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Abstract 

Laser Ablation in Liquids (LAL) has been developed since the 1990s to fabricate colloids. 

The interest in this method has emerged in the last decade due to a significant improvement 

in the production rates and proven comparative advantages in applied research fields. 

However, there is still a lack of fundamental understanding of the physical and chemical 

processes that determine the properties and the yield of the synthesized nanoparticles (NP). 

This thesis investigates the complexity of these processes, which base on highly transient 

phenomena between the laser beam, the target material, and the liquid, occurring on a very 

early timescale. 

For this purpose, at first, a review of the theoretical and experimental investigations of the 

early-stage processes after laser-matter interaction is provided to create a comprehensive 

picture of the current knowledge narrowing down open questions. In the context of this 

literature survey, a new type of bubbles is introduced, whose formation follows directly after 

the cavitation bubble collapse, providing a fingerprint of the early-stage processes. These 

so-called persistent microbubbles are classified as a new shielding entity and systematically 

analyzed regarding their impact on the NP output as a function of liquid viscosity. LAL is 

studied under batch and liquid flow conditions, emphasizing the impact of NP post-

irradiation effects and the formation of nanobubbles as concomitant of LAL when crossing 

a specific NP mass concentration threshold.  

The persistent microbubbles are investigated qualitatively and quantitatively in terms of their 

formation rate and composition. By varying the bulk material and the liquid, the scientific 

understanding of the pathways by which the decomposition of the liquid proceeds is 

substantially improved, and new insights in the field of reactive LAL are given. It is 

demonstrated that organic liquids are decomposed easier compared to water. Additionally, 

it is shown that water decomposition rates and cavitation bubble dynamics depend on the 

ablated bulk materials’ oxidation sensitivity. Moreover, it is highlighted that highly reactive 

oxygen species such as hydrogen peroxide form during LAL, probably caused by plasma-

liquid and catalytic reactions, further affecting the oxidation of the NPs on the long-term 

scale. Finally, the ablation process is investigated under single-pulse conditions providing a 

deeper understanding of the ablation dynamics and the participating mechanical and 

thermochemical forces in the liquid environment decoupled from any shielding cross-

effects. Overall, this work underlines the importance of the physical and chemical processes 

that occur during LAL and affect the properties of the NPs and their yield on different 

timescales. 
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1. Introduction 

The field of nanotechnology has become a household name not only in research but also in 

everyday life, inspiring scientists and engineers all over the world [1-4]. The morpheme 

nano refers to a material with dimensions on the nanoscale characterized by unique, size-

dependent physicochemical properties differing from the bulk form [5,6]. These include 

optical [7-10], thermal [11-14], electrical [15-18], magnetic properties [19-22], and the 

reactive behavior [23-26], which make nanomaterials attractive for far-reaching scientific 

and commercial applications [27] such as in biomedicine [28-30], optics [31-33] or catalysis 

[34-36]. As the field of energy conversion is becoming increasingly important nowadays, 

scientists are striving to develop new, highly capable nanocatalysts for photocatalytic water 

splitting [37-39], electrolysis [40-42], or hydrogen fuel cells [43-45]. The growing demand 

for rapid tests for detecting pregnancies [46,47], hazardous pathogens [48,49] or pesticides 

[50,51], in turn, stimulates the development of high-performance nanomaterials with high 

sensitivity integrated into lateral flow assays useful for applications in clinical diagnosis, 

environmental monitoring and food analysis [52,53].  

According to recent studies, the global market for nanomaterials is predicted to grow to 

10.9 billion € by 2025, with an average annual growth rate of 12%, illustrating the rapid 

development in this branch of technology [54]. As impressive as these numbers are, they 

also represent a major challenge for research and development, which must adapt to the rapid 

changes and increasing market requirements. On the one hand, this refers to the production 

processes, which must be scalable, cost-effective, and ecofriendly. On the other hand, the 

nanomaterials’ functionality and quality play an essential role since they determine the 

suitability for end-use applications. Even the slightest deviation in the nanomaterial 

properties can have a drastic effect on their final performance.  

In general, the synthesis of colloidal NPs is conventionally realized by two main approaches. 

The first is the top-down approach, in which a macroscopic material is transformed into the 

nanoscale by mechanical techniques such as milling [55-57]. The second is the bottom-up 

approach, in which the nanomaterials are obtained by chemical processes such as sol-gel 

methods [58-60] or wet-chemical reduction [61-63] starting from the atomic scale. However, 

both approaches are subject to restrictions regarding the price, particle properties, and purity 

of the final products. Contamination and agglomeration due to abrasion of the grinding 

media and their high-energy input constitute a huge drawback for the production of 

colloidal NPs by mechanical milling techniques [64-66]. In contrast, the chemical synthesis 

of colloidal NPs requires the use of precursors, reducing agents, and additives, which are 
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often expensive, difficult to access, or even toxic and remain in the final product [67-69]. 

Therefore, complex purification steps such as centrifugation [70-72] or calcination [73-75] 

are necessary, which are expensive, time-consuming, or can alter the structural properties of 

the nanomaterials. 

In this context, a new research field has been established over the last few decades, called 

laser ablation in liquids (LAL), producing ligand-free NPs [76]. This method provides access 

to an almost unlimited variety of nanomaterials such as metals [77-80], oxides [81-83], or 

alloy NPs [84-87], which are characterized by a high purity [88] and can be produced in 

almost any liquid [78,89-92]. These unique features enable the utilization of this method in 

promising applications fields such as catalysis [93-99], optics [100-104], biomedicine [105-

109], NP-polymer composites [110,111], and additive manufacturing [112-114]. All these 

examples demonstrate the high application potential of laser-generated colloids. 

Accordingly, companies have already commercialized LAL (Particular GmbHi, IMRA 

America, Inc.ii, and Ray Techniques Ltd.iii) internationally and marketed laser-generated 

colloids (STREM Chemicals, Inc.iv). Nevertheless, many obstacles need to be overcome to 

successfully develop and implement laser-generated nanomaterial-based products on an 

industrial scale.  

First of all, the production rates must meet industrial requirements. LAL has proven to be 

economical [115] and scalable [116], with a production rate that can reach a few grams per 

hour [116,117] equivalent to tens of liter colloids per hour. However, high-power laser 

systems are typically employed to reach high NP productivities associated with high 

investment costs. Thus, there is an increasing demand to develop new cost-effective 

strategies that deal with working parameters independent of the investment costs. 

Furthermore, a deeper knowledge of the laser-based NP formation mechanism is required to 

design new nanomaterials with enhanced properties. In particular, the field of reactive LAL 

is attracting much interest, exploiting chemical reactions between target materials and liquid 

molecules to gain access to a wide range of different material classes such as oxides 

[116,118,119], carbides [120-122], sulfides [123,124], nitrides [125,126], and 

hydroxides [127-129]. However, very often, more attention is paid to the final use of the NPs 

than to studying the underlying processes that rule the formation of these nanomaterials.   

