap and investig-
ate various recovery concepts for nanometre-sized hexagonal
and cubic diamond particles generated in laser shock-loaded
graphite and hydrocarbon samples at pressures >100 GPa.

2. Experiments

The recovery samples were collected during a series of exper-
iments at the matter in extreme conditions end station of the
Linac Coherent Light Source (LCLS) of the SLAC National
Accelerator Laboratory [34, 35], at the ID 19 beamline of the
European Synchrotron Radiation Facility (ESRF) [36, 37], and
the Z6 endstation at the GSI Helmholtzzentrum fiir Schwe-
rionenforschung GmbH [38]. A schematic of a representative
set-up for all recovery experiments is illustrated in figure 1.

First, it was confirmed that the pressure and temper-
ature conditions for cubic diamond (PG >50GPa and
for PS ~150GPa, ~5000 K) and lonsdaleite formation
(PG > 170 GPa) were achieved. For that goal, velocity inter-
ferometer system for any reflector (VISAR) measurements
[39] (see figure 1(a)) and 1D simulations with HELIOS [40]
were performed. A flat top pulse for PG and a step pulse pro-
file of the drive laser for PS targets were used to reach the
predicted conditions for diamond formation [12, 13, 19] (see
figure 20). The majority of PG targets in our experiments had
a thickness of 100 um and were coated with a 100 nm alu-
minium layer on the back surface for VISAR measurements.
For recovery shots, non-coated targets were used to minimise
contamination. The 125 ym thick PS targets were generally
coated with 100 nm aluminium on the front surface to prevent
target pre-heating by low-intensity pre-pulses from the drive
laser. For some VISAR measurements, the PS target rear sur-
face had a 100 nm aluminium coating to measure the shock
breakout time.

After the shock breakout at the target rear surface, a cloud
containing the diamond or lonsdaleite particles is ejected (see
figure 1(b)). We deploy either a solid or aerogel catcher (see
figures 1(c) and (d)) to retrieve these ejecta. The key compon-
ents of a solid catcher, as shown in sub-image (c), are a catcher
tube and a plate closing the volume behind the target. These
plates are made from different materials such as high-purity
metal (>99.9 % Al, Ti, Cu, or Ag) or pure quartz. The second
type referred to as aerogel catcher uses the same design, with
the addition of an inorganic aerogel inside the catcher tube
(BN [41-43], SiO,, ZrO,, Al,O3 annealed at various temper-
atures or doped with different percentages of zirconium [44]).
The various aerogel types have different mechanical proper-
ties and are thus expected to show differences in their recov-
ery performance [45]. Moreover, the high-speed impact of dia-
mond particles into BN aerogel may enhance the diamonds’
properties with electrical conductivity and fluorescence due to
potential boron and nitrogen doping, respectively [46], which

a) schematic of recovery experiment preparation
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Figure 1. VISAR measurements were performed to confirm
reaching the desired pressures in preparation for the recovery
experiment (a). Reproduced from [33]. CC BY 4.0. Optical images
of the upstreaming plasma on the target front surface and a
free-surface release cloud expected to contain the diamond particles
are shown in sub-image (b). The exploded-view schematic of the
key components of a solid catcher being centred behind the target
for recovery of the ejected material is shown in (c). Likewise, the
second major recovery type, the aerogel catcher (d), uses the same
key components as the solid catcher but additionally holds an
aerogel inside its tube.

is very interesting in terms of applications. Another type of
catcher cylinder was filled with organic gel (Crystal-Kerzen-
Gel from CREARTEC trend design GmbH) since it is known
for its soft recovery properties (see figures 15(a)—(c)) [30, 31].
It was tested but not prioritised due to the potentially ambigu-
ous carbon origin of the formed diamond particles. One set
of recovery samples was specifically handled in a clean-room
class 1000.

3. Results and discussion

3.1. Molecular dynamics simulation: free expansion
scenarios

Molecular dynamics (MD) simulations were performed using
the LAMMPS MD Simulator [47] to obtain approximations
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Figure 2. MD simulations modelling the free expansion of a
diamond cuboid with dimensions of ~(6 x 5 x 4)nm® consisting of
43 008 atoms from 200 GPa and 1000 K (a), (b) as well as 50 GPa
and 4000 K (c), (d) for a time period of 10 ps. Reproduced from
[33]. CC BY 4.0. Carbon atoms in the cubic diamond lattice and
disordered ones are represented in blue and light-grey, respectively.
Turquoise and green carbon atoms represent the edge of a diamond
structure, where they have less neighbours than a central carbon
atom in the diamond lattice.

