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Abstract: The field of high-pressure materials research has grown steadily over the last seven decades,
with many remarkable discoveries having been made. This work is part II of a three-part series
summarising recent progress in laser material processing within diamond anvil cells (L-DACs); this
article focuses on the practice of laser-driven dynamic compression within diamond anvil cells (i.e.,
LDC-DAC experimentation). In this case, materials are initially pre-compressed within diamond anvil
cells, then further dynamically compressed through the use of a high-power pulsed laser, often with
the intent to isentropically compress, rather than to heat samples. The LDC-DAC approach provides
a novel route to much higher dynamic pressures (approaching 1 TPa), as compared to conventional
static compression within a single-stage DAC (<300 GPa) and provides a route to mapping Hugoniot
curves. Recent proliferation of low-cost, high-power laser sources has led to increased research activity
in LDC-DAC materials processing over the last two decades. Through LDC-DAC experiments, a
greater understanding of the properties/structure of cold- and warm-dense matter has been obtained,
and novel material phases have been realised. In this article, LDC-DAC experimental methods are
reviewed, together with the underlying physics of laser dynamic compression in confined spaces. In
addition, a chronology of important events in the development of LDC-DAC processing is provided,
and emerging trends, gaps in knowledge, and suggestions for further work are considered.

Keywords: laser dynamic compression; diamond anvil cell; isentropic compression; shock wave;
pressure wave; high pressure

1. Introduction

Since the 1930's, investigators have developed increasingly capable pressure gener-
ating devices, such as lever-arm presses [1], piston-driven presses [2], and opposed anvil
presses [3,4]; this has enabled materials to be studied at successively higher static pressures
over time [5]. In the mid-20th century, Charlie Weir et al. invented the first diamond anvil
cell (DAC), in which samples were observed directly through diamond anvils at pressures
of over 3 GPa [6]; this revolutionised high pressure materials research, making it possible to
monitor phase changes and chemical reactions as pressure was applied [6]. Soon thereafter,
laser beams were introduced into DACs for the first time (to process materials) by Takahashi
and Bassetta [1].

An apparatus that focuses a laser beam between diamond anvils to heat, shock,
or induce chemical reactions within a sample, is known as a laser diamond anvil cell
(L-DAC) [7]. L-DAC systems have opened a door to entirely new research fields, such as the
measurement of material properties at high pressures and high temperatures (HPHT) [8-14]
or the study of extremophile biological organisms at pressures similar to those extant at
hydrothermal vents [3,15]. Figure 1A illustrates how the number of journal articles involv-
ing L-DAC experiments has risen steadily since the early 1990’s—and is now approaching
60-70 articles per year (blue curve).

J. Manuf. Mater. Process. 2022, 6, 142. https://doi.org/10.3390/jmmp6060142

https://www.mdpi.com/journal /jmmp


https://doi.org/10.3390/jmmp6060142
https://doi.org/10.3390/jmmp6060142
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com
https://orcid.org/0000-0002-9591-9217
https://orcid.org/0000-0002-5526-886X
https://orcid.org/0000-0001-5298-9576
https://doi.org/10.3390/jmmp6060142
https://www.mdpi.com/journal/jmmp
https://www.mdpi.com/article/10.3390/jmmp6060142?type=check_update&version=2

J. Manuf. Mater. Process. 2022, 6, 142

2 of 28

100
= (A) L-DAC
0 'm (B) LH-DAC
80 m(C)LDC-DAC| -
70 |= (D) LRS-DAC
~ (E) LC-DAC
& 60
S
= 50
.2
= 40
=
R« 30
20
10
0
RS L = F > N O AL
O R XD D e e &
=2 W = S — N — N W — S T — T —— I — T —— T —— R
A T B T o B o B o R o BN o BN o BN o BN o |
(A)

Sample survey (290 L-DAC:s articles)
9%

20%

1%

= LH-DAC

= LRS-DAC

= LDC-DAC

(B)

Figure 1. (A) Total annual scientific production for all L-DAC studies [Blue] compared with laser
heated DAC (LH-DAC) [Orange], laser reactive synthesis DAC (LRS-DAC) [Green], and laser-driven
dynamic compression DAC (LDC-DAC) [Red] studies [7]. (B) Comparison of the total number of

articles

produced in each.

The three parts of this review are based on the primary modes of material modification
presented in Figure 1A,B. Part I of this series summarises the more common laser-heated
diamond anvil cell (LH-DAC) mode of experimentation (71% of papers) [7]. This paper
(Part II) focuses on dynamic material compression within DACs using intense pulsed lasers,
rather than laser heating samples. We refer to this as laser-driven dynamic-compression
diamond anvil cell (LDC-DAC) experimentation (9% of papers). The LDC-DAC mode
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is distinguished from other L-DAC modes through the presence of a pressure-wave or
shockwave that considerably modifies a sample material’s structure/composition, and
where heating is a secondary contributor, if present at all. Part III reviews the application
of lasers to induce chemical reactions within diamond anvil cells (20% of papers); this latter
method is dubbed laser reactive synthesis diamond anvil cell (LRS-DAC) experimentation.
Although noteworthy reviews have previously outlined the development of DACs and high
pressure research methods [1,5,6,14,16-18], this review speaks to laser materials processing—
where all three modes of material modification/synthesis are described [19,20]. While the LH-
DAC mode has been a principal driver throughout early L-DAC research [1], applications
have now diversified, and interest is shifting toward the LDC-DAC and LRS-DAC modes—
as evidenced by the Red/Green plots of Figure 1A.

This article (Part II), provides the key physics, historical events, and recent devel-
opments of LDC-DAC experimentation. Tables of materials modified /synthesised via
LDC-DAC systems are given along with their corresponding process conditions of static
pressure, shock pressures, temperature rises, and laser source wavelengths/energies (where
available). Our intent is for the article to act as a field guide for others in setting-up and
conducting their own high-pressure LDC-DAC research endeavours. Note that only
laser-induced dynamic compression within DACs is considered here; neither light-gas
gun experiments (without driving lasers) nor laser-induced shock compression (without
transparent anvils) will be discussed in this review.

As further evidenced in this article, LDC-DAC experimentation provides researchers
with a singular route to attaining extreme pressures across a large cross-sectional area (with
pressures up to 1 TPa, thus far); the method is especially interesting as a multiplicative
effect between the DAC pre-compression and the laser dynamic compression (LDC) has
been documented [21]. This is well beyond the pressures attainable with single-stage
hydrostatic or gas-membrane-driven diamond anvil cells [20,22] where otherwise multiple
stages and/or nano-scale surface areas are required to attain such pressures [23].

