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Abstract

Pulsed laser ablation (PLA) in high-density media—high-pressure gases, liquids, and
supercritical fluids—has shown to be promising for nanomaterials fabrication and as
an analysis technique in extreme environments, for example, the exploration of deep
ocean levels and planetary atmospheres and surfaces. Despite the high potential of this
technique, it is still not very widely used. The objective of the present chapter is to
present the reader with an overview of recent advances in the use of pulsed laser
ablation in pressurized media, the fundamental characteristics, especially the dynamics
of cavitation bubbles and the optical emission, and the applications to the fabrication of
metallic and semiconductor nanoparticles, and diamond molecules, the so-called
diamondoids. Finally, a short overview of the use of pulsed laser ablation in pressurized
media as a promising tool for the analysis of extreme environments is presented.

Keywords: pulsed laser ablation, high-density media, supercritical fluids, nanomate-
rials fabrication, diamondoids, cavitation bubble, shadowgraph imaging, optical
emission spectroscopy

1. Introduction

Laser-based methods have opened new possibilities for materials treatment and processing,
chemical synthesis, and analysis. Pulsed laser deposition (PLD) has been widely used for the
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fabrication of thin films (metallic, oxide, and complex heterostructures) and has become a
mainstay for realizing high-quality thin films of different compositions [1].

Pulsed laser ablation (PLA) in liquids, which consists in the irradiation of a solid target placed
inside liquids, has enabled the functionalization and fabrication of a wide range of nanoma-
terials. The main advantage of PLA is that it enables the fabrication of nanoparticles that cannot
be obtained easily by other methods. Moreover, PLA realized in high-density media—high-
pressure gases, liquids, and supercritical fluids—has opened up new possibilities for control-
ling nanomaterials fabrication by PLA and has also lead to the discovery of new phenomena
related to plasma-fluid interactions.

In the context of this chapter, we define high-density media as gases, liquids, or supercritical
fluids at and above atmospheric pressures, that is, at pressures p > 0.1 MPa and densities px
1 kg m?®. While there have already been extensive reviews on PLA in liquids and their
applications for nanomaterials processing [2, 3] including high-density media [4], the main
aim of the present chapter is to present the main differences between PLA in atmospheric
pressure liquids and PLA in high-density media—high-pressure gases, pressurized liquids,
and supercritical fluids—and to point out possible advantages of using PLA in such media,
both for fundamental research and applications in materials science and processing.

The chapter is structured as follows: The first part (section 2) gives a brief overview on the
phenomena related to the formation of PLA plasmas in dense media. We introduce the
techniques used for generating plasmas by PLA in high-density media, and the fundamental
phenomena encountered under such conditions. This part is also devoted to the description
of the experimental instrumentation and analysis techniques. In the third part (section 3) gives
an overview of the use of pulsed laser ablation to nanomaterials” synthesis and the character-
ization of nanoparticle growth processes using X-ray scattering techniques. Finally, in the last
two parts (sections 4 and 5), we present briefly other possible applications of PLA in high-
density media and close the chapter with a short conclusion.

As mentioned above, while PLA in liquids or in atmospheric pressure gases has been
investigated extensively, PLA in high-pressure/high-density media has not yet received as
much attention, but we hope that the present review can help researchers gain an overview on
this field.

2. Pulsed laser ablation plasmas in high-density media

This section gives a brief overview on the formation mechanism of PLA plasmas in high-
density media, and the main experimental equipment required for carrying out such experi-
ments.

The following section is devoted to introducing techniques for characterizing PLA plasmas in
high-density fluids—direct imaging, shadowgraph and Schlieren imaging, laser scattering,
optical emission spectroscopy (OES) [5], and Raman scattering [6].
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2.1. Plasma generation in high-density media

To realize the pulsed laser plasma, different types of lasers can be used. The most common are
second harmonic (532 nm) Nd:YAG pulsed laser sources (e.g., Ref. [7]) that are operated with
arepetition rate of a few Hz and pulse widths of a few nanoseconds (~ 5 to 10 ns) and fluencies
of a few tens of milli-Joules per pulse.