for the preservation limit of diamond (1) relaxing in a free
expansion from 200 GPa and 1000K as well as 50 GPa and
4000K (see figure 2), and (2) in various impact scenarios
into aluminium (see figure 7). Diamond and aluminium were
modelled using the adaptive intermolecular reactive empir-
ical bond order potential (AIREBO-M) [48] and the poten-
tial based on the embedded-atom method [49]. The potentials
were validated by agreeing with the established equation of
state for diamond and aluminium by reproducing the pressures
and temperatures behind the shock front. Initially, all dia-
mond crystallites were equilibrated for 100 ps in an isobaric,
isothermal ensemble of constant number of particles (NPT)
with periodic boundary conditions. The simulation paramet-
ers were chosen to get the best results from the resources that
were available at the time of preparing this manuscript. More
advanced MD simulations are work in progress.
Subsequently, free expansion (see figure 2) or, as shown
later, impact (see figure 7) was modelled in an adiabatic
ensemble of constant NPT. The simulation time was 10 ps. It
is evident that the structure is more sensitive to higher tem-
perature compared to higher pressure in the free expansion
process. It is encouraging that even in the high-temperature
scenario (50 GPa, 4000 K), being close to the diamond melting
line [50], a diamond core is still present after 10 ps. In reality,

we expect these results to underestimate the preservation limit
since the dissipative process of radiation cooling is neglected
in this picture. Moreover, the simulated nanodiamond particle
is on the lower part of the anticipated size range and therefore
more sensitive to pressure and temperature changes and the
characteristic signature of diamond was still observable mul-
tiple nanoseconds after shock breakout at scattering angles
consistent with ambient density in in situ x-ray diffraction
data of laser shock-loaded PS in [12]. Therefore, it is assumed
that the diamonds generated in laser-driven shock-compressed
graphite and PS stay preserved during their free expansion
and impact as high-speed projectiles into the catcher systems.
Hence, a tailoring of the release path has not yet been con-
sidered necessary [23]. In general, higher ejection velocit-
ies are obtained from samples irradiated with a step pulse
compared to a flat top laser pulse, but in our experiments,
much higher pulse energies were used for the graphite samples
to reach the regime where lonsdaleite has been observed by
in situ XRD in a previous experiment [19].

3.2. Impact dynamics

Material not fully converted to diamond, for example defective
graphite remnants (PG) or hydrocarbons of various stoi-
chiometry (PS), are expected to impact into the catcher sys-
tems alongside the diamonds [12, 13]. These materials are
assumed to impact at hypervelocities; i.e. velocities high
enough that material strength becomes negligible and its beha-
viour can be described as that of a fluid [51, 52].

Diamond, on the other hand, is expected to remain solid as
the conditions are below the melt line on the shock Hugoniot
(>600 GPa and ~9000K) [50]. However, the boundaries in
the carbon phase diagram are known to depend on the diamond
particle size; the smaller the particle size the more do the
boundaries shift towards higher temperature sensitivity for the
diamond phase [53-56]. The diamond particle sizes in our
laser shock-loaded PS can be estimated between 4—100 nm at
the moment the in situ XRD data were recorded [14]. Ongo-
ing efforts using small-angle x-ray scattering aim to get a
more accurate knowledge about the particle size distribution
[13, 57], and experiments with significantly longer delays than
7ns between pump and probe laser are planned. It is pos-
sible that the diamond particles observed during in situ XRD
keep growing in the warm dense plasma cloud to substan-
tially larger sizes. The diamond size distribution originating
from a shock-compressed graphite target is expected to be
notably shifted to larger sizes in the micrometre range com-
pared to the one of PS in the nanometre to tens or even hun-
dreds of nanometres range, which may be explained by their
different formation processes. While graphite transforms in
a solid-solid transition to cubic or hexagonal diamond [58]
when irradiated with a suitable flat top laser pulse, PS under-
goes a disordered formation process in the warm dense matter
regime involving chemical reactions when irradiated with an
appropriate step laser pulse. In the latter case, the diamond
formation process is so far only poorly understood. A possible
explanation is that the first shock wave leads to the dissociation
of PS polymers and the second shock wave possibly triggers
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Figure 3. Laser-driven shock compression experiment with a 5-J pump laser reaching up to 50 GPa in pyrolytic graphite targets at the ID19
beamline at ESRF. Reproduced from [33]. CC BY 4.0. (a) A front view into the catcher shows the aerogel being centred in a quartz cylinder.
(b) Design of target-catcher complex. (c) The trajectories of light-emitting particles ejected after shock breakout into the catcher and
impacting into an Al,O3 aerogel doped with 20 % zirconium (AZ20). The maximum projection of all frames was generated from a
high-speed video recorded with a Photron FASTCAM SA1.1 model 675K-M3 at a frame rate of 125 kHz. The Fluorescence Image
Evaluation Software for Tracking and Analysis (FIESTA) was used to obtain the maximum projection [73].

the insulator-metal transition of hydrogen [59, 60]. Diamond
nucleation seeds may form with carbon not being soluble in
metallic hydrogen [14, 33]. Efforts towards a better under-
standing of this formation process are ongoing among others in
the framework of post analysis of recovered material. A poten-
tial size difference between diamonds produced from PG and
PS targets may have observable effects on their preservation
due to differing boundaries in their phase diagrams.

In general, the main difference between the two main
impact types are impacts into either solid-density or low-
density catchers with catcher density to projectile density
ratios of ~100 % and ~1 %, respectively. They are charac-
terised by crater formation in solid density catchers and track
formation in low-density catchers. Higher shock pressures and
moderate temperatures are prevalent during crater formation
processes, compared to moderate shock pressures and signi-
ficantly higher temperatures during track formation [61-67].
Theoretical models of hypervelocity impacts into both types of
media can be found in references [61, 62, 64, 68—72], respect-
ively. These give a good sense of the relevant physics but are
not directly applicable to the warm dense plasma cloud of par-
tially ionised matter impacting at higher velocities and tem-
peratures into our various catcher systems. High-speed record-
ings of the ejecta clouds into vacuum or into various catcher
systems were collected to improve the understanding of cloud
dynamics and its high-speed impact.