LDC-DAC experimentation has enabled condensed matter physicists to determine
material densities, melting curves, Hugoniot curves, equations of state (EOS), and transport
properties for many common elements and compounds over a wide variety of condi-
tions [19,20,24-27]. Furthermore, LDC-DAC methods have enabled geophysicists and
planetary physicists to determine the properties of dense matter at conditions akin to those
deep within planetary interiors, providing insight into the structure and dynamics present
within the terrestrial planets [19,28]. The technique has allowed researchers to better under-
stand how lasers interact with matter—and how shock-/pressure-waves travel through ma-
terials at high pressures [27,29]. Although multi-stage DACs can achieve pressures greater
than 380 GPa, when sample sizes greater than 20 pm across are to be compressed, the LDC-
DAC mode is presently the primary means to achieve pressures >> 380 GPa [19,30-32].

Alternative methods similar to, but distinguished from LDC-DAC processing are
confined laser shock compression (e.g., explosive compression inside crystals) [33,34],
open-atmosphere laser-driven dynamic compression (OA-LDC) [32,35], and high-power,
multi-beam, laser-driven dynamic compression (HP-MB-LDC) [36,37]; all of these methods
are generally conducted without the use of pre-compression within a diamond anvil cell,
so they are excluded from this review. However, it is important to note that materials
processing has indeed been carried out using these methods. For example, in the latter case
(HP-MB-DC), the world’s highest-ever recorded pressures while synthesising novel mate-
rials was achieved (=1.5 and 5 TPa) and high-pressure forms of Si-C and diamond were
realised [37,38]. Even greater pressures have been achieved by HP-MB-DC methods (to
100 TPa) during plasma fusion experiments, but without synthesising any intended mate-
rial [39,40]. However, OA-LDC and HP-MB-LDC methods typically require large facilities
with multiple laser sources, e.g., the National Ignition Facility (NIF) or OMEGA Laser
Facility [30], which have traditionally been outside the scope of many researchers. That
said, the availability of high-peak-power lasers is growing rapidly, with new capabilities in
short-laser pulse lasers becoming widely accessible at a reasonable cost [41-44].
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2. Methodology
®

This LDC-DAC review was performed using the research databases Web of Science®,
ScienceDirect®, ProQuest Science®, SCOPUS®, Wiley Online Library®, IEEE Xplore®, Ac-
cess Engineering®, and Google Scholar®. An initial search (within the title, keywords, and
abstract) for the words, “diamond anvil cell,” with no restrictions on publication date, gen-
erated over 8400 articles. Adding the keyword “laser” reduced this list to 1466 publications,
starting in 1968 when the first L-DAC experiment was performed [45]. Results were
then down-selected to 321 research papers directly pertaining to materials processing
within diamond anvil cells. Finally, using the keywords “diamond anvil cell” and “laser,”
combined with at least one of: “shock*,” “pressure wave,” or “dynamic compression,”
yielded 150 articles. A summary of all keywords searched are provided in Appendix A,
Table Al. In addition to the listed keywords, key authors and research groups were also
searched forward/backward in time to obtain additional articles. Finally, a variety of
alternative keywords were searched to ensure that the database was comprehensive. From
this, we were able to identify 27 works directly performing LDC-DAC experiments, where
a laser-induced impulse was passed through a pre-compressed sample within a DAC.

3. Overview of Laser Dynamic Compression in Diamond Anvil Cells (LDC-DACs)

A typical laser-driven dynamic compression diamond anvil cell (LDC-DAC) experi-
ment is illustrated in Figure 2A—D. LDC-DAC systems include a pulsed laser system ((i),
not shown), a focused laser beam (ii), a material sample to be compressed (iii), at least
one diamond anvil (iv), a chamber gasket (v), and an optional laser target (xvii) placed at
the laser focus. Diamond is commonly used for the transparent anvils (iv) in LDC-DAC
experiments due to its high shock impedance, wide transmission bandwidth, and dielectric
constant [22], although other materials, such as sapphire (Al;O3) and quartz (5iO;), have
been utilised [32,46—48].

(A) (B) Q) (D)

@l

1

L
@) |

Figure 2. Illustrations of laser-driven dynamic compression diamond anvil cell (LDC-DAC) exper-
iments. (A) The sample of interest is the target, (B) a separate target inside the anvil, (C) a target
outside the anvil, and (D), a target outside and driver inside the anvil. Please see article text for
component descriptions.

In some experimental setups, the sample itself is the laser target, as displayed in
Figure 2A [22,30,49]. In most configurations, however, a target comes before the sample
to be compressed (See Figure 2B-D). The laser target’s purpose is to absorb the laser
light before it arrives at the sample; this target can be placed in several locations, such
as at the inside surface of the incident anvil (Figure 2B) [24,25,50-53], or on the exterior
surface of the same anvil (Figure 2C) [54-56]—or on both surfaces of the incident anvil
(Figure 2D) [29,46,47,57-61]. Note that in the references for Figure 2C, the examples



J. Manuf. Mater. Process. 2022, 6, 142

50f 28

provided are not strictly L-DACs but are arranged similarly to that of an L-DAC (with
a fully enclosed pressurised cell). Many variations on these configurations have been
attempted in the past [46,62-64].

In LDC-DAC:s, the laser system typically includes a high-peak-power laser, with
pulse widths ranging from nanoseconds down to picoseconds. As each focused laser
pulse arrives, a portion of the target is ablated, a plasma plume emerges, and a shock- or
pressure-wave (xx) results which passes through the sample (iii); these pressure waves or
shockwaves momentarily act as a “second stage” DAC to locally compress the sample to
higher pressures, while maintaining the DAC’s background pre-compression pressure [20].
Often rarefaction waves follow the shock- or pressure-waves [65], and all of these waves
reflect (somewhat) at interfaces between materials, e.g., where the target contacts the
sample [61]. These waves can subsequently interfere with each other, which often degrades
(or enhances) the compression [58].

Pressure waves are broadly defined as a disturbance that propagates through a
medium at sonic velocities [66—68]. Shockwaves typically propagate faster than the speed
of sound and there is an abrupt change in pressure as the wave arrives (approaching that of
a step function) [68]. In LDC-DAC systems, pressure waves and shockwaves are generated
from a combination of the instant (thermal) pressure induced by the expanding plasma
and momentum transferred to the target as material is ablated away [57]. As the applied
driving energy increases, i.e., the intensity of the laser, the velocity and amplitude of the
wave typically increases proportionally [60,66,68,69].

Using nanosecond and shorter laser pulse widths, researchers can drive samples
without a significant temperature rise during compression. This is beneficial for several
reasons: first, it permits materials to be compressed in an isentropic manner, so that their
density/structure can be more easily determined [31]. Second, large-scale diffusion is
delayed or prevented—which otherwise leads to contamination—as is known to occur
during LH-DAC experiments [70]. Third, samples may be retained in a solid phase rather
than melting immediately, so that potential new solid phases can be identified [31]. Fourth,
thermal stresses on the anvil’s materials are often reduced, extending the pressure range
of the devices [25]. And finally, short-pulse widths provide access to extreme pressures,
but at low-to-moderate temperature ranges, which are not otherwise readily accessible
(refer to the lower portion of the red boxed region in Figure 3) [22,24,32,47,49]. For instance,
samples possessing cryogenic boiling points, such as H, He, Ar, etc. are much easier to
compress from cooled samples when laser heating does not occur [71].