                                                 
i  https://particular.eu/ 
ii  https://nano.imra.com/ 
iii  https://www.nanodiamond.co.il/ 
iv  https://www.strem.com/ 

https://particular.eu/
https://nano.imra.com/
https://www.nanodiamond.co.il/
https://www.strem.com/
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As a matter of fact, the physical and chemical processes that take place on different 

timescales during LAL are the key steps that determine the yield, size, and composition of 

the NPs. Starting from the energy transfer of the laser beam to the bulk target, a hot ablation 

plume is formed [130,131], which vaporizes the surrounding liquid and induces its 

decomposition, followed by the evolution of an oscillating cavitation bubble containing the 

NPs [132-134] that are finally dispersed into the liquid after the bubble collapse. It is highly 

important to identify and interrelate the physical and chemical effects that occur in all these 

stages to gain a clear picture of when and where which process steps influence the properties 

of the NPs and the ablation yield. In particular, a detailed knowledge of the underlying 

mechanisms that drive the ablation of the material and the vaporization and decomposition 

of the liquid is of utmost importance, as they codetermine the physical and chemical 

conditions for the growth of NPs within the gas phase of the cavitation bubble. Although it 

is indisputable that chemical reactions between the target materials and the liquid molecules 

are highly relevant for the laser-based production of NPs, the time and place of these 

reactions are difficult to grasp. They can occur in the initial plasma phase [81], within the 

cavitation bubble [132], or the liquid after the bubble collapse [135], so that each phase must 

be considered separately. 

Furthermore, LAL is often intendedly or unintendedly accompanied by other processing 

types, namely laser fragmentation in liquids (LFL), laser melting in liquids (LML), and laser 

photoexcitation in liquids (LPL), which (including LAL) are summarized under the term 

laser synthesis of colloids (LSC) [76]. LFL, LML, and LPL are popular as independent 

methods aiming at downsizing colloids [136-138], enlarging and reshaping dispersed NPs 

[139-141], or exploiting photochemical processes to generate colloids from solutions 

containing metal salts [142-144]. Nevertheless, they are unwanted during LAL and need to 

be disentangled as they cause cross-effects [145-147] that interfere with LAL and complicate 

basic studies.   

All these issues highlight the need for a more sophisticated understanding of the interrelation 

between the physical and chemical processes that occur on different timescales during LAL. 

Which fundamental processes determine the NP properties and yield? On which timescales 

do these processes take place? What drives the decomposition of the liquid? How can the 

chemical gas composition of the cavitation bubble be determined? What role does the 

chemical reactivity between the bulk material and the liquid play in this context? What types 

of cross-effects can occur during LAL, and how can they be avoided? Motivated by these 

questions, the present thesis aims to close these evident knowledge gaps. 
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2. State of the art 

The physical and chemical processes triggered by the complex interaction between the laser, 

the bulk material, and the liquid phase on different timescales need to be understood to 

synthesize NPs with defined chemistry in high yields. Therefore, the following chapter aims 

to give a deeper insight into the fundamental processes that take place during LAL in the 

range of nanoseconds to seconds.  

Chapter 2.1 begins with a description and review of laser-matter interaction at the ultrashort 

(femto- to picosecond) and short (nanosecond) timescale. The basic effects required to 

understand LAL are presented, and the role of the liquid environment is highlighted. In 

particular, a distinction is made between fs- and ns- LAL in the description of the ablation 

processes since they differ in the temporal sequence of their excitation mechanisms and 

interactions.  

Chapter 2.2 is dedicated to the plasma induced by LAL, which can be decoupled or coupled 

from the laser beam depending on the pulse duration and yield similarities to other plasmas 

ignited in liquid-phase. Furthermore, this type of plasma might serve as an ideal incubator 

for the generation of NPs due to its non-equilibrium nature, high collision rates, fast cooling, 

and plasma chemical reactions. The focus is on analyzing the emission lines from the nascent 

plasma and the further deduction of plasma parameters like electron density and temperature. 

Furthermore, a critical overview of the applied experimental methods is given, and the 

possible pathways for plasma-induced decomposition of liquids during LAL are evaluated.  

Concurrently to the plasma’s cooling, the liquid’s vaporization and decomposition lead to 

the cavitation bubble’s growth. The dynamics of the cavitation bubble and its modeling are 

the topic of chapter 2.3. In contrast to the laser-matter interaction and plasma formation, the 

bubble dynamics are mostly independent of the applied pulse duration.  

Chapter 2.4 addresses the influence of the previous chapters’ findings on the mechanisms of 

NP formation that dominate in these early timescales. Chapter 2.5 extends the discussion to 

reactive LAL considering chemical reactions between the target materials and the liquid-

phase. Since the ablation efficiency is determined by a complex interplay of the physical and 

chemical phenomena introduced before, chapter 2.6 concludes the theoretical part with a 

summary of the most common strategies for increasing the NP output in LAL. While 

chapters 2.1 to 2.5 were adapted with permission from [148], chapter 2.6 was newly written. 
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2.1  Laser-material interaction 

This chapter revisits the fundamentals of laser-matter interaction for metals, semiconductors, 

and dielectrics. These processes are of fundamental importance as they lay the foundation 

for the thermodynamic and kinetic conditions (i.e., temperature and pressure) under which 

the NPs later form and grow. More detailed information on these fundamentals, which are 

still under investigation, can be found elsewhere [149]. Starting from femtosecond (fs) laser-

matter interaction, the excitation process of the target material and the subsequent processes 

are explained in the following to convey the basics of laser-matter interaction for LAL. Here, 

fs-laser ablation serves as a model system to describe the fundamental interactions during 

the ablation process, ranging from the excitation of electrons to material removal. The 

processes are shown schematically in Figure 1. 

 

Figure 1: Schematic of the laser ablation process at different timescales: typical energy dissipation pathways 

and phase transformations following the excitation of a target material by ultrashort laser pulses in a vacuum. 

It is differentiated between metals and semiconductors or dielectrics. It should be noted that according to the 

pulse energy, different pathways are followed from the absorption of the photons to the matter ablation from 

the target. A (few) picosecond LAL is considered to be similar to fs-LAL. Reprinted with permission 

from [150]. Copyright 2016 Cambridge University Press. 

In contrast to nanosecond (ns) laser ablation, the processes caused by fs-laser ablation 

following the subsequent excitation of the electronic subsystem by the laser beam can often 

be investigated independently of each other since they occur temporally separated. 