3.3. High speed recordings

All high speed recordings presented in the following can be fo
und in the graphics interchange format (gif) as supplementary

data files. A feasibility study at the ID19 beamline at the
ESRF was performed on PG targets shock-compressed with
a 5-J pump laser (Titan6, Amplitude Tech., A\ = 532 nm, pulse
length of 5ns, laser spot size ~200 um) up to 50 GPa pres-
sures. This compact experimental set-up can also be realised
in small-scale laboratories. High-speed optical recordings
revealed particle trajectories (see figure 3(c)) of reflection at
the front surface of the aerogel and curved ones that may be
particles moving along the quartz cylinder’s inner wall. Some
particles even did escape the catcher between the tube and
plate. The observed trajectories more likely originate from the
objects moving in the gap between the aerogel and the quartz
cylinder (see figure 3(a)) than particles impacting into the
aerogel. Future experiments should eliminate this ambiguity.
Single pictures of high-speed videos recorded with the
Shimadzu Hyper Vision HPV-X2 camera with frame rates up
to 10 Mfps, thus 100 ns between frames, during an experiment
at the Z6 endstation at GSI Helmholtzzentrum fiir Schwerion-
enforschung GmbH are presented in figures 4 and 5 for PS
and PG targets, respectively. A MHz-backlighter allows for
shadowgraphy to observe particles that are not emitting light.
Bright, dark, and again light-emitting particles are observable
in the scenario of a freely evolving ejecta cloud into vacuum
(figures 4(a)—(d)). The diamond particles are generated in the
shock front of single-shocked and during the overlap of the
two shock waves on the target rear side of double-shocked
materials, were a quasi-steady state of the highest pressure
and temperature conditions is achieved for hundreds of pico-
seconds presumably yielding bright particles with highest kin-
etic energies. Therefore, it is believed that the leading bright
objects are the most compressed and fastest ones that contain
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Figure 4. High-speed recording frames from laser shock-loaded polystyrene targets showing the evolution of the ejecta cloud after shock
breakout into various environments. Reproduced from [33]. CC BY 4.0. (a)—(d) Dynamics when evolving into vacuum, (e)—(h) into the
confined space of a solid catcher composed of a quartz tube closed by a pure copper plate of 14 mm diameter ((h) inset), and (i)—(1) into a

Si0, aerogel with density of 90 mg cc™'. Some of the images were contrast-enhanced using the Fiji plugin Enhance Local Contrast

(CLAHE) [75].

the diamond particles. The dark objects may be attributed
to material surrounding the laser-irradiated area and being
subject to pressure and temperature gradients not high enough
for light emission. Finally, the bright plasma, making up the
tail of the cloud, is associated with the target front surface that
directly interacted with the laser pulse. Substantial differences
in the cloud dynamics between the target types are observable.
While the PS dynamics can be described by an expanding,
funnel-like cloud moving away from the point of ejection (see
figures 4(a)—(d)) with an average opening angle of ~65 ° (see
figure 16(a)), the PG cloud is much more directed and of elong-
ated shape (see figures 5(a)—(d)) with an average opening angle

of ~33 ° (see figure 16(b)). Identifying and tracking bright fea-
tures of the cloud during their gradual darkening provided very
rough estimates of maximum velocities of ~13-17 km s~ for
PS (see figures 4(a) and (b)) and ~16kms™—! for PG (see
figures 5(a) and (b)). More reliable maximum ejection velocit-
ies were deduced from a slice through a 3D-rendered volume
with the recorded frames representing the dimensions x and
y and the third dimension being time, which consists of the
time-resolved sequence of images (see figures 17(b) and (f)).
Free-surface ejection velocities between 0.4 and 12.6kms™!
for PS and between 0.2 and 26.4 km s~! for PG were observed
in these specific slices.
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17153, PG, VISAR, 89.8 ], 5 MHz, 200 ns/frame

Freely Evolving

Solid Catcher

~0.1 km/s

sub track velocity

Figure 5. Ejecta cloud evolution after shock break out from pyrolytic graphite targets. Reproduced from [33]. CC BY 4.0. (a)—(d) Freely
evolving ejecta cloud into vacuum. (e)—(h) Evolution of ejecta cloud in the confined space of a quartz tube closed by a highly pure copper
plate of 14 mm diameter ((e) inset). (i)—(1) Evolution of ejecta cloud in a quartz cylinder holding an SiO, aerogel of 130 mg cc™! density.
Each image has a field of view of 52 x 32.5mm?. Some of the images were contrast-enhanced using the Fiji plugin Enhance Local Contrast

(CLAHE) [75].