Note that the low-temperature, high-pressure region (<500 K, 100-600 GPa) is also simi-
lar to conditions anticipated within many ice moons or gas giant planets [22], (for reference,
estimated P-T conditions within several planetary bodies are provided in Figure 3). Many
investigators attempting to clarify the internal structure of planetary bodies are conducting
LDC-DAC experiments. For example Kimura et al. studied many of the primary con-
stituents in our solar system, including the low-Z compounds: H;, He, H,O, NHj3, and
CHy, and determined their EOS to better model planetary dynamics [22]. Another study
by Eggert et al. attained Hugoniot data of fluid He at moderate temperatures and within
the hundred GPa regime using LDC-DAC [47]. From this, Eggert et al. measured material
properties that had previously been predicted by Path-Integral Monte Carlo (PIMC) and
Activity Expansion (ACTEX) calculations [47]. Similarly, Rygg et al. measured the crystal
structures of C, MgO, Fe, Cu, Zr, Sn, Ta, and Pb samples at up to 900 GPa and close to
300 K [49].

LDC-DAC experimentation has also been used to examine materials within high-
pressure, high-temperature (HPHT) regimes that are difficult to access otherwise (>5000 K,
>250 GPa) [22]. For instance, hydrogen’s phase diagram was explored at conditions at a
depth of ~7000 km within Jupiter’s atmosphere (~5000 K and ~50 GPa) [21,72], and re-
searchers were able to investigate the potential for metallisation of water at up to ~19,000 K
and 250 GPa with 4 ns laser pulses [30]. Similarly, Coppari et al. obtained phase transition
data and the EOS of magnesium oxide over the range of 4000-9000 K and 600-900 GPa util-
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ising ~4.5 ns laser pulses [30]. And finally, Loubeyre et al. extended the known properties
of hydrogen and deuterium over the range of 297-40,900 K and 0.3-175 GPa using 1-ns
laser pulses [28]. In all these cases, high fluences and extended pulse widths (>1 ns) were

employed to ensure both strong shock loading and heating of the samples [26].
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Figure 3. P-T diagram of L-DAC experimentation, showing region investigated by LDC-DAC sys-
tems (Red) [21,28,30,57-60,73,74], LH-DAC systems (Orange) [8,20,75-190], and LRS-DAC systems
(Green) [191-198]. For reference, P-T markers are also provided for several geophysical locations,
including the P-T at a depth of 250 km of Europa’s oceans [199], 60-5100 km underneath the Earth’s
surface [60,105,161], 12 x 103 km-deep in Neptune’s core [200], (20 to 71.5) x 108 km-deep in Jupiter’s
core [201,202] and two LDC experiments with ramp -compression [37,38].

A primary advantage of the LDC-DAC experimental mode is the ability to control
initial-, peak-, and final-conditions (p-P-T) of the sample material. For example, initial
densities of a sample are controlled via (isothermal) compression within a DAC prior to
delivering a laser shock, while the maximum (peak) compression is obtained through the
laser fluence, pulse width, pulse shape, and target/sample geometries. By conducting
the experiment within a DAC, the material arrives at a final, elevated pressure, making it
possible to preserve metastable states that would otherwise deteriorate at lower pressures
(which sometimes happens when using LDC alone) [22].



J. Manuf. Mater. Process. 2022, 6, 142

7 of 28

Nevertheless, LDC-DACs do have some limitations, and as shown in Figure 1B,
comprise only a minor fraction of all L-DAC publications. This may in part be due to the
complexity of the experiments and/or lack of access to the necessary high-energy laser
sources [19]. In addition, there is a limited selection of material characterisation probes that
can be used during LDC-DAC experiments, where real-time, ultrafast characterisation is
required. One important complication is the requirement for custom anvil shapes—often
thick on the opposing (diagnostic) anvil (iv), and thinned on the incident (drive beam)
anvil (iv)—and specialty shapes are often needed along the laser beam path [25]. The
opposing anvil material must also be designed to have high impedance matching with the
sample [31].

Of course, a significant limitation is the strength of the anvil materials in their re-
quired geometries. Diamond is the most commonly-used anvil material, yet it is often
thinned to <400 micron thicknesses on the incident anvil [57]. Diamond anvils are sub-
ject to failure during compression experiments, which raises the experimental cost, and
requires significant effort to reset the LDC-DAC system for subsequent runs. Although
sapphire has lower compressive strength (~2 GPa static, ~21 GPa dynamic) than diamond
(~35 static, ~98 GPa dynamic), it has also been used as an anvil material during LDC-DAC
experiments [32,46,203-205]. Similarly, quartz has also been used as an anvil or window
(~1 GPa static, ~9 GPa dynamic) [206,207]. Further research is required to maximise the
peak pressures attained during shock loading and minimise the cost/effort of LDC-DAC
experimental runs [49].

4. LDC-DACSs: Physical Processes, Historical Development, and Key Experiments

Figure 3 offers an overview of the maximum pressures/temperatures achieved by
researchers during LDC-DAC experiments (red-shaded region), in comparison to those
employed during LH-DAC experiments (orange-shaded region) and LRS-DAC experi-
ments (green-shaded region). For reference, various pressures/temperatures estimated for
geophysical and astrophysical sources are also displayed (cross-symbols). Note that for
the laser heated-diamond anvil cell configuration, static pressures of up to ~380 GPa have
been achieved using single-stage DACs, as well as laser-induced (constant) temperatures
of up to ~7500 K [80,161]. Even greater static pressures can be attained using multi-stage
DAC’s, as discussed in part I of this review. For comparison, the LDC-DAC configu-
ration has attained dynamic pressures approaching 1 TPa, and temperatures of up to
93,000 K [30]—as shown at the red region’s upper and right hand sides. Of course, the
reader should be cautioned about comparing static and dynamic pressure values, as their
compression mechanisms are different. Even greater dynamic pressures have been pro-
posed as theoretically feasible (to 100 TPa) [57]. With the exception of a recent experiment
with rhenium nitride [208], LRS-DAC experiments, shown within the green region, present
a similar range of pressures and temperatures to the LH-DAC mode, as similar laser
sources are employed, although the majority of LRS-DAC studies have been conducted at
temperatures below 3000 K.

A typical LDC-DAC system is illustrated in Figure 4, with primary laser source (i),
where focused laser beam(s) (ii) illuminate a pressurised sample (iii) through transparent
anvils (iv), within a gasket chamber (v). Additional common components of an LDC—
DAC system include: diamond seats (vi), a mechanism for driving the diamond anvils
together (vii), laser beam delivery optics (viii), pressurisation media (ix), optical pyrometers
to measure sample temperatures (x), an optical system with spectrometer for pressure
measurements (e.g., via ruby fluorescence [209]) (xi), and microscopes for general sample
observation and process controls (xii) [1,6]. LDC-DAC systems typically include compo-
nents beyond that of an LH-DAC set-up, such as a target (xxvii) at the pulsed laser focus
and diagnostic tools, e.g., a velocity interferometer system for any reflector (VISAR) (xxi).