To realize the high-pressure conditions of the fluid, it is necessary to employ high-pressure
pumps, for example, those used for high-performance liquid chromatography (HPLC) [8], or
another method that allows compressing the gas or the liquid to be used. One simple approach
is liquefaction that consists in cooling the source gas liquid nitrogen and then introducing it
into the high-pressure cell, as this was used for PLA in supercritical xenon [7]. To keep the
conditions in a well-defined state, the temperature and pressure in the cell are monitored by
temperature and pressure sensors. Adjusting of the temperature can be achieved by using a
heating/cooling circuit connected to the high-pressure cell.

One advantage of carrying out PLA in high-density and pressurized media is that varying the
pressure and/or temperature of the medium allows further adjustment of the nanoparticle size
and chemical composition (in addition to the laser fluence and pulse width).

For characterizing the plasma formation and the fluid evolution including the dynamics of the
cavitation bubble, different fast imaging techniques are employed, the most common being
shadowgraph and schlieren imaging. Finally, direct imaging can be used to generate the
plasma formed by the laser irradiation. In shadowgraph imaging (cf. setup of Figure 1), the
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Figure 1. Schematic of experimental setup for direct and shadowgraph imaging in high-pressure conditions. Tempera-
ture and pressure indicators (TI, PI) are used to monitor the fluid conditions inside the high-pressure chamber. Figure
adapted with permission from Ref. [10].
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zone to be irradiated by the laser is illuminated from behind using a bright light source (a flash
lamp or a laser source). The change in the fluid density leads to refraction of the light beams
from the light source on the detector, which results in the formation of brighter and darker
zones on the detector and correlates with the fluid density gradient.

PLA leads to the formation of shockwaves inside the target and the fluid. For 2D shocks
produced in liquid water, pressures of up to 30 GPa and velocities up to Mach 6 have been
reported [9].

Figure 1 illustrates the main components for conducting PLA in high-density media. The
equipment consists of a reaction vessel capable of withholding pressures up to several
megapascals. Usually, the reactor vessels are made of stainless steel (typically SUS316) or, in
case of highly corrosive fluids such as supercritical water, other highly corrosion-resistant
materials, mainly Ni-based alloys, for example, Hastelloy™, are used. As viewports, usually
sapphire is used because of its superior hardness, high thermal conductivity, and chemical
resistance. Another advantage is the large domain of optical transmission, from about 150 to
5000 nm.

To characterize the evolution of the plasma and the cavitation bubble, different types of
imaging methods are used: The simplest is direct imaging, which is used for temporal and
spatial evolution of the plasma and, when using bandpass filters of specific wavelengths, the
spatial distribution of emissions corresponding to certain species can be monitored.

Finally, shadowgraph and Schlieren imaging allow the observation of changes in the fluid
density, and optical emission spectroscopy can be used to characterize the plasma. Examples
of these techniques employed for the characterization of PLA in high-density media will be
presented in sections 2.2.2 and 2.2.3.

2.2. Characteristics of pulsed laser ablation plasmas in high-density media.

2.2.1. Plasma formation and characteristics

The formation of a plasma through laser irradiation is a highly complex process that involves
several stages, which are illustrated in the case of a liquid in Figure 2. The laser irradiation and
absorption of the laser energy by the target leads to the explosive vaporization of the target
material and the formation of a cavitation bubble and subsequent nucleation and growth of
nanoparticles that are ejected into the fluid.

While the detailed mechanisms are still not understood yet, depending on the type of laser,
continuous wave (CW), nanosecond or pico-, respectively, and femtosecond, the mechanisms
leading to the removal of material and plasma formation are different. In the case of CW lasers,
material is removed primarily by melting, which creates a large heat-affected zone (HAZ), and
material ejection is mainly dominated by thermal processes [11]. In nanosecond lasers, there
are three main stages that lead to the formation of a plasma. In the first, laser photons couple
both with electrons and phonons of the target material. The photon-electron coupling then
results in an immediate rise of the electron temperature, leading to vaporization of the target.
Compared to CW lasers, the HAZ created by nanosecond pulsed lasers is smaller.
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With ultrafast pico- and femtosecond pulses, the laser pulse duration is much shorter than the
timescale for energy transfer between free electrons and the material lattice, and electrons are
excited to only a few or few tens of electron volts. Consequently, the lattice temperature of the
target remains unchanged, and the main amount of the laser pulse energy is primarily
absorbed in a thin layer of only a few microns close to the surface, where extremely high
pressures and temperatures can be attained. The absorbed energy heats the material very
quickly past the melting point, directly to the vapor phase with high kinetic energy, and the
material is removed by vaporization. Consequently, in the case of pico- and femtosecond
pulsed lasers, mainly the photon absorption depth governs the heated volume, the influence
of thermal diffusion depth being smaller.