Footage of solid catchers highlight the distortive effect of
light refraction on the cylindrical quartz tubes (see figures 4(e)
and 5(e)), which may be diminished using other geometries in
future experiments. Particles being part of the outer plasma
cloud collide obliquely with the quartz tube before hitting
the metal catcher plate (see figures 4(g) and 5(f)). Oblique
impacts are generally known for a more benign deceleration
[74], which is beneficial for diamond preservation. The plasma
cloud gathers at one end of the catcher and is reflected back
performing multiple oscillations in the confined space (see
figure 18(a)), while some material escapes through the hole
in the target. Ejecta curtains were observable in the case of
shock-compressed PG (see figure 5(h)).

The impact into the SiO, aerogel leads to clear damage on
the front surface of the aerogel rendering that part opaque. The
tracks emerging from the damaged areas are more pronounced
in PG relative to PS samples (compare figures 4(k) and (1) with
figures 5(k) and (1)). Moreover, a shock wave is overtaking
the growing damage. Constituents of the warm dense plasma
cloud impact the catcher rather as a collective body instead of
multiple single particles over a prolonged time of tens of ys.
Not only one but multiple shock waves are launched into the
aerogel, as the plasma cloud oscillating in the confined space
impacts repeatedly. Those shock waves interact with rarefac-
tions waves from various origins and eventually lead to aerogel
failure by breaking into numerous parts. This complete failure
can be mitigated by using a so-called witness plate in front of
the aerogel with a hole in the centre filtering out the majority
of the plasma cloud (see figures 15(1)—(1)). A big advantage

is the localised spot for post analysis where the contamina-
tion with the not light emitting parts of the plasma cloud is
minimised. On the other hand, the already small amount of
shock-compressed material containing diamond particles may
be further reduced as well.

The plasma cloud may possess the ability of self-shielding
a part of itself upon impact in a confined space (compare
[71]), as corroborated by high-speed recordings (see figures 4,
5, 15 and 18), in which multiple oscillations of the cloud
were observable. This means that particles on the forefront
of the plasma cloud are subject to the harshest impact con-
ditions while they shield following particles. A maximum
impact velocity (~13 kms™!) and a shock wave velocity in the
aerogel (~0.14kms~!) can be estimated from the high-speed
recordings (see figures 4(i)—(1)). Nonetheless, the impedance
mismatch technique for peak shock pressure estimation cannot
be applied due to the poorly defined projectile of a spatially
extended, time varying plasma cloud.

3.4. Raman spectroscopy

A quartz catcher plate that collected PS ejecta was investig-
ated using Raman spectroscopy with an excitation wavelength
of 473 nm (see figure 6). Sub-image 6(b) shows that the quartz
plate broke into two pieces upon the force load it was exposed
to. An optical microscopy image (c) illustrates the impact signs
in form of finely dispersed dark spots, presumably craters,
and puddles of melt. White numbers indicate the measurement
locations for the Raman spectra illustrated in (e). A typical
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Figure 6. Raman spectra recorded with an excitation wavelength

of 473 nm on a quartz plate of a solid catcher exposed to the
free-surface release cloud of shock-compressed PS at GSI.
Reproduced from [33]. CC BY 4.0. (a) Side view of solid catcher
made out of quartz. (b) Catcher plate broken in two parts during the
capture process. (c), (d) Optical microscope image of recovered
quartz catcher plate highlighting the measurement locations with
white numbers for the various Raman spectra recorded. The position
of the diamond line is highlighted by an orange vertical line.

broad signature of graphite D and G bands is observable
around 1350 and 1580 cm~! [76]. The pristine PS foil does
not have peaks in the vicinity of the expected diamond peak
around 1330cm~! [77, 78], which is marked by an orange
vertical line. These Raman data are representative for mul-
tiple samples investigated by this technique. The presence of a

10 km/s
a) d)

@.

20 km/s

@.

diamond velocity [km/s]
0w w10

b)

diamond velocity [km/s]
0 e m 20

c)

Figure 7. MD simulations modelling the impact of a ~6 nm
diamond cube impacting at 10 km s~ (a)~(c) and 20km s ™!
(d)—(f) into a 40 nm long block of aluminium consisting of ~10°
atoms. Reproduced from [33]. CC BY 4.0.

small shoulder at the diamond line around 1330 cm~" in mul-

tiple spectra is ambiguous and thus not significant. However,
the transformation of PS into graphite is clearly observable. It
was frequently observed that the diamond particles are encap-
sulated by a graphitic shell during the synthesis of detonation
nanodiamonds [79, 80]. We think that we observe this process
in our experiments as well. In fact, it is most likely that the
diamond surfaces exhibit a graphitic reconstruction due to the
release into vacuum or they may be hydrogenated due to the
presence of hydrogen in our PS samples. In case of graphitic
envelopes around nanodiamonds, a very high diamond con-
tent (=70% at 325 nm A [80]) is necessary to distinguish the
diamond signal among the sp® signal, which is not expected.
Future analysis with an excitation wavelength in the UV spec-
tral region is planned in order to give a better balanced Raman
cross-section between sp? and sp? carbon [81, 82], a shallower
sampling depth [83], and significantly less photoluminescence
background [84, 85]. Moreover, a future, thorough campaign
of selective oxidation [79] aiming at diminishing the graphitic
shell may be able to confirm the presence of a diamond core
for our samples.