Most prior LDC experiments have been conducted using pulse widths in the order of
1-10 nanoseconds (See Tables 1 and 2), but a few have been carried out with short-pulsed
lasers (below 350 ps) [24]. Note that the target may consist of the sample itself [25,50] or a
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separate target, sometimes called a “driver plate,” or “flyer plate” (xvii) [19,20,57]. Several
different target materials have been reported in the literature, including gold, titanium,
aluminium, and quartz [46,47,50,58,74]. Often the laser pulse shape (in the time domain)
is controlled to give the material time to respond. Sometimes a pulse train of two or
more shaped laser pulses are ramped up to a maximum fluence over ~45-110 ns [32], so
that energy accumulates at the front of the shockwave; this provides a higher final peak
compression and is known as ramp pulse compression (RPC) [30,31]. Many LDC-DAC
experiments have used RPC to achieve peak laser-induced pressures of up to 900 GPa (see
right side of red region in Figure 3) [49].

(xix)

\(Iviii)'
i B ™
(vii) [ (xvii) i)

Figure 4. Typical arrangement of laser-driven dynamic compression diamond anvil cells (LDC-
DAC), systems for scientific/engineering experiments. The various components of these systems are
described in the text.

In some experiments, multiple shocks have been used to advantage by launching two
or more sequential shocks into a sample [46,47], which can provide access to higher material
densities [48,210]. Sometimes this is called the “double-shock” technique or “re-shock”
technique [48,210,211]. For example, Crandall et al. studied the “re-shock states” of carbon
dioxide at pressures between 71-189 GPa using dual-, back-to-back, 1 ns pulses, while
maintaining nearly isothermal conditions of ~300 K [46].

When very “cold” shockwaves are desired, ultra-short laser pulses (<100 ps) are also
often employed [19,24,58]; this limits the average power delivered and helps to prevent
sample heating. When samples are repetitively shocked using such ultra-short laser pulses,
this has been dubbed “nano-shocking;” in this case, the pulses are short enough that even
microscopic samples can be shocked repetitively over a timescale of <<100 nanoseconds
with minimal heating [212]. This opens the door to novel thermodynamic pathways, where
samples can be compressed to much higher densities without necessarily increasing their
internal energies [46].
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Table 1. (H, He)-Based, Low-Z Fluids studied /modified in selected LDC-DAC works.

Modified Material Starting Static Shock Laser Type Laser. Parameters:
and/or Property Material Press. Press. [nm/um] Powers/Energies [W/]], Spots [um], Refs
[GPal [GPa] Ind. Temps [K]
Ionised H,O, H,0 ~1 ~50-300 Nd:YAG, 1.06 um Pulsed, 4 ns, <500 J, ~5 x 1013 W/cm?2, ~300 pm [25]
EOS
H,O0, H,O a: 0.57 a: 288-342 a: Nd:YLF, 351 nm a: Pulsed, 3 ns, 800-1500 J, 650 pm a: [29]
Sound velocity,
Hugoné‘g Scur"esf b: ~1-5 b: 150 b: Nd:YAG, 532nm  b: Pulsed, ~10-20 ns, 1-10 kJ, ~200-500 um, 6-9 x 103 K b: [571
c: 0.1-0.6 c: 283 c: Nd-glass laser c: Pulsed, 1.5 ns, 1 kJ, Max 4 x 1014 W/cm?, 500 um c: [51]
d: ~1 d: ~200 d: Nd:glass laser d: Seven Pulsed beams, 4 ns, 1013-1014 W/cm?, 104 K d: 1501
e ~1 e: 250 e: Nd:glass laser e: Pulsed,1-4 ns, ~300 um, 1014 W/cm?, 19 x 103 K e: [26]
f: 1.33 f: 200 f: N/A f: 800-1000 um, 300 K f: [22]
H,, H, 07,12 ~20 Nd:YAG, 1.06 um Pulsed, 1.2 ns, 10" W/cm?2, 400 pum, 300 K [21]
Hugoniot curves —50
H,, D», a: Hy b: D, 0.16-1.6 a: 104 Nd:glass laser, 351 nm a: Pulsed, 1 ns, 6 kJ, 800 pm, ~27.7 x 103 K [28]
EQOS, b: 175 b: Pulsed, 1 ns, 6 kJ, 800 um, ~=40.9 x 103K
Hugoniot Curves
He, He 0.11-1.25 117 Nd:glass laser, 351 nm Pulsed, 10.6 ns, 3 kJ, 800 pm [47]
Hugoniot Curves
He He 1.25 200 Nd:glass laser, 351 nm Pulsed, 1 ns [52]
EOS,
Hugoniot Curves,
H,-He, H,-He 4 93 Nd: YAG laser, 351 nm 4-6kJ, 1ns, 4700 K [60]
EOS
He, H,, He, H, 5 100 Nd:glass laser, 351 nm Pulsed, ~5-25 ns, 1-6 kJ, 800 um, 10 x 10% K [59]

EOS
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Table 2. High-Z materials/minerals modified in selected LDC-DAC studies.

Modified Material Starting Static Shock Laser Type Laser. Parameters:
and/or Property Material Press. Press. [nm/um] Powers/Energies [W/]], Spots [um], Refs
[GPa] [GPal Ind. Temps [K]
Ar, Ar ~7.8 28 A Pulsed laser ~ 300 ps, 800 nm ~100-300 pJ, 20 um to 50 um, 298 K [24]
Shocked States center A, 25 nm bandwidth pulse
CeHg, CeHg N/A 4.6 Nd: YAG laser, 1064 nm a: 0.7],9-108 ns [32]
Phase transitions, b: 0.1-1.3],52 ns
Structures ~2]/7ns, 1800 um, 300 K
CO,, CO, 1.16 1000 Nd:glass laser, 351 nm 8 x 104 W/cm?, 93 x 10° K [27]
EOS
CO,, CO, 0.36-1.16 800 Nd:glass laser, 351 nm 480 ] /beam = 56707, 1.2-10 x 10 W/cm?2, 1 ns, [46]
Sound velocity 865 um, 298 K
SiO,, SiO, 5 100 Nd:glass laser, 351 nm Pulsed, ~5-25 ns, 1-6 kJ, 800 pm, 10* K [59]
EOS
Al, Al ~50 ~200 Pulsed laser Pulsed, 1-2 ns, 104 W/cm?, ~500 pm [58]
Hugoniot Curves
CsCl-type MgO, NaCl-type MgO ~60 600 to 900 Nd:glass laser, 351 nm ~4.5 ns, up to 37 k] UV, ~300 um, 4-9 x 103 K [30]
EOS, Structure
Fe, Sn, Ta, Pb, and Fe, Sn, Ta, Pb, and MgO N/A 900 Temporally shaped laser pulse 10 W/cm?2, 800 pum, 300 K [49]
MgO,
Structure
Al, Ta,and W, Al, Ta, and W N/A 220 Pulsed laser Pulsed, 1-2 ns, 1014 W/cm?2, 2500 pm, 298 K [73]

Sound velocity
Hugoniot Curves
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4.1. LDC-DACs: Physical Processes

The progression of a pressure wave or shockwave from a target through a sample
is illustrated in Figure 5, with a dotted red line (moving in the direction of the lower
white arrow). In many experiments, the impinging beam (purple) is chosen to have a
large-diameter, top-hat spatial beam profile (dotted curve), that induces a broad, ablated
plasma plume (red dome); this, in turn, drives the target (silver plate) over an extended
area. The material sample is shown in black below the target. The example shown is of the
LDC-DAC type illustrated in Figure 2B, with an internal target adjacent to the sample.