Picosecond (ps) laser ablation can be treated similarly to fs, particularly for materials with 

electron-phonon coupling times exceeding the applied pulse duration. For nanosecond 
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pulses, excitation, heating, and material removal occur simultaneously while the laser heats 

the material within a few ns. While heat conduction for nanosecond laser ablation can be 

easily described, the laser pulse interaction with the nascent plasma and the hydrodynamic 

phenomena that occur during the material removal process in a reactive environment 

increase the complexity of a theoretical description. Therefore, it is useful to distinguish 

between ultrashort-pulsed laser ablation, which ranges from femto- to picosecond laser 

pulses and short-pulsed laser ablation, ranging from hundreds of picoseconds to nanosecond 

laser ablation. A schematic of the LAL processes for fs and ns laser pulse durations is shown 

in Figure 2. 

 

Figure 2: Schematics of the laser ablation process at different timescales: The time frame gives insight into 

the different characteristic times of the main physical process in laser ablation in liquid-phase for femtosecond 

and nanosecond laser pulses: energy transfer from the laser-excited electron gas to the lattice (a few ps), phase 

transition of the target (above 100 ps), plasma lifetime (a few μs), and bubble lifetime (a few hundreds of 

microseconds). Reprinted with permission from [148]. Copyright 2019 IOP Publishing. 

Moreover, the addition of a liquid as a confining environment profoundly impacts the 

ablation process. On the one hand, the liquid prevents a free expansion of the ablated target 

material through mechanical confinement. On the other hand, the liquid provides an 

additional channel for energy dissipation and chemical reaction dynamics through direct 

contact with the target material. For example, the collision time of electrons with liquid 

molecules at the target-liquid interface is in the order of fs, whereas it is ps in gaseous 
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media [151-153]. Consequently, it is important to determine which of the two effects, 

confinement, or additional chemistry by the liquid, majorly contributes to the NP growth 

conditions. In this context, most investigations carried out to understand the formation 

processes of the NPs have so far focused on the dynamics of the cavitation bubble. It is 

assumed that the cavitation bubble serves as an incubator that controls the growth and 

properties of the NPs. Nevertheless, the cavitation bubble corresponds to a neutral (or low 

electron density) region of low density and low temperature compared to the former laser-

generated plasma. The fast transition from the plasma to the cavitation bubble within a few 

microseconds [81,154] is critical because the fast decrease of the temperature would 

simultaneously lead to the nucleation of the NPs. Hence, it is necessary to evaluate the 

influence of the early-stage processes on the initial growth conditions of the cavitation 

bubble and NP generation. 

2.1.1  Before the laser beam interacts with the target 

Even though many different experimental setups for LAL exist [76,155], the basic principle 

always remains the same. An intense laser pulse, with peak powers ranging from MW to 

GW, travels from the focusing lens through the air and then through a mostly transparent 

liquid to the absorbing target. The transparent liquid is a dielectric like water, but also more 

exotic liquids such as ionic liquids can be used. When light travels through the liquid, 

absorption is usually negligible, but at high peak powers, optical breakdown within the liquid 

can occur before reaching the target. Although the interaction between laser pulses and pure 

liquids (where the laser beam is focused into the bulk liquid but not onto the solid surface) 

has been studied almost since the invention of Q-Switched lasers [156], the specific theory 

of the optical breakdown in liquids has not yet been developed. Instead, the theory developed 

for transparent dielectrics and semiconductors is adopted for liquids [151,157-159]. There, 

liquids are treated as high-bandgap amorphous semiconductors in which the plasma 

formation takes place. 

Besides, at high pulse intensities, usually reached by ultrashort laser pulses, nonlinear effects 

can lead to self-focusing, white light generation [138], and the laser beam’s filamentation, 

which affect its spatial energy distribution [160]. However, in most cases, the experimental 

conditions are chosen to avoid the breakdown in water or nonlinear effects. Typically, this 

is achieved by minimizing the pulse energy or defocusing the laser beam [89,161,162]. Note 

that although Kerr coefficients are given in the literature for the pure liquids 

(e.g., 4.1-5.7×10−20 m2/W for water and 8.8×10−20 m2/W for acetone), the threshold values 

for nonlinear excitation are substantially lower when NPs are present in the liquid [163,164], 
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which is indisputable the case for LAL already after the first pulse. Even ns-laser pulses 

often undergo filamentation in NP colloids, which is usually not expected in pure water. 

2.1.2  Absorption mechanisms for fs-laser pulses 

After passing the liquid, the laser beam interacts with the target. In the case of LAL, the 

target consists of a solid material. At the target surface, the light is partially absorbed and 

reflected. The degree of absorption and reflection depends on the dielectric function of the 

target material and its surface properties like roughness and impurities. Regarding the 

absorption due to material properties, three relevant material classes can be distinguished: 

metals, semiconductors, and dielectrics (compare Figure 1). 

In metals, the laser beam is absorbed within the skin layer, which is also called optical 

penetration depth δ. The optical penetration depth is typically in the range of ten to twenty 

nanometers (e.g., Ag ∼12 nm, Al ∼10 nm, Au, and Cu ∼13 nm, Fe ∼18 nm [165] for visible 

light). Free electrons, which are already present in the metal conduction band, absorb the 

laser light directly. The electrons increase their internal energy by the amount of energy of 

the photons [166]. In noble metals and s/p band metals, a ballistic motion of these excited 

electrons can lead to an increased penetration depth of the electrons (e.g., Au ∼ 100 nm, 

Ag ∼ 142 nm, Cu ∼ 70 nm, and Al ∼ 46 nm [167,168]).  

Over time the electron gas thermalizes by electron-electron collisions to reach Fermi–Dirac 

distribution. Then an electronic temperature Te can be assigned to the electron gas. This 

thermalization time can last up to several tens of femtoseconds [166]. For metals, the laser 

energy density distribution S(z) during the penetration of the laser beam into the target can 

be modeled by equation 1 

𝑆(𝑍) = 𝐴 ∙ 𝐼(𝑡)𝛿 exp (− 𝑧𝛿)   (1) 

with z representing the direction perpendicular to the target surface, A the absorptivity of the 

surface, and δ the optical penetration depth. This assumption is valid for linear absorption 

and hence, mostly for metals and fluences commonly used for fs-LAL. However, larger 

fluences (> a few J/cm2) can lead to nonlinear effects where this approach is no longer be 

valid. 

For semiconductors and dielectrics as target materials, but also liquids, the situation is more 

complicated. Electrons need to be excited from the valence band to the conduction band 

before serving as free electrons. Therefore, they have to pass the bandgap, which is in the 

range of the energy of visible light for semiconductors (up to 2 eV) and up to several eV for 

dielectrics. As soon as they reach the conduction band, they can gain additional energy from 
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the laser pulse. Two mechanisms can be distinguished to pass the bandgap. Depending on 

the laser pulse duration, either multi-photon ionization or avalanche ionization are the 

dominant material excitation factors. In the first case, which applies to femtosecond laser 

pulses, the ultrashort pulse duration increases the probability of quasi-instantaneous 

nonlinear excitation due to high photon densities. It generates free electrons in the 

conduction band, which further enables multi-photon ionization [169-174]. In the second 

case, which dominates at pulse durations longer than one picosecond, existing free electrons 

in the conduction band gain energy from the electric field of the laser pulse over time and 

reach sufficiently high energies to further ionize other atoms by electron impact [175-177]. 