3.5. MD simulations: impact scenarios

The MD simulations displayed in figure 7 model the impact
of a diamond cube with an edge length of ~6 nm into a
block of aluminium at 10 km s~! (a)—(c) and 20 km s~! (d)—(f),
respectively. The edges of the diamond cube soften but the
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diamond particle stays mostly intact in the 10 km s~! scenario.
Additionally, voids appear in deeper regions below the impact
crater. Large parts of the diamond cube and the aluminium
block evaporate in the 20 km s~! scenario. Interestingly, there
are no major differences in the simulation results at this micro-
scopic scale compared to typical simulations on the macro-
scopic scale predicting a negligible role of the size effect in
such kind of hypervelocity impacts. The simulations indicate
that the diamond cube penetrates into the solid catcher material
and may still be found at the deepest point of the crater. Lower
impact velocity simulations yielding much shallower craters
predict a projectile recoil at 4 km s~ (not presented here) such
that the nanodiamond is released into the confined space of the
catcher and may be eventually found on the catcher plate’s sur-
face. Such a scenario is realistic considering the self-shielding
properties of the plasma cloud.

3.6. Electron microscopy

Distances between target and catcher plate (12 to several tens
of millimetres) and the diameter of the plate (5-14 mm) vary
among and within experiments. The influence of the former
is expected to play a non-negligible role for recovery with
respect to the amount of time for the shock-compressed mater-
ial to relax and potentially stabilise before impact. This res-
ults in more or less scattered impact sites. Therefore, volumet-
ric analysis techniques applied, like x-ray diffraction, did not
yield promising outcomes. Hence, techniques analysing local-
ised sites appear to be the more promising ones.

Scanning electron microscopy (SEM) images of pristine
catcher plates, i.e. contamination control samples (CCS),
are compared to representative SEM data of catcher plates
exposed to either shock-compressed PS or PG in figure 8.
The detected spherical-like objects in pristine and recovered
samples were found to differ substantially with respect to their
size and morphology. The ones on the pristine catcher plates
(a)—(d) are in the tens of nanometre range in comparison with
spherical-like particles in the size range of up to hundreds of
nanometres detected on the recovery samples. The size dis-
tributions of spherical-like objects on PS and PG recovery
samples are similar. Apart from isolated spherical-like objects
on PS (e) and PG recovery samples (g), objects encapsulated
in material (f) and particles exhibiting signs of edges and ver-
tices (h) are predominant. The objects’ surfaces are smooth (e)
or textured (g) and in some cases have a facet-like appearance
(h). Furthermore, craters (g), loose material (e)—(h) and string-
like (f) structures are present.

Energy-dispersive x-ray spectroscopy (EDX) measure-
ments on the spherical-like objects’ sites estimate a signific-
antly high carbon content 2>50 at.% on a PS and a PG recov-
ery sample (see figure 9) where the probing depth, however,
clearly exceeds the average diameter of these object types.
Thus, neglecting the H content which is not accessible by
EDX analysis, the spherical-like particles are to a large part or
potentially even completely composed of carbon (a)—(d), and
there is a thin carbon-based coating on the catcher plate (e),
(f) deduced from a measurement site next to the spherical-like
object. These objects are potential diamond candidates.

a) (;CS Cu.m1s :

f) 15694 1 m13, PS, Ag, 53.2 J,
@=14 mm, 29 mm

20 nm

61 nm

O
18 nm .

CCS_Ag 10.0kV x (M

C) CCS Al cmos

h) 277 halo 2 m15, RG, Ti, 5
27, @=5 mm, 12 mm "
v

115 nm!“/’é-‘/v

500nm

Figure 8. SEM images of different types of pristine solid catcher
plates that serve as contamination control samples (CCS, 1st
column): (a) copper, (b) silver, (c) aluminium, (d) titanium.
Reproduced from [33]. CC BY 4.0. The 2nd column shows the
corresponding recovered catcher plates that were exposed to either
shock-compressed PS or PG. The label displays the sample ID,
target and catcher material, the laser energy of the shot as well as
the catcher plate’s diameter and its distance from the target. Some
images were contrast-enhanced using the Fiji plugin Enhance Local
Contrast (CLAHE) [75].

Surface-sensitive Auger electron spectroscopy (AES) data
from a Ti catcher plate that was exposed to shock-compressed
rigid graphite (RG) (see figure 10) with an information depth
of ~5nm confirm that not only the spherical-like object but
also its vicinity contains an at least ~5 nm thick carbon layer.
Typically, a natural contamination layer of hydrocarbons on
air-exposed surfaces is a few nanometres (2—4 nm) thick [86]
and needs to be taken into account. All three measurement sites
showed a strong signature of carbon around 268 eV arising
from the KLL transition [87, 88] and a small feature around
510eV attributed to oxygen superimposed on a background
intensity increasing with kinetic energy (see figure 19). Refer-
ence spectra of highly oriented PG (HOPG) and diamond were
recorded and compared to the sample data (see figure 10(b)). It
is evident that distinguishing between carbon allotropes using
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Figure 9. Element analysis using energy-dispersive x-ray spectroscopy (EDX) of two recovery samples: (a), (b) two spherical-like objects
on a 14 mm Cu witness plate that collected shock-compressed PS; (c), (d) a spherical-like object on a 5 mm Ti catcher plate that was
exposed to shock-compressed PG; (e), (f) a site on the Ti catcher that collected shock-compressed PG in the vicinity of the spherical-like
object. Reproduced from [33]. CC BY 4.0. Each row shows the EDX spectra, tables with rough estimations of the atom percentage of the
respective elements detected and the corresponding measurement sites in an SEM image.