Q...

<

|

Figure 5. Schematic of dynamic compression in an LDC-DAC with internal target (See Figure 2B),
showing an impinging laser beam (green) on a target (graded plate). The target is partially ablated,
resulting in a plasma plume (orange dome), with a shock (or impulse) passing through the sample
(hashed lines). Heat transfer occurs initially through radiation from the plasma (black arrows). A
Reflected wave eventually travels back toward the laser source (upward white arrow).

Now, during LDC-DAC experiments, single-pulse intensities on the order of
1-100 petawatts/cm? or greater are typical [46,58,73]. When an incident laser pulse is
absorbed, the induced high-temperature plasma expands rapidly from the target into the
surrounding pressure media on picosecond to nanosecond timescales [24,32,57]. The mag-
nitude and rate at which this energy is applied (given the laser pulse-width and fluence)
determines whether this plasma expansion will induce a pressure wave or shockwave at
the target. At petawatt/cm? energies, this often produces very rapidly expanding shock
waves. In this case, using point-geometry, strong explosion theory, the generalised velocity of
a shockwave expanding into a fluid, vs;, takes on the form:

E n
Usw = “(IBZZ;) t, 1)

Here, Ej, is the laser pulse energy absorbed, p; is the initial (rest-state) density of
the gas, and B is a constant that depends on the gas’” adiabatic constant. For a spherical
expansion, o, n and m, are derived to be 2/5, 1/5, and —3/5, respectively, i.e., [213]:

2 Elp & —3/
= - — =7 2
Usw 5 (,BP1> ’ )
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Non-spherical, but related spheroidal geometries, can be approximated using analo-
gous equations to (1), but with altered constants «, n and m specific to vector directions.
Equations (1) and (2) are valid for large shock velocities above Mach 2 [213]. Note that as
the shock velocity is proportional to E”p, where 1 << 1, the shock velocity increases slowly
with rising pulse energies. In addition, as time increases, vs;, drops from its peak value
by t~™; this leads to order-of-magnitude decreases in shock velocities over timescales of
10 ns or more. Thus, for targets and samples other than very thin films, the change in shock
velocity over time must be considered when designing experiments.

Provided sufficient travel time, both on-axis back rarefaction and side rarefaction
waves can catch-up with, and interfere with, the primary shock wave. To prevent this (e.g.,
for the configurations of Figure 2B,C), the transit time must be kept short, so the thickness
of the target (or anvil), X;, must be no more than the “catch-up” distance, AX, of the back

rarefaction wave [58], i.e.,:
2
X; < AX = (Usw / vmc) T ®

Here vy, is the shock wave velocity, vy, is the velocity at which the sample material
responds and moves, and T is the laser pulse width. In many experiments, authors have
tended to use long T times, to give the longest possible catch-up distances.

To minimise shock reflections and consequent re-shocking of the sample (upward
white arrow in Figure 5), materials at each interface are chosen to have comparable shock
impedances [28,46,47,214,215]. The thinned diamond anvils are sometimes backed by tung-
sten carbide anvils for this purpose, as shown in Figure 4 (xvii) [25,29]. The transparent
anvil material must also be selected carefully, as certain optical materials become opaque
during/after a shockwave; sapphire anvils have been used to avoid this problem [216].

The rate at which the laser energy is applied also determines how much heating the
sample ultimately receives during compression. On the lower end of the pulse-width range
(<<100 picoseconds), there is little time for diffusive heat/mass transport to occur away
from the immediate focal region. In most cases, radiation is (initially) the primary mode of
heat transport (represented by the black arrows in Figure 5), with diffusive and advective
transport occurring much later [21]. Consequently, while the temperature rises in the
expanding plasma at rates of 10'! K/s or greater [217], the remainder of the sample (and
any surrounding pressure media) initially remain near the DAC’s background temperature.
This is what allows for adiabatic and isentropic material compression, where work is done
to the sample material before significant diffusive heating occurs [20,57,97,218].

In fact, it can be shown that, a shock or pressure wave (>Mach 1) can initially outpace
the diffusive heat propagation wave initiated at a target [65,219]. Defining the heat wave
velocity as vy, Eliezer et al. arrives at the relation:

Oy = di;'iw - t—l/(n+2) 4)

Here, xj,,, is the position of the propagating heat wave from its origination point (laser
focus), t is the time from the initiation of the laser pulse (which varies between 0 < t < 1),
and 7 is an exponent describing any non-linearity of the thermal diffusivity, ar, with
temperature (when n = 0, the thermal diffusivity is a constant). For hot electrons in a

plasma [64], it can be shown that n ~ % In this case, Equation (4) simply becomes:

Vpep & 1277, (5)

In Figure 6, the magnitudes of Equations (2) and (5) are compared over time, all other
factors being normalised. Note that initially, the shockwave (blue-dashed curve) outpaces
the heat wave (orange-dotted curve), allowing isentropic compression to occur within the
hashed region. Sometimes this allows the heat-wave to enter the rarefraction wave, as it
lags behind the shockwave [219]. Over longer time-periods, the shock loses speed, and the
heat-wave eventually overtakes it. One notable example in the literature is the work of
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Babuel-Peyrissac et al., who modelled how vy, initially lagged behind vy, and generated
a separation region where material was shocked but with limited heating. The assumed
laser fluence was 10> W/cm?, incident on a deuterium sample, and the time to separation
between the two heat/shockwaves was estimated to be only 48 ps—much shorter than
the length of the incident laser pulse [219]. In Figure 6, it is assumed that the heat and
shockwaves are separated throughout the observed timescale. Hence, careful experimental
design is necessary to obtain isentropic processing—which must account for the timing of
each wave and the thicknesses of targets and samples.

| ! ™
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Figure 6. Comparison of the shockwave and heatwave velocities, vs;, and vy, for short time durations
to a pulse width of 2.0 nanoseconds. Note that the shockwave (blue-dashed curve) initially outpaces
the heatwave (orange-dotted curve), allowing for isentropic processing within the hashed region.