2.1.3  Energy transfer from the electrons to the lattice and liquid 

During the fs-light absorption for all discussed material classes, the electrons increase their 

energy (and after thermalization, their temperature) while the lattice remains comparatively 

cold. The electrons need to transfer their energy to the lattice to initiate the lattice’s heating 

and the subsequent ablation process. This energy transfer proceeds on a timescale of 

picoseconds, which is relatively slow compared to the electron-lattice collision time, which 

occurs on a timescale of femtoseconds [178]. This is due to the large mass difference 

between electrons and the lattice atoms, which results in only a small energy transfer per 

electron-lattice collision. The conventional heat diffusion becomes negligible below this 

critical time duration of electron-lattice temperature equilibration (a few picoseconds). 

Consequently, the ablation process is less affected by the pulse duration, particularly relevant 

for metals [179]. Therefore, for ultrashort laser pulses, the pulse fluence (energy/area), 

which is independent of the pulse duration, is more important for describing the ablation 

process than the intensity (power/area) if multi-photon processes can be neglected. 

To describe the energy transfer between electrons and target atoms as well as the electron 

and lattice heat conduction into the target, typically an improved heat diffusion equation, the 

well-known ‘two-temperature model’ (2TM), is applied [180,181]. 

𝑐𝑒 𝜕𝑇𝑒𝜕𝑡 = 𝑑𝑖𝑣(𝜅𝑒∇(𝑇𝑒)) − 𝛾𝑒−𝑝ℎ(𝑇𝑒 − 𝑇𝑝ℎ) + 𝑆   (2) 

𝑐𝑒 𝜕𝑇𝑝ℎ𝜕𝑡 = 𝑑𝑖𝑣 (𝜅𝑝ℎ∇(𝑇𝑝ℎ)) − 𝛾(𝑇𝑒 − 𝑇𝑝ℎ) (3) 

Two different temperatures, Te and Tph, are assumed for the electrons, the lattice atoms, and 

phonons. Hence, the energy exchange rate depends on the electron temperature and the so-

called electron-phonon coupling factor γe-ph, ce, and cph. In contrast, κe, κph are the specific 

heats and the electron and phonon subsystems’ thermal conductivities. S is the laser heating 
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source term, which was introduced by equation 1. An example of the evolution of two 

temperatures is displayed in Figure 3a, demonstrating that the temperatures equilibrate on a 

characteristic timescale, typically in the range of picoseconds [182,183].  

 

Figure 3: Schematics of the energy transfer process for LAL: (a) Typical transient temperatures for the 

electrons of the target (Te also noted Telectron) and the lattice (Tph also noted Tphonon), calculated with the two-

temperature model here for Ru as the substrate metal. The parameters of the used laser pulse were 120 fs and 

50 mJ/cm2 at 800 nm center wavelength. Reprinted with permission from [184]. Copyright 2006 American 

Chemical Society. (b) Schematic diagram of the interaction at a target-surface adsorbate interface after 

femtosecond-laser-excitation. The femtosecond-laser radiation excites the target’s electrons, which then 

equilibrates with the lattice within the characteristic electron-phonon coupling time. Interactions with the 

adsorbate molecules can be driven either by electronic coupling or by lattice phonons. Reprinted with 

permission from [185]. Copyright 2002 World Scientific Publishing. 

Besides the great success of the 2TM, several drawbacks have to be considered. First, it 

should be noted that the electron-phonon coupling is affected if the electrons are not 

thermalized so that the 2TM model is not valid [186]. Secondly, the 2TM cannot describe 

the phase transition from the deposited energy within the electron gas to a very dense plasma, 

which takes place in reality. A description of such a transition from cold target material to a 

hot plasma was discussed by Eidmann et al. [187], but a sophisticated theory is still 

outstanding [149]. Especially for LAL, an understanding of the early phase transition into 

the plasma state would be beneficial for understanding plasma-liquid interactions. Thirdly, 

possible material motions at very early timescales are disregarded. Fourthly, the influence 

of an adjacent liquid medium on neither the absorption mechanism nor the energy transfer 

from the electrons to the lattice has been so far investigated in the context of LAL. Hence, 

the field of femtosecond chemistry could provide hints on the influence of a liquid 

environment on the absorption and transfer mechanisms during LAL [184,185]. It 

investigates the exchange of energy between target electrons, phonons, and adsorbing 

molecules at the surface on the ultrashort timescale. A schematic of possible interactions at 

the target adsorbate interface is shown in Figure 3b, highlighting the different reaction 

pathways between the electrons, lattice phonons, and molecules. For example, electrons 

from a metal target can be injected directly into the molecules by a fs-laser pulse at the target-

adsorbate interface [188,189] and, similarly, at a target-liquid interface [190]. During this 

a) b) 
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interaction, several competing processes occur on the femto- to picosecond timescale, e.g., 

electron transfer, retransfer, and solvation of the electrons (the lifetime of the solvated 

electrons at the interface ranges from a few picoseconds to several hundred 

picoseconds) [191,192]. A deeper insight into these phenomena during LAL could help to 

better understand the energy transfer from the target to the liquid (and its evaporation) and 

the redox chemistry of the liquid. The latter takes place on longer timescales (with solvated 

electrons with lifetimes of up to 500 μs in bulk water [193]) and could already be triggered 

at least partially here. However, these processes have not been investigated for fluences 

relevant for LAL (∼hundreds of mJ/cm2), so that their possible influence on the 

NP formation remains unclear. 

2.1.4  Phase transition pathway 

After excitation of the target material, induced by the transfer of energy from the electrons 

to the lattice, heat conduction, melting, and evaporation start. Two different thermal melting 

types can be distinguished: homogeneous and heterogeneous melting [194]. At high energy 

densities deposited by the laser beam, homogeneous melting occurs. It is characterized by 

the rapid melting of an entire region due to the electron-phonon equilibration after the laser 

beam’s absorption. For this type of melting, characteristic melting times are typically in the 

order of some picoseconds [183,195,196]. In contrast, heterogeneous melting occurs at lower 

deposited energy densities and is characterized by slower melting times of up to 100 ps. It 

can be described by conventional heat conduction and proceeds deeper into the material with 

a velocity not exceeding more than a few percent of sound velocity [197,198].  

For ultrashort pulsed LAL, the near-surface layers are generally subject to homogeneous 

melting due to the high energy deposited by the laser beam within these layers. In contrast, 

the deeper layers are subject to heterogeneous melting due to the decrease in energy density 

[198]. Non-thermal melting is another type of melting [199]. In semiconductors and 

dielectrics, very hot electrons can lead to a collective movement of lattice ions and, thus, to 

a softening of the bonds [200,201]. 