AES is challenging due to only subtle changes in the spectrum.
The most prominent differences are the shoulder in the HOPG
spectrum around 255 eV, while the diamond spectra tend to
peak at higher kinetic energies. However, most of this shift in
the peak position can be attributed to charging effects, as can
be seen from the dependence of the peak position on the prob-
ing electron beam current. Extrapolating the peak positions to
0 A electron beam current yields a peak shift of only about
2 eV in comparison to the HOPG data. A shoulder is present in
the sample data, indicating the presence of graphitic material,
which may be a graphitic shell around a diamond core [79].

Spherical-like objects can either be projectiles composed
of target material formed in the laser shock-loaded target, or
they can condense in the vapour expansion or excavation stage
of crater formation in response to the high-speed impact [62],
in which case they can consist of either catcher only (pro-
jectile stays intact) or catcher and target material. With these
objects being potential diamond candidates, TEM lamella
cross-sections of three different spherical-like objects were
prepared by focused ion beam (FIB) cutting and subsequently
investigated with respect to their element composition (see
figures 11-13) and in one case structure (see figure 14).
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Figure 10. Auger electron spectroscopy (AES) analysis of sample 277, rigid graphite (RG), Ti catcher plate, 27 J. (a) SEM image
displaying the AES measurement locations. Reproduced from [33]. CC BY 4.0. (b) Comparison of sample spectra with recorded reference

data of highly oriented pyrolytic graphite (HOPG) and diamond.

Figure 11. (a) Top-view SEM image, and (b) cross-sectional, spatially-resolved EDX data obtained in scanning TEM mode for sample 277,

RG, Ti, 27 J. Reproduced from [33]. CC BY 4.0.

TEM lamellae were prepared by in situ lift-out using a Zeiss
Crossbeam NVision 40 system. A platinum cap layer for pro-
tection of the object of interest was deposited beginning with
electron-beam-assisted and subsequently by Ga-focused-ion-
beam-assisted precursor decomposition. In the following, the
lamellae were prepared using a 30 keV Ga FIB with adap-
ted currents and were transferred to a lift-out grid using a

1

micromanipulator. Ga ions with only 5 keV were used for final
thinning of the TEM lamellae to electron transparency (thick-
ness ~100 nm) to minimise sidewall damage.

The three different types of spherical-like objects are cat-
egorised into the three compositional groups: (1) a mixture of
target and catcher material (C, Ti; see figure 11(b)), (2) catcher
material (Al, O on the particle’s surface; see figure 12(b)),
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Figure 12. The 550 nm sized spherical-like object (a) originates from sample 158, PS, Al, 45 J. Reproduced from [33]. CC BY 4.0.
Cross-sectional, spatially-resolved EDX data obtained in scanning TEM mode are illustrated in sub-image (b). An interim image recorded
during the Ga-FIB-based TEM lamella preparation process is shown in (c) with green and red auxiliary lines. Buried spherical-like objects
were observed 7 um below the catcher’s surface, that showed higher resistance to the FIB than the surrounding material, but eventually
disappeared. A close-up of these objects is shown in sub-image (d). Contrast enhancement with the Fiji plugin Enhance Local Contrast
(CLAHE) [75] was used for the sub-images (a), (c), (d). While spherical-like objects are promising diamond candidates, a second type of
diamond candidate is additionally shown in sub-image (a), namely a collection of nm-sized particles highlighted by an orange arrow. The
dashed white circle in sub-image (a) marks another not further analysed spherical-like object.

Figure 13. (a) Top-view SEM image with white auxiliary lines, (b) cross-sectional, spatially-resolved EDX data obtained in scanning TEM
mode, and (c), (d) corresponding bright-field and (e) high-resolution TEM images of sample 277, RG, Ti, 27 J. Reproduced from [33].

CC BY 4.0. The close-ups (d) and (e) show the central and outer region of the spherical-like object, respectively. The region locations are
indicated by white squares in (c). Contrast enhancement with the Fiji plugin Enhance Local Contrast (CLAHE) [75] was used for the
sub-images (a), (¢), (d), (e).

and (3) target material (C; see figure 13(b)). A possible explan-
ation of the first case (see figure 11) is that projectile and
catcher melted during impact, followed by their mixture and
ejection during the crater formation process, serving as a
source for spherical-like particle formation. In the second case
(see figure 12), it is possible that the projectile, potentially
diamond, stayed intact when the catcher material melted and
was emitted as ejecta curtain from which spherical-like objects
formed.