With nano-, pico-, and femtosecond pulsed lasers becoming more and more available, PLA
has opened a wide range of new possibilities for materials processing: deposition of thin solid
films, nanocrystal growth, surface cleaning, and the fabrication of microelectronic devices.

The evolution of the cavitation bubble is described in more detail in the next section.
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Figure 2. Schematic of the different events occurring after pulsed laser irradiation of a target inside a fluid. The rapid
heating of the target and subsequent plasma formation leads to vaporization of the fluid and the formation of a cavita-
tion bubble. Nanomaterial (NM) nucleation and growth occurs in the later stages, at t ~ 10~¢ — 10™* s. Figure adapted
with permission from Ref. [12].
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2.2.2. Evolution of cavitation bubbles

One characteristic that distinguishes PLA in liquids or in pressurized media from PLD or PLA
in vacuum is the confinement of the plasma plume by the surrounding fluid. As a consequence
of this confinement and the large temperature rise of the target and the medium in the vicinity
of the plasma plume, PLA in dense media is accompanied by the formation of a cavitation
bubble. Itis a region whose internal conditions — pressure and temperature —are different from
those of the surrounding medium. Depending on the fluid conditions, expansion and com-
pression of the cavitation bubble occur in several steps. It has been suggested that the bubble
formed during pulsed laser ablation plays an important role in nanoparticle formation, as it
confines the primary particles and redeposits them to the substrate.

In the first step, the cavitation bubble grows, until its internal pressure p, becomes equal to the
external pressure, p,, after which the cavitation starts shrinking. Depending on the conditions
of the medium, the expansion and shrinking can occur over several cycles.

To study the evolution of the cavitation bubble as a function of pressure, experiments in
pressurized distilled water up to 3.5 x 10’ Pa on Ti targets at pulse widths of 10 ns and a laser
fluence of 22 m] pulse™ were conducted [13]. Figure 3 shows the variation of the size of the
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Figure 3. Variation of the length of the first cavitation bubble in the direction perpendicular to the target surface, L,, as
a function of the delay time ¢,. (a) Water ambient pressure p =3 x 10° Pa. (b) Water ambient pressure p = 1 x 10° Pa. The
inset indicates the geometry of the cavitation bubble and the measure of L,, and the shaded area labelled “a” indicates

the x- and y-axes scales. Data adapted with permission from Ref. [13].
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cavitation bubble in a direction perpendicular to the target surface as a function of time and
for two different water pressures.

PLA in liquids has enabled the formation of a large variety of materials. A large variety of
metallic nanoparticles [3], diamonds [14], and other carbon nanostructures [15].

The basis for calculating the variation of p and T inside a cavitation bubble can be estimated
by using the the Rayleigh—Plesset equation:

2(0=p0) _ ( Er® 3(d@) | 4 i) 2 @
T de 2\ dr r() dt  pr(0)

where r,(t) is the radius of the cavitation bubble at time t, p,(t) the pressure inside the bubble,
and p(t) the pressure at a distance far from the bubble, p the density, v the kinematic viscosity,
and S the surface tension of the surrounding fluid. The value of p, at time ¢ is given by

o(0) = Po(T,) + Doy [H[?] @)

Here p,(T}) is the vapor pressure at T, and T is the temperature at a large distance from the
cavitation bubble, y = C, / C, is the isentropic expansion factor, and pg, is the pressure of a
bubble present in the fluid before laser irradiation and r, the corresponding radius, related by
Pco = Po - Po(Ty) + 25/ 1y. The temperature in the bubble is given by

T 3(y-1)
T(r)=—"—— &)

(7"3 _ a3 );/71

with a = r,/8.86 the hard core radius of the bubble. To improve the original Rayleigh—Plesset
model, the authors took into account the hemispherical nature of the cavitation bubble and the
effect of the contact angle between the bubble, the target, and the water [16]. Figure 4 shows
the variations of the pressure and temperature at the time of collapse inside the first cavitation
bubble as a function of the external water pressure, p,. As can be seen from the graph, the values
of p, reach values up to several TPa, with p, > 10 at the time of collapse for p,>10 MPa. On the
other hand, the temperature at the collapse decreases only weakly with p,, with values varying
between T = 7000 — 13000 K.