Although the electron and lattice excitation processes for LAL have not yet been numerically 

investigated in detail, hydrodynamic and molecular dynamics simulations have been 

performed to understand the ablation process after the stage of energy deposition. First 

hydrodynamic simulations were reported for laser ablation of Au in water but neglected the 

optical, transport, and hydrodynamic properties of water (e.g., vaporization of the liquid 

could not be properly displayed) [202]. Advanced molecular dynamics (MD) simulations, 

which included these properties of water, were performed for thin Ag films [203] and bulk 
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Ag for different fluence regimes to evaluate the impact of the liquid [130,204,205] as 

demonstrated in Figure 4. 

 

Figure 4: Molecular dynamics simulations to simulate the ablation process of silver in vacuum and under 

liquid confinement of water at different fluence regimes: (a) Molecular dynamics simulations of the spallation 

regime in vacuum (left) and water (right). This regime corresponds to fluences close to the ablation threshold. 

In this simulation, the absorbed fluence was set to 0.15 J/cm2. (b) Molecular dynamics simulations of the phase 

explosion regime in vacuum (left) and liquid (right). This regime corresponds to fluences much larger than the 

ablation threshold. In this simulation, the absorbed fluence was set to 0.4 J/cm2. Adapted with permission 

from [204]. Copyright 2017 American Chemical Society. 

Furthermore, recent experimental results obtained by pump-probe microscopy support the 

findings of the simulations [206]. As the MD simulations provide detailed insights into the 

ablation process, they are discussed in more detail. For LAL, there are two different fluence 

regimes called spallation and phase explosion [207]. Both regimes were observed for laser 

ablation in vacuum [208] and liquid-phase [204]. Spallation is assigned to fluences in the 

region above the ablation threshold. Phase explosion, which is also called explosive boiling, 

is assigned to fluences much higher than the ablation threshold. In both cases, after the 

excitation of the material by the laser beam, a large internal pressure is build up within the 

a) 

b) 
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target material due to its strong overheating. It should be noted that although the simulations 

have been performed for a metal (Ag), phase explosion and spallation may also occur for 

other classes of materials such as semiconductors or dielectrics. 

During spallation in a vacuum, the release of the internal pressure leads to the appearance of 

large voids beneath the surface. As a result, these large voids push the top layer away from 

the target, and the layer completely delaminates from the bulk surface (Figure 4a left). While 

the pressure is released within the target material in vacuum, the pressure wave is partially 

unloaded into the water during LAL. Consequently, the thickness of the upper molten layer, 

which is not affected by voids’ formation, increases. Later on, the molten layer, which 

expands from the surface, decelerates and reverses its direction. In contrast to ablation in a 

vacuum, no complete separation of the upper surface layer from the bulk material was 

observed during the time frame of the numerical simulations (Figure 4a right). 

At higher fluences far above the ablation threshold, phase explosion in the vacuum is driven 

by vapor release in the strongly superheated surface region, which expands rapidly away 

from the surface (Figure 4b left). If a liquid confines the target material, the superheated 

vapor collects in a dense hot layer that pushes the water away from the 

target (Figure 4b right). In contrast to phase explosion in vacuum, the uppermost layers of 

molten material lower its average temperature because colder molten material from the 

bottom of the molten region joins the decelerated upper layers. Although the subsurface 

structure is similar to the voids formed during spallation, it consists of a foamy structure of 

vapor and melts. 

For both fluence regimes, the water in the region between the molten material and the bulk 

water is rapidly brought to a supercritical state due to fast heat conduction. According to the 

MD simulation, the supercritical water and target vapor build up a mixing region containing 

supercritical water and target vapor. Furthermore, this mixing region with temperatures of 

2665 and 1120 K for Ag and water at a time of 600 ps is not in thermal equilibrium, according 

to the simulations of Shih et al. [204]. Although these MD simulations proof the strong 

interaction between the hot molten material and the liquid, chemical reactions are not yet 

considered. Thus, these results need to be strictly correlated with experimental evidence, 

which shows that during the ablation process, Ag oxidizes [209], and water forms reactive 

species within the plasma as well as molecular hydrogen and oxygen [162,210]. These 

processes are likely to occur during the high-temperature phase on the picosecond timescale, 

but direct experimental evidence is missing. Besides, it should be noted that this mixing 
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region reduces the heat conduction from the target into the bulk liquid due to the supercritical 

state, and the high pressure prevents the thermal decomposition of water. 

Regarding the molten layer, the simulations show that the uppermost layer is stable for the 

simulated conditions. However, this layer likely disintegrates into large droplets due to the 

inherent instability of thin liquid films, fluence gradients, and dynamic interactions with the 

liquid environment. Furthermore, instabilities within the molten layer lead to droplet jetting 

through the mixing zone directly into the bulk liquid, as further discussed in 

chapter 2.4 [130]. 

Besides the complex processes involved in ultrashort pulsed ablation, it is relatively simple 

to model the ablation rate’s fluence dependence by considering the so-called ablation law. 

This law assumes that, according to Lambert-Beerʼs law, the energy is absorbed within the 

skin depth of the material and that this energy is directly converted into the specific heat of 

evaporation. This assumption is valid for linear absorption and a fast energy transfer from 

the electrons to the lattice, which exceeds the velocity of conventional heat conduction. This 

is the case for most metals, as demonstrated for conventional ultrafast laser ablation 

[207,211-213] and fs-LAL [152]. The ablated volume ΔV for fluences (<1–2 J/cm2) is 

modeled by equation 4. 

∆𝑉 = 𝐸02𝛷 𝛿 ∙ ln( 𝛷𝛷𝑡ℎ)   (4) 

E0 is the pulse energy, Φ the applied fluence (defined for a Gaussian beam), Φth the fluence 

threshold for ablation, and δ the optical penetration depth. The threshold fluence for metals 

can be roughly determined by Φth = ρ∙Hv∙δ, where ρ is the density, Hv the specific heat of 

vaporization, and δ the optical penetration depth. The situation is more complicated for 

semiconductors and dielectrics. A rate equation needs to be solved to determine the ablation 

threshold, which corresponds to a critical electron density required to induce material 

damage [173,177]. 

The most efficient ablation takes place at a fluence of Φopt = e2∙ Φth. A second ablation regime 

needs to be considered for fluences larger than 1-2 J/cm2 [152,213]. Despite the increasing 

complexity of ablation in a liquid environment, the modeling by the ablation law also applies 

to fs- and ps-LAL [117,152], as demonstrated in Figure 5. 
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Figure 5: Fluence dependence of the ablation rate for ultrashort-pulsed LAL: (a) specific ps-laser ablation rate 

of a copper target in water as a function of the applied laser fluence for different repetition rates of 1.2, 2.7, 

and 10.1 MHz. Reprinted with permission from [117]. Copyright 2016 OSA Publishing. (b) Specific fs-laser 

ablation rate of an iron target as a function of applied fluence for the different liquids water, methanol, ethanol, 

acetone, and toluene. Reprinted with permission from [152]. Copyright 2017 Springer Nature. 