In the last scenario of the RG recovery sample (see
figure 13), the object may once have been a diamond particle
that transformed upon impact into a shell-like graphitic
structure with increasing voids towards its outer parts (see
figure 13). Neatly ordered, stacked carbon lattice planes form
ribbons ((d), (e) marked by black arrows) that can twist ((d),
(e) orange arrows). Structural analysis of the central part of
this object was performed using selected area electron diffrac-
tion (SAED) (see figure 14). Sub-image (b) shows the diffrac-
tion raw data, while sub-image (c) and (d) additionally present

an overlay with simulated diffraction ring positions of dia-
mond and graphite, respectively. The corresponding line-out
was obtained via azimuthal integration using the Fiji plugin
polar transformer [89] (e). The presented data show no con-
clusive evidence for the presence of a diamond phase. How-
ever, there is a good match between the sample data and the
simulated in-plane Bragg peaks of graphite, 100 and 110. The
positions of the 002 and 004 reflections are shifted towards
lower Q values indicating larger distances in the c-direction
(i.e. distances between the graphene sheets) than expected.
The interpretation of this object being a diamond before
impact would agree with reports from two-stage light gas
gun experiments in which diamond projectiles (0.3—0.5 mm)
were accelerated between 2.75 and 6kms~! into an alu-
minium plate [90, 91] predicting an upper preservation limit
at 4.3kms~! (£60GPa), while at higher impact velocities
melt features were observed and various forms of poorly crys-
tallised graphite were detected. On the other hand, Bunch
et al report that this interpretation is based on surface-sensitive


https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

J. Phys. D: Appl. Phys. 56 (2023) 025301

A K Schuster et al

100 nm 2_1fnm

d) Crystal: Graphite

theoretical positions graphite

-
(4]
(=)
o

= (00l) investigated sample

1000

Intensity [a.u.]

500

Q [nm™]

Figure 14. Selected-area electron diffraction (SAED) pattern

(b) of the area presented in the cross-sectional TEM image

(a) and overlaid with the expected diffraction rings for diamond
((c), JCPDS database number 6-675) and graphite ((d), JCPDS
database number 41-1487) of the spherical-like object on sample
277, RG, Ti, 27 J, (see figure 13, in particular sub-image (c)).
Reproduced from [33]. CC BY 4.0. The corresponding lineout
(e) was obtained via azimuthal integration and is compared to the
simulated positions of the graphite and diamond Bragg peaks.

analysis techniques, such that the notion of diamond being bur-
ied under the residue surface cannot be excluded [90]. The lat-
ter is also corroborated by our MD simulations.

Interestingly, three spherical-like particles (see two of them
in figures 12(c) and (d)) with a few pm diameters were detec-
ted about 7 um underneath the catcher plate’s surface in the
course of TEM lamella preparation of a PS recovery sample
on an aluminium plate. They showed a higher resistance to the
Ga FIB than the surrounding material. They were not further
analysed since this would have required the loss of the initially
aspired TEM lamella of the 550 nm spherical-like object on
the surface of the catcher plate (see figure 12(a)). Therefore,
it can only be speculated whether they were buried diamond
particles [90]. Surprisingly, no craters were visible leading to

these objects. A potential explanation is that the head of the
plasma cloud melted the aluminium surface (TAL, = 660°C
[92]) such that subsequently impacting projectiles faced a
liquid instead of a solid-state catcher. Besides, a second type
of diamond candidate is visible in figure 12(a) (orange arrow).
It strongly resembles nanodiamonds from laser-assisted tech-
niques namely light hydro-dynamic pulse synthesis with its
appearance of a cloud made from nm particles (compare to
[93] figures 5.2(a), (d) and [94] figure 2). Investigation of
such a particle cloud with a UV Raman instrument featur-
ing an appropriate small probing spot is envisioned in the
future.

4. Conclusion and outlook

The formation of diamond particles in laser shock-loaded
graphite and hydrocarbon targets was demonstrated in previ-
ous experiments by in situ XRD data at the moment of their
creation [12, 13, 19]. They are assumed to be preserved dur-
ing their free expansion from extreme pressure and temperat-
ure conditions based on indicative MD simulation predictions
and in situ XRD data recorded several nanoseconds after shock
breakout. Such XRD measurements are planned to be verified
in future experiments. That data will additionally be able to
determine whether the diamond particles keep growing after
the shock release within the ejecta cloud. High-speed videos
revealed that this cloud oscillates multiple times back and forth
in the confined catcher space instead of being forced to a halt
upon first impact highlighting the cloud’s self-shielding prop-
erties. It is a poorly defined impactor especially in the warm
dense matter regime, where no theoretical predictions have
been made to date according to the knowledge of the authors.

Raman measurements of catcher plates in the more suitable
UV spectral region may be able to already answer the question
of whether diamonds have been recovered. Until now, only the
transformation of PS to graphite can be claimed with certainty
from the recovered and analysed samples. The hypothesis that
the graphite signals may arise from a graphitic shell around a
diamond core [79, 80] can be tested in future selective oxida-
tion campaigns.