The variation of the volume as a function of water pressure p = 0.1, 10, 20 and 30 MPa is
illustrated in Figure 5, which displays the variation of the cavity volumes as a function of time
up to 2 ps following the laser irradiation. The volumes V were estimated by measuring the
extension of the cavitation bubbles from the shadowgraph images, assuming half of an oblate

spheroid (V = %nazb, where a is the semi-major axis and b the semi-minor axis). As can be
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Figure 4. Dynamics of cavitation bubble and variation of pressure and temperature inside the bubble as a function of
water pressure. (a) Experimental values of the evolution of the cavitation bubble radius as a function of time in com-
parison with theoretical model. (b) Variation of the bubble pressures and bubble temperatures at the time of collapse of
the first cavitation bubble as a function of the water pressure p,, using a modified Rayleigh-Plesset model. The dashed
lines connecting the data points act as guides to the eye. Data adapted with permission from Ref. [16].

seen in Figure 5 up to t = 600 ns, the volumes of the cavities are practically independent of the
hydrostatic pressure. This is an indication that during the initial stages after laser irradiation,
other mechanisms dominate the transient pressure profile surrounding the laser-ablated
region [17].

The evolution of the cavitation bubble has been found to play an important role in the
formation of nanoparticles (cf. Section 3.2). This control of the cavitation bubble dynamics can
be achieved by several methods. One is by changing the laser fluence [18], or the viscosity of
the medium [19]. Finally, another possibility is to pressurize the solution used for the PLA. By
tuning these different parameters, the size, the chemical composition, and the type and
concentration of defects in nanoparticles can be modified.

By changing the pressure of the surrounding medium, the plasma becomes confined and is
restricted by the surrounding fluid.

Figure 6 shows a series of shadowgraph images obtained for a cavitation bubble generated
in supercritical CO, (cf. Figure 1 for a possible experimental setup for realizing shadow-
graph images of PLA in high-density media). Near the critical point and depending on the
fluid conditions, not only a single cavitation bubble but also a structure resembling a dou-
ble-bubble can be observed [10, 20].
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Figure 5. Evolution of the volume of the cavitation bubbles generated by single pulse irradiation on a brass target im-
mersed in water pressurized at 0.1, 10, 20, and 30 MPa. Data adapted with permission from Ref. [17].
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Figure 6. Series of shadowgraph images acquired for PLA on a Ni target in high-pressure liquid CO,. The snapshots
show different instants from ¢ = 1 us to 600 s near the critical point (T = 302.0 K, p = 7.30 MPa) of CO,. After the laser
pulse, one can see the formation of a shockwave that emanates from the target (t = 3-7 us). Then, from about 7 pis until
17 ps, the cavitation bubble exhibits the formation of a particular structure that consists of an inner bubble and an out-
er, partly transparent shell. Figure adapted with permission from Ref. [10].
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The light source (e.g., a flash lamp or a light-emitting diode) is synchronized with a fast
detector, for example, an intensified charge-coupled device (ICCD) or a streak camera. Flash
lamps or diodes allow illumination times of typically At ~ 10 — 100 us while Nd:YAG lasers
allow higher fluencies and permit illuminations at pulse durations of At ~ 3 — 10 ns.