Now, provided that either (1) a single-laser pulse is used, or (2) a low pulse-repetition-
rate (PRR) beam is employed, the average thermal energy transferred into a sample can actually
be quite low, even when extremely high peak intensities per pulse are employed (e.g.,
>10'> W/cm? -pulse)—provided ultra-short laser pulses are employed (T << 100 ps). So,
unlike the continuous-wave (cw) laser heating used in many LH-DAC experiments, LDC-
DAC experiments may be designed to not necessarily heat samples during compression.

Determining shock and the material compression velocities is important to be able to
estimate the density, volume, and energy of the sample material p(t), V(t), E(t) through-
out the laser dynamic compression process. The Rankine-Hugoniot relations express the
conservation of mass, momentum, and energy for a sample transitioning from an (initially)
unshocked state (i) to a (final) shocked state (f). Defining the velocity at which the sample
material compresses, vy, one obtains:

Pf/pl, = (vsw ’vmc) (6)
Vf/Vl = (vsw - Umc)/vsw (7)
(Ef - E,») = Py (V,» - Vf) /2 ®)

A sequence of shock compressions that conserve mass, momentum, and energy (as
above) is known as a Hugoniot curve [58]. A rapid sequence of laser pulses can drive
a sample material to follow such a Hugoniot curve [220]. The term Hugoniot has been
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utilised in the literature to refer to material responses in which the resulting material
states differ from those obtained through processes where equilibrium conditions are
attained [221]. Hugoniot material responses are of interest due to applications where
non-equilibrium processes occur such as in meteorite impacts, explosive volcanology, or
novel manufacturing processes [222].

In order to better determine Hugoniot curves, three laser-based characterisation tech-
niques may be employed to measure vy, and vy, experimentally: (1) velocity interferometer
systems for any reflector (VISAR), (2) laser Doppler velocimetry (LDV), and (3) optically recording
velocity interferometer systems (ORVIS) [25,57,223,224]. These techniques are also more gen-
erally applied in dynamic compression experiments, e.g., gas-gun tests, and can be used
individually or in combination. VISAR measures the free-surface position/velocity of a
shocked sample by observing the reflected beam with an interferometer, while LDV mea-
sures the Doppler shift of a laser beam reflected off the same free-surface. ORVIS measures
the free-surface velocity by recording parallel fringes generated from an interfering laser
beam using high-speed and streak cameras.

Knowing vy, and vy, from the characterisation methods described above, the actual
rates of sample material compression can be estimated. As shown in Figure 7, LDC-
DAC methods complement static (DAC) and dynamic (D-DAC) methods because each
operates on different timescales. Static DACs, on the left-hand side of the scale, are com-
pressed/released relatively gradually (typically << 10 GPa/s) [225]. D-DACs, on the other
hand, controllably compress or release samples at rates of 101-10° GPa/s, depending on
their configuration [225-228]. Stepper-motor-driven dynamic DACS (sometimes known
as S-DACs) are often the slowest of these with rates <10? GPa/s, followed by gas-driven
membrane DACs (i.e., M-DACs) with rates of 10* GPa/s or less [227,229], while piezo-
electric DACs (P-DACs) and combination stepper-motor/piezoelectric DACs (S/P-DACs)
are operated at compression rates of up to 10*~10° GPa/s [226]. In contrast, LDC-DAC
systems allow compression/release rates four to seven orders of magnitude greater than
all dynamic DACs (i.e., 10°-10'? GPa/s); this enables access to novel material states and
potential new synthesis routes. For comparison (see the far right-hand side of Figure 7),
Caudle et al. recorded one of the highest compression rates ever, >10'®> GPa/s, during an
HP-MB-LDC experiment—but without pre-compression within a diamond anvil cell [230].

(Yan et al,2022), S-dDAC (Coppari et al,2013), LDC-DAC
~30 GPa/ o
¥ (Velisavljevic,2014), M-DAC ~200x10° GPa/s
400 GPa/s (McGonegle et al,2020), LDC-DAC

~32.5x10° GPa/s
(Yan et al.2022), M-dDAC (Eggert et al,2008), LDC-DAC
~0.5-3 TPa/s ~24.87x10° GPa/s

(Su et al,2021), S/P-dDAC

48 TPa/s
— OO0 - : - . —4—&— . : S —
1 10 102 103 104 105 106 107 108 10° 1010 101 1012 1013 101 1015 1016

(Smith et al,2015), P-DAC  (Smith et al,2015), P-dDAC

Compression Rates (GPa/s)
(Cauble et al, 1993), HP-MB-LDC

~2.519x10"5 GPa/s

(Rygg et al,2012), RPC

240 GPa/s 34 TPals
(Evans et al,2007), D-DAC  (yan et a1,2022), P-dDAC ~33.33410" GPals
500 GPa/s ~7 TPals

Figure 7. Compression rate of several DAC methods including; Stepper motor- dynamic (S-
dDAC) [227], a piezoelectric driven (P-DAC) [228], a standard gas-Membrane (M-DAC) [229],
dynamic (D-DAC) [225], gas Membranes dynamic (M-dDAC) [227], a Piezoelectric driven step
compression dynamic (P-dDAC) [227,228], Static and dynamic (S/P-dDAC) [226] in comparison
to LDC-DAC (Red) [30,31,47], ramped pulse compression (RPC) (Blue) [49], and HP-MB-LDC
(Green) [230].
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From Equations (6) and (7), one can see that the shockwave velocity (vsy) is a crucial
parameter in the Rankine-Hugoniot relations, and it is used to derive final state data
(e.g., p, P, T) [24,26,32,49]. vsy can be measured using a VISAR or ORVIS system (as
described above) [59], or through measurements of the Raman intensity emitted from a
laser-illuminated sample over time. In this latter case, one can estimate the shock velocity
from the slope, o, of the shocked Raman intensity (normalised to its unshocked intensity)
versus time. The product of ¢ times the sample target thickness, d, provides the shock
velocity, i.e., [32,231].

Usw = (0 -d) )

While a pressure wave travels at the speed of sound in a medium, v}, a true shock-
wave travels at vgy > vpg. By using line-imaging VISAR, these two velocities (vs, and vpy)
can be related to the material compression velocity (vy,c) through the simple relation [29]:

Vpw = vsw\/(vsu’_vmc> + tan?6 (10)
Osw

Here, 8 is the angle measured between the retarded wave front and the edge of the
shockwave front. So, by measuring shock and compression velocities, one can readily
derive local sound speeds in a solid (vyw).

Knowing the actual sound (acoustic) velocity vs. density, pressure, and temperature
is critical in many areas of geo- and planetary-physics, because modelling the interior
structures of these bodies (and seismic events on Earth) often relies on acoustical timing
measurements [73]. Equation (10) is also useful in deriving EOS variables (e.g., p, P, T, E)
from shock velocity measurements [73,232,233]—and in simulating diffusion and density-
driven advection on both small- and large-length scales [65,73]. The Gibbs free energy of
phase transitions, AGpy, can also be derived from acoustic velocity measurements [29].