Consequently, the amount of residual heat in the target is reduced for an efficient ablation 

process, and Φopt can be evaluated directly by measuring the target temperature [214]. 

Besides the success of the ablation law for fs-LAL, the use of different liquids has a 

significant impact on the achieved ablation depth at the same experimental laser parameters, 

as shown in Figure 5b, which cannot be explained by conventional heat conduction [152]. 

Moreover, some reports show higher ablation rates than in air [215], while others observed 

lower ablation rates [216,217]. Thus, many questions remain regarding the influence of the 

liquid on the ultrashort pulsed excitation and ablation process, which have to be addressed 

in the future. 

2.1.5  Nanosecond LAL 

Nanosecond (ns) lasers are commonly used to synthesize colloids since discovering the LAL 

method a quarter-century ago [218]. The main difference to fs-laser pulses is that the 

ns-pulse duration is much longer than the characteristic timescales for electron-phonon 

coupling. Therefore, it can be assumed that Te = Tph = T, which reduces equations 2 and 3 

to the conventional heat conduction equation [219]. While absorption, heating, energy 

transfer, and evaporation could be treated separately for ultrashort pulse laser ablation, they 

have to be analyzed simultaneously for ns-pulses. However, for LAL, gas dynamics, as well 

as fluid dynamics, need to be considered. Moreover, the laser beam’s interaction with the 

target leads to the growth of the nascent plasma and the generation of hot electrons. Both 

processes are triggered by absorption of photons and subsequent ionization of the target 

material as well as further heating of the plasma by inverse bremsstrahlung. Similar to the 

electron-phonon coupling, in each collision, these hot electrons transfer only a fraction of 

their kinetic energy to the molecules in the plasma, which originate either from the target or 

the liquid. Since the characteristic molecule heating time is a few tens of picoseconds, the 

a) b) 



State of the art 

16 

ns-pulse duration exceeds this value by far. A dynamic equilibrium is established between 

the generation and cooling of free hot electrons. The laser radiation energy is then transferred 

directly from the electrons to the molecules, resulting in a further increase in plasma 

temperature [151,159].  

In ns-LAL experiments, a higher ablation rate was often found in the water confinement 

regime compared to air [220,221], possibly due to the plasma pressure as a consequence of 

the confinement [222] and additional etching by reactive plasma species [165]. However, 

the plasma density can only grow up to the limit of the critical electron density, above which 

the laser beam can no longer penetrate the plasma. Due to absorption, reflection, and high 

plasma densities, the well-known phenomenon of laser beam shielding can lead to a decrease 

in ablation efficiency, especially for long ns-pulses [223]. Hence, the laser-matter interaction 

for ns-pulses has a strong focus on laser-plasma interaction. The main question regarding 

the NP generation is closely related to the stage of plasma formation. Since this review’s 

main focus is on plasma formation and the possible influence of the plasma on the formation 

and growth of NPs, it is discussed in the next chapter. A discussion about the interaction of 

nascent plasma with the surface or with the laser beam for gaseous media can be found 

elsewhere [224-226]. 

2.2  Laser-induced plasmas in liquid-phase 

As pointed out in the previous chapter, the ablation process and the nascent plasma properties 

are transient and depend on the applied pulse duration and energy. Due to the strong time-

dependence of plasma properties such as temperature and electron density, measurements 

and adequate modeling are extremely challenging. Moreover, the pressure is higher due to 

the strong confinement induced by the liquid environment. The pressure and temperature 

gradients are also sharper compared to gaseous plasmas induced by laser irradiation [227]. 

Generally, the transient plasma evolution induced by LAL can be divided into three different 

stages: 

i. Plasma ignition: Plasma is ignited during the energy transfer from the laser beam 

onto the solid target. Consequently, the phase of plasma ignition is connected to the 

laser pulse duration and power deposition. 

ii. Plasma expansion: The energy deposited by a pulsed laser beam is very high and is 

located into a strictly confined volume on the target surface. This volume expands 

into the surrounding environment and excites the adjacent medium. During this 

phase, energy is partially transferred from the plasma into the surroundings, but a 
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plasma state remains. This temporal phase depends on the laser pulse duration and 

can range from a few nanoseconds to several hundred nanoseconds. 

iii. Plasma cooling and quenching: The plasma interacts strongly with the surrounding 

environment and dissipates energy. The quenching mechanisms begin to dominate 

over plasma-maintaining processes (e.g., electron-ion recombination), and the 

plasma cools down. This phase can last up to several microseconds (even a hundred 

microseconds have been reported) [228]. 

The interplay between hot metal vapor, solvent vapor, high density, and high pressure 

combined with the charged species’ high reactivity results in a promising environment for 

NP growth and redox reactions, or liquid reactivity [229,230]. This chapter aims to give a 

critical overview of the investigations regarding the plasma formation during LAL. 

Therefore, experimental techniques to study the plasma formation are presented, and the 

subsequent mechanisms of plasma-induced vapor formation are discussed. With this 

evaluation, this chapter provides a basis for the extent to which the plasma influences the 

formation of NPs and their respective properties due to the plasma chemistry. 

2.2.1  Plasma formation 

As described in the previous chapters, the deposition of energy onto the target by the laser 

beam converts the target material into a hot and dense plasma. Two effects can then lead to 

excitation of the environment, resulting in the formation of a complex reactive plasma 

involving species of the target vapor and the liquid. In the first case, which is valid for pulse 

durations of femtoseconds to a few hundred picoseconds and low excitation energies, the 

full part of the laser energy is deposited onto the solid target. The environment is excited by 

the plasma expansion from the target material into the surrounding driven by high energetic 

photons, electrons, and ions [152,231]. Figure 6a illustrates this case (denoted with fs-LAL). 

In the second case, the laser-induced plasma can be further sustained by the absorption of 

laser light, as emphasized in Figure 6b (denoted with ns-LAL) and explained in the previous 

chapter on laser-matter interaction. This case is favored by high-energy, long ns-pulses, and 

irradiation at longer wavelengths due to inverse Bremsstrahlung [154,159,223,232,233]. 

This additional channel of energy coupling leads to further vaporization of the liquid and 

plasma heating. The driving mechanisms for the formation of the plasma, its expansion, and 

dissipation of energy are: 

i. Particle-induced processes: Excitation (e- + A → A* + e-), ionization (e- + A → 

A+ + 2 e- and e- + A* → A+ + 2 e-), and de-excitation by electron impact and three-

body recombination (e- + e- +A+ → e- +A*) 
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ii. Radiation-induced processes: Absorption and emission of plasma-generated light, 

including photoionization and radiative recombination by high-energy photons 

formed in the plasma. 