2.2.3. Optical emission characteristics

Figure 7(a) shows plasma emission images of PLA realized on a Ti target immersed in water
at 0.1 and 30 MPa, respectively [21]. A crosssection of the emission intensity in a direction
normal to target, in the middle of the plasma, is presented in Figure 7(b). In both cases, the
maximum emission is at a small distance from the target, and as the pressure is increased, the
extension of the plasma becomes squeezed along the normal to the target.
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Figure 7. Optical emission intensities for pulsed laser ablation plasma in ambient and pressurized water. (a) Optical
emission image observed at 0.1 MPa. (b) Optical emission image observed at 30 MPa. (c) Cross-sections of optical emis-
sion images in and along a direction normal to the target surface. Data adapted with permission from Ref. [21].
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Figure 8. Optical emission spectra measured in CO, at p = 0.1 and 7.4 MPa for PLA on a Ni target. The dashed boxes
indicate the domains of the spectrum where Ni lines are dominant. The inset on the left shows a close-up in the wave-
length range between 235 and 255 nm, where peaks that can be attributed to atomic and ionized C can be found. The
inset on the right shows the detailed spectrum in the region around 777 nm containing lines of atomic O. Data adapted
with permission from Ref. [5].
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As the pressure of the medium is increased, discrete peaks of emitting species are broadening.

Figure 8 shows two examples of OES data series recorded for PLA in atmospheric pressure
and supercritical CO, (p = 7.4 MPa) [5]. In this work, the authors also found that the total
emitted intensity reached a maximum near the critical point of CO,, which was attributed to
the maximum of the density fluctuation.

An additional spectroscopic technique that could be used for gaining information about the
plasma characteristics is Raman spectroscopy. So far it has been used for characterizing laser-
induced breakdown in water [6].

3. Nanomaterials synthesis and characterization

In this section, we give an overview of the application of PLA in high-density media for the
fabrication of nanomaterials—mainly not only metallic and semiconductor nanoparticles but
also organic molecules. We focus on the effect of the pressurized fluid on the particle charac-
teristics, and advantages compared with PLA in atmospheric pressure liquids or gases.

While PLA in high-density media offers many advantages, the nucleation and growth
mechanisms are still not understood very well. Methods that enable in situ characterization of
nanoparticle formation, namely, fast X-ray Radiography (XRR) and Small-angle X-ray
Scattering (SAXS) will be discussed in Section 3.2.

3.1. Synthesis of metallic, semiconductor, oxide and inorganic nanomaterials

3.1.1. Metallic nanoparticles

Metallic nanoparticles play an increasingly important role in many different fields. These
include sensing, catalysis, electronics, and plasmonics, and especially the plasmonic properties
of noble metallic nanoparticles has opened new possibilities in biotechnology and medicine,
including DNA and protein sensing or new approaches for cancer therapy [22].

PLA in pressurized media is a promising approach for fabricating metallic nanoparticles and
tailoring their properties. For example, gold nanoparticles were obtained by ablation in
supercritical CO, at pressures up to 20 MPa [8, 23]. In addition to the particle size, the authors
also investigated the influence of the pressure on the ablation depth, which was found to
correlate with the constant volume heat capacity (Cy), that is, the largest particle removal rates
were found for conditions p ~ 10 MPa.

The density has also been found to affect the morphology and the size distribution of particles.
Figure 9(a)-(d) show the morphologies of nanostructures obtained by PLA of Au targets in
supercritical CO, [24]. For lower pressures (p = 4.29 MPa), the structures obtained resemble
chains (Figure 9(a) and (c)), while at higher pressures (p = 14.5 MPa), spherical Au-nanopar-
ticles are obtained (Figure 9(b) and (d)).
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Figure 9. SEM images illustrating the influence of pressure on gold nanoparticle morphologies obtained by PLA in su-
percritical CO,. (a) Nanoparticles generated by laser ablation at p = 4.29 MPa. (b) Nanoparticles generated by laser
ablation at p = 14.5 MPa. (¢, d) Enlarged images of (a) and (b). Reprinted (adapted) with permission from Ref. [24].
Copyright (2008) American Chemical Society.

In one report, the effect of laser fluence and fluidic pressure up to 200 MPa of PLA in water
were investigated [25], while in a different study, PLA in pressurized CO, between 0.1 and
20 MPa was realized on gold and silver targets [26].