All combinations of target (PS, PG) and catcher (solid,
aerogel, others) exhibited spherical-like objects which are
promising diamond candidates. To date, only three such
objects out of numerous ones were analysed more closely.
They all significantly differed in their chemical composition
and structure. An elaborate investigative campaign is neces-
sary to find further types of objects and to collect statistically
relevant data. Moreover, it is possible and likely that diamond
particles are indeed buried in the catcher plates [90], since
buried spherical-like particles were detected in our recovery
samples but they were not yet further analysed.

The data presented here are the most promising findings
obtained so far. In the following, further work already per-
formed in the framework of this project is briefly mentioned
without details. Ongoing investigations have been focusing on
aerogel catchers, which are much more difficult to analyse
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and often require prior chemical preparation. A concentration
technique of material deposits found on the inner wall of the
catcher quartz tube was developed using small amounts of
either deionised water or analytical-grade alcohol in combin-
ation with an ultrasonic bath. Moreover, electrolysis using
catcher plates as electrodes was found to have potential to
bring the diamond particles in solution, potentially also the
buried ones. A detailed and complete report about this project
in this emerging research field can be found in [33]. In upcom-
ing recovery experiments, other type of hydrocarbon targets
with various C—H—-O stoichiometry will be used in combina-
tion with newly developed catcher designs based on the exper-
ience gained.

A solid foundation towards successful recovery of dia-
mond and lonsdaleite in the high-pressure regime using laser-
induced shock compression based on the example of graph-
ite and PS samples was established. Its prospects with respect
to PS are rich in terms of potentially providing insights in
the diamond formation process that is relevant for interior
models of Uranus, Neptune, and comparable planets [12—-14].
Ever-increasing laser energies and repetition rates may render
the here presented technique to a tailorable diamond produc-
tion method as an alternative to already established produc-
tion routes [95] in the far future. Currently, we are taking the
first steps towards this goal. In particular, the notion of gener-
ating doped diamond particles with enhanced properties [46]
by using doped targets or certain type of catcher materials is
encouraging. In general, exotic structures equipping elements
with new behaviour may be found and recovered by explor-
ing the phase diagram of matter. This is possible thanks to the
continuous progress in laser technology fostering new applic-
ations. With that, this long-standing goal of condensed matter
physics may potentially soon be reached. Moreover, recovery
may become an additional diagnostic in pump-probe experi-
ments in the future being able to fortify the observed in situ
data.

Data availability statement

The data that support the findings of this study are available
upon reasonable request from the authors.
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Appendix

17042, PS, candle gel, 69.7 ], 10 MHz, 100 ns/frame ) Candle Gel Catcher

quartz plate

laser light

Figure 15. High-speed recording frames of laser shock-loaded polystyrene targets showing the evolution of the ejecta cloud after shock
breakout into various environments. Reproduced from [33]. CC BY 4.0. (a)—(d): Into a quartz cylinder filled with organic gel of density
820mgcc™!. (e)—(h): Into a solid catcher where a witness plate made from pure copper with a hole of 1.6 mm is placed 5 mm in front of the
copper catcher plate (see insets (e) and (h)). (i)—(1): Into an aerogel catcher where a copper witness plate is placed a few millimetres in front
of the aerogel of density 130 mg cc™!. The shot witness plate as well as side and front view of the aerogel are shown as insets in sub-image
(1). Each image has a field of view of 92 x 57.5 mm?. Some of the images were contrast-enhanced using the Fiji plugin Enhance Local
Contrast (CLAHE) [75].

Figure 16. The maximum projection of a free-surface release cloud of shock-compressed polystyrene (a) was obtained using the function
‘Kymograph Evaluation’ in the Fluorescence Image Evaluation Software for Tracking and Analysis (FIESTA) [73]. Every third image of
the recording in which the backlighter was visible was removed. The maximum projection of a free-surface release cloud of
shock-compressed pyrolytic graphite (b) was generated using the Fiji plugin volume viewer [96]. Here the backlighter was visible in every
frame. The ejection angles of the shock-compressed PS and PG clouds are ~65° and ~33°, respectively.
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Figure 17. 3D-rendered high-speed video frames with the third dimension being time are generated with the Bruker software CTvox (a),
(e) [97] and the Fiji plugin volume viewer (b)—(d), (f)—(h) [96]. Sub-images (a)—(d) illustrate the free-surface release of shock-compressed
PS for sample 17039, 72.1 J, 10 Mfps and (e)—(h) show the free-surface release of shock-compressed PG into vacuum for sample 17 153,
89.8 J, 5 Mfps. The green (c), (g) and blue lines (d), (h) show the slice positions of sub-images (b) and (f), respectively.
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Figure 18. The Fiji plugin volume viewer [96] was used to obtain 3D-rendered high-speed video frames of sample 17 081, PS, Cu plate,
83.2 J, 500 kfps with the third dimension being time to deduce ejection velocities of plasma cloud features within a solid-state catcher over
the course of time. The green (b) and blue line (c) show the slice positions of sub-image (a).
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Figure 19. Full auger electron spectra (AES) of sample 277, rigid graphite (RG), Ti catcher plate, 27 J (see figure 10). Reproduced from

[33]. CCBY 4.0.
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Figure 20. Laser pulse shapes used during experiments at GSI. The laser parameters for experiments performed at LCLS can be found in

[12, 13, 19]. Reproduced from [33]. CC BY 4.0.
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