These effects, combined with the large energy gradients at the plasma-liquid interface, lead 

to a fast energy transfer by high-energy photons and electrons as well as conventional heat 

transfer from the nascent plasma to its environment. For example, high-energy electrons can 

travel about 10 μm/ns in water, while the conventional heat transfer rate is at most 1.5 μm/ns 

[229], which is the speed of sound in water. 

 

Figure 6: Schematic of fs- (a) and ns-LAL (b). In contrast to fs-LAL, the plasma plume interacts with the laser 

beam resulting in further plasma excitation (and plasma shielding). The arrows indicate the direction of energy 

flow, which for fs-LAL results from the target surface towards the bulk liquid. In contrast, for ns-LAL, the 

laser-plasma interaction leads to an energy deposition farther away from the target. Reprinted with permission 

from [148]. Copyright 2019 IOP Publishing. 

Due to the different excitation mechanisms, the laser pulse duration has a strong influence 

on the plasma lifetime, which influences the thermodynamic parameters within the plasma, 

such as pressure and temperature, as well as plasma-boundary interactions. In fs-LAL, 

relatively few papers on plasma formation are available, probably due to the limited 

availability of the specific class of required spectroscopic setups. For a femtosecond-

generated ablation plasma induced in the liquid-phase, the plasma duration is less than 6 ns 

[152,234]. The plasma duration was found to be independent of the applied fluence and 

liquid environment in the range of 0.2 to 5 J/cm2 [152].  

Little information is available about the plasma behavior for pulse durations between 10 ps 

and 1 ns. However, a study of LAL using pulse durations between 10 to 100 ps could be 

interesting to understand the plasma formation and the resulting thermodynamic parameters 

of the ablation process. On this timescale, important processes occur whose interaction with 

the laser beam could strongly influence the plasma formation process. These processes 

a) b) fs - LAL ns - LAL 
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include the heating of hot molten material accumulated at the plume-liquid interface and the 

formation of voids (10-30 ps) [204], the electron-phonon coupling of the liquid molecules 

(tens of ps) [159], the formation of the supercritical metal-liquid mixing region (tens of ps), 

and material expulsion (50-200 ps) [204].  

In the case of ns-LAL, the plasma lifetime is considerably longer compared to fs-LAL. 

Depending on the applied laser parameters, it exceeds the timescale of tenths of nanoseconds 

or more. The plasma duration (defined as sufficient emission intensity to be measured) 

ranges from 200 to 1200 ns [210,223,227,235-244]. The increased plasma duration is caused 

by the additional plasma heating by the ns-pulse during the plasma formation, as discussed 

before. 

2.2.2  Appearance of the plasma and vaporization of the liquid 

Although the plasma’s appearance mostly reveals quantitative information, the difference 

between fs-LAL and ns-LAL is clearly visible. For fs-LAL, the shape of the plasma changes 

with the applied fluence on the target surface. At low fluences, the plasma is characterized 

by a bright, near-surface glow over the entire area, while at high fluences, the plasma 

penetrates further into the liquid [152] (compare Figure 7b).  

 

Figure 7: Plasma formation and appearance during LAL at different timescales: (a) Plasma imaging for 

different pressures during ns-LAL of Ag in water. Reprinted with permission from [236]. Copyright 2017 John 

Wiley & Sons. (b) Plasma imaging for different fluences during fs-LAL of Fe in water. Reprinted with 

permission from [152]. Copyright 2017 Springer Nature. (c) Plasma and shadow imaging display the cavitation 

bubble boundary for different laser pulse durations with a time delay of the maximum pulse intensity. The 

upper, middle and lower images were taken for laser pulse durations of 19, 50, and 100 ns. For a laser pulse 

duration of 19 ns, the plasma exceeds the boundary of the cavitation bubble. For the 50 ns pulse, the plasma 

boundary coincides with the cavitation bubble boundary, and for the 100 ns pulse, the cavitation bubble 

boundary exceeds the plasma boundary. Reprinted with permission from [154]. Copyright 2015 AIP 

Publishing.  

a) b) 

c) 
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For ns-LAL, the nascent plasma has an elliptical shape above the surface. Compared to 

gaseous media, in which the ablation plasma expands further into the gaseous environment, 

the plasma in the liquid-phase is confined closer to the target. In contrast to fs-LAL, no direct 

fluence dependency of the plasma shape was observed for ns-LAL, but a dependence on the 

external pressure exerted on the liquid [236]. As long as the liquid environment is not in a 

supercritical state, the plasma is more strongly confined to the surface as the external 

pressure increases, as shown in Figure 7a. When the pressure reaches the liquid’s 

supercritical state, characterized by a lower viscosity and surface tension, the plasma can 

expand further into the liquid environment [236]. By measuring the ablation rate and plasma 

emission size, Saito et al. and Takada et al. roughly estimated a pressure of 0.7 GPa at atomic 

densities ranging from 1×1020 to 1×1021 cm-3 [245,246]. Dell’ Aglio et al. calculated atomic 

densities from 3×1019 to 1×1020 cm-3 at a time of 200 ns based on the Saha equation [236], 

whereas Kumar et al. estimated a pressure of 1.25 GPa [243].  

In a seminal work, Tamura et al. investigated the plasma’s interaction with the cavitation 

bubble, as demonstrated in Figure 7c [154]. For short pulses of 30 ns, the plasma emission 

exceeds the cavitation bubble boundary, indicating a strong interaction of the plasma with 

the bulk liquid and possibly even an injection of excited species into the bulk liquid. Such 

interpenetration between ejected the species and the liquid was numerically confirmed for 

neutral atoms on a timescale of a few ns using MD simulation [204]. Shih et al. wrote: ‘The 

water in contact with the hot metal layer is brought to the supercritical state and transforms 

into an expanding low-density metal-water mixing region that serves as a precursor for the 

formation of a cavitation bubble.’ For 50 ns pulses, the plasma follows the cavitation bubble 

boundary, whereas, for 100 ns pulses, the plasma remains within the boundary. This behavior 

could be explained by the time and speed with which the cavitation bubble emerges relative 

to the plasma-excitation by laser irradiation. For excitation with fs-pulses, Hu et al. observed 

that the low-pressure region of the cavitation bubble emerges already at around 40 ns [247]. 

For pulse durations of more than a few ns, absorption of the laser energy at the boundary 

between the nascent plasma and the liquid is expected, which can lead to further heating and 

vaporization of the liquid, but also a reduced ablation efficiency [154]. 