3.1.2. Semiconductor and oxide nanoparticles

Figure 10 shows a series of TEM images illustrating the change in morphology for ZnO
nanoparticles formed by PLA in water at pressures of 0.1, 15, 22, and 31 MPa [27]. At a pressure
of 0.1 MPa, the size distribution is quite large, with maximum particle sizes reaching values of
50 nm up to 100 nm. By increasing the water pressure, the authors found that the particle size

Figure 10. TEM images of ZnO nanoparticles obtained by PLA in water as a function of pressure. (a) Atmospheric
pressure (0.1 MPa). (b) 15 MPa. (c) 22 MPa. (d) 31 MPa. The magnification of all images is the same, and the length of
the scale bars is 100 nm. Reprinted with permission from Ref. [27]. Copyright (2013) American Institute of Physics.
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Figure 11. Photoluminescence spectra and luminescence images of silicon nanocrystals. (a) Red light-emitting silicon
nanocrystals generated at p = 4.56 MPa in supercritical CO,. (b) Green light-emitting silicon nanocrystals generated at p
= 14.8 MPa in supercritical CO,. (c) Blue light-emitting silicon nanocrystals generated at p = 11 MPa in supercritical
CO,. (d) Near-IR light-emitting bulk silicon measured by excitation at 632.8 nm of a He-Ne laser. (e) Photolumines-
cence images measured by a fluorescence microscope at an excitation wavelength of 375 nm. Reprinted with permis-
sion from Ref. [29]. Copyright (2009) American Chemical Society.

decreased and the difference between particle sizes also was reduced. Independent XRD
measurements indicated particle sizes of from about 35 nm to ~ 15 — 20 nm.

Using ZnO nanoparticles with well-defined defects, mainly interstitial zinc atoms (Zn;) and
charged oxygen vacancies (V") showed promising properties as highly sensitive oxygen
sensors [28].

PLA of silicon (Si) targets in scCO, permitted to control the size of Si-nanocrystals (Si-nc) [29].

The size distribution of Si-nc can be estimated from different characteristic cooling times 7,
which can be expressed by

RZ_ 2. CZ-
r= SlpSI Si (4)
9/0002 C002 /ﬂtco2

with Rg; the radius of the Si-nc, pg; its density, Cg; its specific heat capacity, and p¢,, and Cg, the
corresponding values of the supercritical CO,, A¢, being the thermal conductivity. By adjusting
the pressure of the supercritical fluid, different cooling rates could be realized, and the obtained
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nanoparticles showed varying photoluminescence spectra. The different colors could be
attributed to different types of defects caused by changes in the cooling rates (™). (Figure 11).

Using a similar approach of PLA in supercritical CO,, white light-emitting Si nanoparticles
could be obtained [30].

3.1.3. Carbon nanomaterials

In addition to metallic and semiconductor nanoparticles, PLA has also been used for the
synthesis of carbon nanomaterials. One group used single and double pulse laser ablation of
graphite targets placed in water that was pressurized at values ranging from p = 1 — 146 atm

[31]. At p = 146 atm, the cooling rate was highest, resulting in the formation of carbon nano-
tubes.

Figure 12 shows the Raman spectra of the collected particles for water at 1 and 146 atm. At
atmospheric pressure (Figure 12 (a)), the Raman spectrum of the ablated particles exhibit
features that are characteristic of diamond-like carbon (DLC), that is, a mixture of carbon with
different degrees of amorphousness [32]. As shown in Figure 12(b), at a pressure of 146 atm,
the Raman spectrum contains features that are characteristic of carbon nanotubes [33].
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Figure 12. Raman spectra of particles produced by PLA of graphite target in H,O. (a) Single pulse PLA at 1 atm liquid
pressure. (b) Single pulse PLA at 146 atm. Data adapted with permission from Ref. [31].
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PLA in supercritical xenon [7] and CO, [34] has also been employed for the synthesis of
molecular diamond, so-called “diamondoids” [35]. Diamondoids are carbon nanomaterials,
consisting of a C(sp®) — C(sp® hybridized carbon cage structure in the form of adamantane units,
which can be superimposed on a diamond lattice, and a H-terminated surface. Except for their
isolation from crude oil and gas sources [36], diamondiods consisting of more than 4 units
(n = 4) are very difficult or even impossible to synthesize. It was shown that by PLA in
supercritical fluids diamondoids up to 10 units could be synthesized. Figure 13 shows
examples of mass spectra of diamondoids synthesized by PLA in supercritical xenon: dia-
mantane (n = 2, molecular ion peak at mass-to-charge ratio m/z 188 Figure 13(a)); pentam-
antane (n = 5, molecularion peak atm/z 330, Figure 13(b)), and octamantane (n = 8, molecular
ion peak at m/z 472, Figure 13(c)).