Now, as shockwaves may generate a significant number of defects in crystalline mate-
rials [234], it is not always desirable to shock some samples during LDC-DAC experiments.
Excessive shock intensities may convert much of the shock’s energy to entropy and heat,
rather than sample compression [20,235]. For these reasons, a sequence of laser pulses is
often used, similar to RPC. This generates a gradual impulse on the order of 10-100 ns,
which is sometimes known as shockless-compression [20]. Shockless compression makes it
possible to minimise shock heating, while compressing samples to higher pressures [49].

4.2. LDC-DAC: Historical Development and Key Experiments

The inspiration for laser dynamic compression in a DAC came from P. W. Bridgman
in 1956 who predicted that static pre-compression would be combined with shock com-
pression [236]. However, to our knowledge the first implementation of an LDC-DAC
experiment was in 2001, when Moon et al. at Lawrence Livermore National Laboratory
introduced a new LDC-DAC design, in which thin diamond plates backed by tungsten
carbide replaced the traditional diamond anvils; this allowed for pre-compression of H,O
samples to 1 GPa, followed by laser driven compression to ~50-300 GPa [25]. From this
they estimated the Hugoniot curve for water in a P-T region not previously accessed. Their
LDC-DAC design, similar to that of Figure 2B, used a separate target inside the anvil to pre-
vent the laser-generated shock from spreading (and losing intensity) before passing through
the sample; this approach greatly influenced future implementations of LDC-DAC:s.

In 2007, this same group extended their research to temperatures in the range of
6000-9000 K, using a configuration akin to Figure 2D [57]. They found that water forms
a metallic-like phase within shock fronts at 100-150 GPa. Rather than transmitting an
incident beam (from a VISAR), the compressed water reflected the laser beam, and the
velocity of the shock front could be determined. The VISAR system was arranged similarly
to the basic interferometer of Figure 4 (xxii). In conjunction with this work, Jeanloz et al.
estimated that the LDC-DAC method could theoretically be extended to peak dynamic
pressures in the 10-100 TPa range [57]. Although this prediction has yet to be realised, peak
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pressures by laser dynamic compression (LDC) are now approaching the predicted lower
bound of this range (10 TPa) [27]. These two developments are shown on the left-hand side
of the timeline in Figure 8.

Observation of solid-solid phase transition between

The 1t LDC-DAC the rocksalt crystal (B1)
Novel design for a thin-flat DAC and a caesium chloride (B2) phases
which can pre-compress a sample to 1 GPa and of MgO above 600 GPa
then strong shocked to =100 GPa 2013 ’ g
2001 The highest compression

~1 TPa ~93,000 K

The 1¢ termed nanoshocking in L-DAC
inl- s systems

Novel technique

2010 2020
2021
2001 2012
The 1¢ usage of
RAMPED laser pulses
2007
Metallic-like phase within shock fronts at 100-150 GPa 2021
Theoretical evidence of experimental possibility of The H2-He physical properties
studying materials at 10-100 TPa range @ 351 nm

up to 93 GPa and 4700 K

Figure 8. Chronology of key laser-generated shock compression diamond anvil cell (LDC-DAC)
developments and events.

The concept of Nanoshocking, was first introduced in 2010 by Armstrong et al. at
Lawrence Livermore National Laboratory, using the configuration of Figure 2B, with
a~1 pm thick aluminium target on the inside surface of the (incident) diamond anvil [24].
In this case, a series of ultra-short sub-10 picosecond, 100-300 uJ pulses were used to gen-
erate “nano-shockwaves” at the aluminium target—which subsequently passed through
argon/nitromethane samples within the DAC. Meanwhile, a train of lower-power probe
pulses were directed onto the sample through the DAC backside anvil, and the reflected
(and wave-front distorted) probe pulses were analysed by means of a spectrometer and high-
speed imager. Using such short timescales allowed for near-adiabatic compression of the ar-
gon/nitromethane samples, allowing researchers to access low-temperature states/phases
of matter (without sample heating). These states cannot ordinarily be accessed during static
isothermal or high-power, single-laser-pulse compression experiments. This is important,
for instance, in the study of low-Z materials present at depth within gas giant planets or
ice-moons. Nano-shocking with short-pulse lasers continues to be a useful technique to
enhance the ultimate dynamic compression of samples—without over-shocking the sample
or converting the shock energy to heat.

The concept of pre-compressing a sample within a DAC and then subjecting it to dou-
ble pulse compression (DPC), or RPC was initially suggested by Kimura et al. in 2010 [22].
RPC was subsequently implemented in 2012 by Rygg et al., who subjected a variety of
targets to ramped pulses with ramp rates of 5 TW/cm?-s. This generated a more gradual
compression instead of an intense shock. The result was that samples were compressed to
much higher pressures (up to 900 GPa) with minimal shock heating. Rygg and associates
demonstrated that Fe, Cu, Sn, Ta, Pb, Zr, C, and MgO could all be isentropically compressed
in this manner [49]. RPC also makes it possible to prevent materials from melting prema-
turely during compression, allowing low-temperature compressed states and phases to be
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investigated [49]. These important improvements of nano-shocking, DPC, and RPC can be
seen in the middle of Figure 8’s timeline.

Another useful experiment in this timeframe was the investigation of high-pressure
phases of magnesium oxide (MgO), a common mineral in terrestrial planets, which is also
thought to be present in super-Earths, much more massive than Earth (>1 Me). Coppari et al.
observed an important solid-solid phase transition between the Bl-phase (rocksalt crystal
structure) and the B2-phase (caesium chloride structure) of MgO, at 400-600 GPa and
observed that the B2 phase was stable up to 900 GPa for the first time [30]. Laser pulse
compression occurred over a few nanoseconds. Pressures of 600 GPa are anticipated deep
within the interior of super-earths with masses >5 M,, so this work helped predict the
internal structure/dynamics of large rocky planets with MgO outside our solar system.

Perhaps the most extreme LDC-DAC experiment to date is that of Crandall et al. in
2020, which achieved a dynamic compression of about 1 TPa and temperatures of up to
93,000 K [27]. They pre-compressed carbon dioxide samples to 1.16 GPa inside a DAC, and
then shock-compressed the liquid or solid CO, samples to extreme conditions using the
Omega Laser at 351 nm. A configuration similar to that of Figure 2A was used, only with
quartz witness plates and a sapphire anvil on the back side. One objective of the experiment
was to identify the transition to (and properties of) anticipated metallic phases of CO;,
which occurs at/above 100 GPa and 9000 K. During this experiment, Crandall et al. were
able to extend the EOS for CO; into this extreme regime. All this information is valuable
for better modelling of warm, dense (molecular) matter, such as is likely extant in large gas
giant planets and brown dwarfs.