From samples fabricated by PLA in supercritical CO,, traces that could be attributed to
“superadamantane,” a highly symmetric diamondoid (point group T, C;5Hj) consisting of
n = 10 units, were found [34].
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Figure 13. Mass spectra of products obtained by PLA in supercritical xenon. (a) Mass spectrum mad molecular struc-
ture of diamantane (molecular weight 188). (b) Mass spectrum with molecular ion peak (M**) at m/z 330 that may be
attributed to pentamantane (C,5Hy,). (¢) Mass spectrum of species with molecular weight of 472 that could be assigned
to octamantane Cz,H,j). Data adapted with permission from Ref. [7].
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Figure 14. Variation of the number of diamondoid cages obtained by CO, with and without cyclohexane as a function
of the relative retention time in the gas chromatography-mass spectrometry measurements. The retention time of dia-
mantane is the reference retention time, and the color map indicates the molecular weight (MW) of the detected dia-
mondoids. Diamondoids with higher MWs need increasingly longer elution times for being detected by mass
spectrometry, the increase being almost linear. Data adapted with permission from Ref. [34].

Figure 14 shows the possible types of diamondoids (indicated by the number of cages n) that
were obtained by PLA in CO,, as a function of the relative retention time.

These examples illustrate that PLA in high-density media allows the synthesis of nanomate-
rials far from thermodynamic equilibrium that would be difficult or impossible to be achieved
by other methods, the main reasons being the high pressures and temperatures that can be
achieved by the PLA plasma, and the cooling rates that can be modified by changing the density
of the fluid. At present, the main drawback of nanomaterials fabrication by PLA in high-density
media is that the quantities of the formed nanomaterials cannot be increased easily to indus-
trially relevant quantities.

3.2. Characterization of nanoparticle formation

Figure 15 illustrates a schematic of the experimental setup for carrying out in situ Small Angle
X-ray Scattering (SAXS) measurements of nanoparticles during PLA. For continuous refresh-
ing of the target surface, the target is in the form of a moving metallic ribbon (In this case silver
(Ag), speed 10 cm s™). To avoid convolution of the SAXS measurements and overlapping of
ablated material from previous laser shots, the fluid (H,O) is also continuous (in this specific
case, the authors used a flow rate of 251h™).

These time-resolved SAXS measurements of pulsed laser ablation in liquid water at atmos-
pheric pressure revealed that after laser absorption by the target, a vapor-filled cavitation
bubble is formed at the target surface which undergoes oscillation including a rebound and
final collapses after 220 ms. Inside the cavitation bubble two types of particles can be identified,
namely, compact primary particles of 8 — 10 nm size and bigger agglomerates of 40 — 60 nm
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size. While it cannot be ruled out, presently, SAXS experimental detection limits cannot prove
or disprove the presence of very small particles or particle clusters with sizes < 2 nm.
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Figure 15. Schematic of PLA and synchrotron measurement during formation of nanoparticles. (a) Experimental setup
of an X-ray scattering experiment, liquid flow conditions and moving target to provide reproducible experimental con-
ditions for every laser pulse during time-gated data accumulation. (b) Schematic of the stroboscopic data acquisition
with the detector being gated active for a fixed interval with delay with respect to the laser impact. The oscilloscope
traces of the transmission change are recorded at the same time. Figure adapted with permission from Ref. [37].

Similar trends were observed using different water-ethanol mixtures from 0 to 100 % and
pressures up to 13 MPa of the fluid, which enabled to control various types of defects in ZnO
nanoparticles [38]. The higher pressures were associated with shorter lifetimes of the cavitation
bubble, leading to higher quenching rates of the nanoparticles produced. The faster cooling
rates also resulted in less agglomeration of the particles and higher surface-to-volume ratios.
As a consequence, for higher pressure, the number of interstitial oxygen (O;) defects was found
to increase and at the same time, the contribution of near-band-edge emission, that is, emission
in the UV (at 4 < 400 nm), was found to decrease.
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Figure 16. Schematic illustration of particle formation inside a laser-induced cavitation bubble and distribution at the
time of its largest size for PLA inside atmospheric pressure water. (a) Time-line of laser irradiation and evolution of
bubble height. (b) Evolution of cavitation bubble and evolution of primary and secondary particles. Figure adapted
with permission from Ref. [40].
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Figure 16 illustrates the particle formation inside a cavitation bubble generated by laser-
irradiation of a target surface placed inside a liquid [39].

The time shown is at the instant of the largest extent of the bubble. After irradiation of the
target by the laser, primary particles are formed. Over time, these primary particles coagulate
to form larger, secondary particles. While the secondary particles are trapped inside the
cavitation bubble, some of the primary particles can escape from the inside of the cavitation
bubble to the surrounding fluid. In other words, the interface of the cavitation bubble is not
an impenetrable wall or membrane, but instead can be crossed by particles.

Agglomeration occurs for the confined particles in the second cavitation bubble, which forms
after the first bubble has collapsed. Additionally, upon the collapse of the second bubble, a jet
of confined material is ejected perpendicularly to the target surface.

From this one can see that the lifetime of the cavitation bubble, the pressures and temperatures
reached inside the cavitation bubble, and the conditions of the surrounding fluid all influence
the nucleation and growth of nanoparticles.

In another study, to monitor the formation of nanoparticles in situ, a multipurpose time-
resolved spectrometer was developed, that allows following the formation of nanoparticles
over several timescales [41]. The spectrometer consists of three different parts, one that can be
used for following the nanoparticle formation by time-resolved absorption spectroscopy in the
wavelength range of 350 — 850 nm and on timescales of nanoseconds to milliseconds in the
time following the laser pulse. The second part consists of an absorption spectrometer that
allows following the nanoparticle formation on timescales of seconds to hours between 220
and 900 nm, and the third component, which dynamic light scattering for tracking nanopar-
ticles with sizes ranging from 10 nm to 10, over timescales of seconds to hours.

3.2.1. Other characterization methods

In addition to the characterization methods mentioned above, it is worth noting that there are
still other methods that can be used for investigating the effects of PLA. One is by numerical
simulation. The mechanisms of PLA have been investigated for vacuum or ambient gas
conditions [42].

4. Other applications

In this section, we give a brief overview of alternative applications of PLA for the characteri-
zation of exotic environments, for example, at deep sea levels, or the exploration of the surface
of extraterrestrial bodies—planets and comets.

Spectroscopy techniques are increasingly becoming important in deep-sea exploration and
geochemical assessment of solids and liquids, as they enable rapid, in-situ measurements.
Laser-induced breakdown spectroscopy (LIBS) has also been used for the deep-sea explora-
tion [17], that is, the examination of soil, or of water composition. The setup consists of a laser
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source and an optical bench that is placed in a container that can sustain high hydrostatic
pressures and has allowed real-time analysis of the ocean ground. It is expected that similar
LIBS apparatus could be used in the future missions involving the exploration of planetary
surfaces. In these cases, the laser source could be used to ionize materials of the surface to be
probed, which are then introduced into a Time-of-Flight Mass Spectrometer (TOF-MS).

5. Conclusions

Pulsed laser ablation in high-density fluids is a versatile technique that enables the function-
alization and fabrication of metallic, semiconductor, and organic nanomaterials, which cannot
not be obtained easily by other methods. Moreover, pulsed laser ablation in high-density media
can also be used as an analysis technique in extreme environments such as in deep sea
environments, to gain information about elemental composition at such positions. There are
still many phenomena that are not well-understood, especially with respect to the plasma
formation, cavitation bubble dynamics, and the nanomaterials growth in the cavitation bubble.

As has been hopefully explained in the present review, the use of spectroscopy techniques—
in particular SAXS and XRR —can aid in gaining a better understanding of growth processes
of nanoparticles obtained by PAL of targets in liquids. To the best of our knowledge, so far
these techniques have not been extended to the high pressure regimes yet, but we think that
the same techniques could also be adapted to high pressure and SCF media, in order to further
optimize the size, morphology, and composition of nanoparticles obtained by PLA.

We hope that the present review could give a short perspective on the current state in this field
of research and that it can aid in contributing to the further expansion of this research.
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