In 2021, the C-O-H system was studied by Kadobayashi et al. Using the LDC-DAC
approach with hydrocarbon precursors, they found a new route to diamond at less ex-
treme temperatures (13-45 GPa, 1600 K) than had previously been observed (10-150 GPa,
2000-5000 K) [198,237-240]. This work provided an important contribution because the
authors observed rapid reaction rates at 1600 K (a useful synthetic route to diamond), and
because it demonstrated that diamond will likely form within the mantles of icy planets
(e.g., Uranus and Neptune)—and “rain” diamond within the icy planets’ interiors.

Recently, Brygoo et al. explored the immiscibility of hydrogen and helium at high
pressures for the first time [60]. They initially pre-compressed homogeneous H-He mixtures
to about 4 GPa at 300 K, then laser shock compressed the samples using a configuration
similar to Figure 2D. The H-He mixture was pressurised to approximately 93 GPa and
heated to 4700 K. These conditions are similar to warm, dense matter conditions deep
inside gas giants such as Jupiter (See Figure 3). They discovered that the H-He combination
is immiscible over a range of pressures and temperatures (to the right of a line crossing
100 GPa and 4000 K); the implication is that gas giants are likely to have layered interiors
that are driven by this H-He immiscibility.

In addition to these highlighted works, Tables 1 and 2 (below) provide a summary
of the many materials/minerals that have been modified or studied using laser dynamic
compression diamond anvil cell methods. Much of this prior research has been focused on
the determination of EOS and phase transitions relevant to the geological and planetary
sciences. Table 1 focuses on low-Z Fluids studied/modified during LDC-DAC studies
which are relevant to planetary science and astrophysics, while Table 2 gives the higher-Z
minerals/materials that are typically pertinent to geo-physics and advanced materials science.

5. Conclusions and Future Work

This article has assessed the rapid development of laser-induced dynamic compression
in diamond anvil cell methods over the past two decades, providing a summary of the
primary methods employed, underlying physics present, history of key developmental
events, and tables of relevant materials processing experiments attempted to date. It is clear
that LDC-DAC experiments allow researchers to access a (dynamic) pressure regime that
is not otherwise accessible for study (10 GPa—900+ GPa without significant heating)—and
the experiments conducted up until now have only begun to access the potential physical
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states and materials that will be generated by this technique. The use of pre-compression
within the DAC allows researchers to control the initial and final conditions applied to a
sample, with dynamic compression, allowing the retention of metastable phases.

In the medium-term, LDC-DAC methods provide a practical means of evaluating
material transformations/stability over a wide range of potential shock conditions; this has
application to the development of shock-resistant materials/structures that withstand dam-
age in extreme environments. Applications include fusion energy containment, rocket en-
gine development, and fabrication of high-energy laser optics. A wide variety of aerospace,
military, and commercial applications have been proposed [241-244].

At present, the LDC-DAC method also remains the only approach available to explore
extreme environments present within moon-, dwarf-planet-, and planetary-interiors. We
know very little about the internal structure and dynamics of these bodies, which depends
largely on the properties/phases of the materials present at these pressures/temperatures.
For example low-Z materials including water, ammonia, and methane were explored by
LDC-DAC systems to determine their EOS [22]. Furthermore, many other important
materials can be also characterised by this technique such as quartz, garnet, and complex
mixtures of water, ethanol, and ammonia [245-247].

The door is wide open to study materials other than those explored in Tables 1 and 2.
For example, ZnO, some nonlinear optical (NLO) single crystals, L-alanine doped potas-
sium dihydrogen orthophosphate, semiconductor microsystems materials and photonic
crystals (electromagnetic band gap materials)—all these materials show potential for high
stability under shockwave impact in terms of physical, mechanical, and chemical prop-
erties, yet they are still unknown in how they are going to react under pre-compressed
and shocking conditions [243,244,248-250]. The proof of stability under these conditions
will serve the vast applications of shockwave-stable materials such as aerospace, optical
modulation and data storage and micro-electromechanical systems.

The potential for the synthesis of novel metastable materials, e.g., lonsdaleite [251-253],
lechatelierite quartz [254-256], and similar shocked materials [69,257-259] using the LDC-
DAC technique cannot be overstated. Originally discovered in the rocks surrounding
meteorite impacts, high-quality lonsdaleite has been somewhat elusive to synthesise in
larger quantities. Yet, this material has been predicted to exhibit a hardness greater than
diamond [260]. LDC-DAC experiments provide a controlled environment for determining
optimal synthesis conditions for such materials; these conditions can then be applied to a
range of processes, including those most conducive to bulk synthesis. This has the potential
to open an entirely new field of materials research, especially if novel methods of process-
ing many anvil cells in parallel can be realised— with benefit similar to combinational
chemistry [261]. Much more work should be conducted in this area.

In the longer term, significant fundamental contributions may be realised through
augmented LDC-DAC experimentation. For example, Kimura et al. suggest that, at
pressures approaching 100 TPa, it may be possible to obtain an entirely new regime of
chemistry; at such extreme pressures, compression forces exceed the strength of outer
electron shells, allowing for interactions (and bonding) between adjacent atom’s inner
electron orbitals for the first time; this type of chemical bonding has yet to be explored
experimentally [22,69]. Consider the potential for novel metastable material synthesis
and/or increased understanding of geological and planetary dynamics.

In the future, it is also anticipated that the use of new techniques, e.g., the use of
high-power, short-pulse lasers, will add significantly to the diversity of experimental
results obtained and the types of material processing/modification that will be achieved.
In order to use such ultrashort laser pulses, novel experimental methods will be needed,
such as greater thinning of the diamond anvil to minimise back-rarefraction, improved
impedance matching at interfaces, and beam shaping to minimise side rarefraction of the
shockwave [58]. In addition, novel methods of ramped and modulated-pulse compression
will likely provide greater control of the peak pressures obtained.
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Appendix A

Table A1. Summary of all research papers that result from the key search words in two main
scientific databases.

Keyword
ScienceDirect ;N?b of Final Access Date
Database/Date clience

Diamond Anvil Cell 8432 7294 2 August 2022
Laser diamond anvil cell 1466 1369 2 August 2022
(ALL = (Laser diamond anvil cell))

NOT ALL = (synchrotron) 1291 783 2 August 2022
Diamond anvil cell AND “Laser heated” 703 766 2 August 2022
(ALL = (Laser diamond anvil cell AND (React 430 407 2 August 2022

* OR chemical reaction OR synthe *)))

(ALL = (Laser diamond anvil cell AND (shock
* OR shockwave * OR pressure wave OR 66 157 2 August 2022
dynamic compression)))

(ALL = (Laser diamond anvil cell AND
(spectroscop *)) NOT ALL = (X-ray))

* In addition to the listed keywords, authors and research groups were also searched forward and backward from
each of the 27 works. Additionally, some alternative keywords were searched.

163 150 2 August 2022
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