2.2.3  Plasma emission spectroscopy  

The investigation of plasma radiation characteristics by emission spectroscopy is a valuable 

tool to determine the plasma properties. These include temperature and electron density 

[148], which are important for determining the thermodynamical conditions under which the 

NPs grow. Furthermore, the plasma emission lines’ interpretation creates a deeper 
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understanding of how the plasma-liquid chemistry possibly affects the properties (e.g., 

composition) of the NPs. 

In general, plasma parameters have not yet been derived for fs-LAL because of the short 

emission times and the broad background emission that require enhanced experimental 

setups [152,234]. Thus, data on ns-LAL are discussed in the following. The emission 

intensities are specific for each set of experimental parameters, e.g., target material, liquid 

environment, and laser parameters [239]. It should be noted that low emission intensities are 

a drawback for obtaining data by emission spectroscopy. Here, the emission spectra are 

collected from the entire plasma region and often accumulated over several shots. However, 

the plasma is not spatially homogeneous, so that the measurements have to be analyzed with 

care [248]. Spatially and temporally resolved spectra of the laser-induced plasma emission 

in liquid-phase would help understand these plasmas. 

Similar to the plasma’s appearance, a detailed study by Sakka et al. showed that the emission 

intensity and the emission profile strongly depend on the laser pulse duration, with shorter 

pulses having a shorter emission time [154,223]. Long ns-pulses, ranging from a few tens of 

nanoseconds to a few hundreds of nanoseconds, favor strong plasma emission [223,233] 

since the laser beam’s interaction time with the plasma increases (Figure 8a). During the 

impact of the laser beam and tens of nanoseconds later, a strong background emission 

accompanies the appearance of line emission (Figure 8b and c). This broad background 

emission is often associated with inverse Bremsstrahlung, blackbody-like emission, and 

radiative electron-ion recombination [237,239,242-244,249] but can also result from 

pressure broadening [250]. However, Sakka et al. mentioned that the broad emission on early 

timescales up to 100 ns cannot be described by blackbody radiation [223] and might 

originate from the solid target’s surface. De Giacomo et al. assumed that a Planck-like 

distribution fitted to the background emission could be used to describe the process of 

radiative recombination and to extract a temperature [251].  

In addition to a broad continuous background emission, highly intense emission lines emerge 

from the background after a few tens of nanoseconds, originating from atomic or diatomic 

species. Several groups detected transition and neutral emission lines 

[227,239,243,244,252], while ionic species seem to be strongly suppressed, probably due to 

fast electron-ion recombination. Sakka et al. detected a boron ion line within the spectrum 

up to 130 ns (visible in Figure 8b) [239]. According to Dell’Aglio et al., the high electron 

density and associated strong electric fields lead to a decrease in ionization energy. This 
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decrease possibly suppresses the emission of highly excited states, which are often detectable 

in the visible range [236,253].  

 

 

Figure 8: Emission spectra from LAL. (a) Emission profiles were acquired for different pulse durations at a 

gate delay of 600 ns for LAL of Cu in water. The upper image shows the emission profile for a pulse duration 

of 19 ns, the middle image for 50 ns, and the lower image for 100 ns. Reprinted with permission from [154]. 

Copyright 2015 AIP Publishing. (b) Emission profile from LAL of boron-nitride in benzene showing the broad 

continuous background emission (fitted by a Planck plot in dashed lines) and emission lines from a boron ion 

and C2 as well as CN diatomic molecules. Reprinted with permission from [239]. Copyright 2000 AIP 

Publishing. (c) Emission spectra from a titanium plasma induced by LAL in water showing different titanium 

emission lines (upper image), titanium, and Hα (middle image) as well as OH band emission formed due to 

dissociation of water (lower image). Reprinted with permission from [210]. Copyright 2000 AIP Publishing. 

In the first tens of nanoseconds, Sakka et al. observed the absorption of a neutral Al line 

(2P0 - 
2S doublet) within the broad background emission, indicating a high density of ground-

state atoms in the nascent plasma [252]. After about 50 ns, with ongoing expansion and 

decreasing density, the Al emission from the 2P0 - 
2S doublet is no longer absorbed, and the 

emission can escape from the plasma. This fact underlines the rapid interplay of the dense, 

nascent plasma with its environment. Here, spatially resolved measurements would help 

understand the interaction between the dense, nascent plasma and the liquid environment. 

Furthermore, the interpretation of the emission spectra of the entire plasma would be 

facilitated. 

a) b) c) 
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Besides neutral emission lines of the target material, research groups reported on measured 

emission lines of solvent components like Hα and Hβ [243] and especially on molecular 

emission bands (Figure 8c) [81,210,235,239-241,243,249]. The investigation of molecular 

bands’ emission is of interest to gain insights into the plasma-induced chemistry, the control 

of NP composition and properties, or liquid chemistry. Regarding the reactivity of the plasma 

and ablation products, Lam et al. found that Al2O3 decomposes to Al and AlO species in the 

plasma phase during ns-ablation in water [81]. Hence, this study provides an insight into the 

chemical redox reactions in the early phase during LAL. From the Al and AlO emission, the 

time evolution of the electron density, the rotational and vibrational temperatures of the AlO 

molecules, and the density ratio between the Al atoms and AlO molecules were determined. 

It was concluded that after 2 μs, almost all Al atoms were oxidized again. 

The most studied emission band is that of C2 molecules originating either from a graphite 

target [235,239-241,249] or the surrounding organic liquid [239]. Often, the C2 emission is 

used to determine the temperature in the plasma [235,240,241,249]. Interestingly, molecular 

emissions bands appear very early, mostly directly after the pulse, as shown for CN 

and C2 (Figure 8b), or AlO [81,235,239]. However, they can also emerge later, as shown for 

boron oxide after 400 ns [239]. The temporally varying appearance of molecular emission 

bands underlines that the governing processes in the plasma always depend on the specific 

target-liquid combination.  

Direct reactions between ablated target species and solvent species were also observed. For 

example, boron oxide formation was confirmed during the ablation of a boron nitride target 

in water. In contrast, carbon nitride species were observed during ablation in organic 

liquids (Figure 8b) [239]. Besides, Kumar et al. detected OH emission bands in their 

investigations (Figure 8c) [210,243], which were attributed to water splitting (see also 

chapter 2.2.6). 

2.2.4  Electron density  

An essential parameter for characterizing a plasma is the electron density ne. The electron 

density comprises the number of free electrons within the plasma, responsible for the 

charged particle’s dynamics and the plasma frequency. Considering the quasi-neutrality 

principle, which states that the number of free electrons is equal to the number of charged 

heavy particles (ne = n+ = n, where n is the plasma density), the number of charged heavy 

particles can be estimated. These charged particles can strongly influence the chemical 

reaction dynamics through plasma chemistry. All discussed plasma parameters were 

measured for plasmas induced by ns-LAL.  
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Due to the small dimensions and the strong spatial and temporal changes of the electron 

density, measurements are challenging. All measured values of ne were derived from optical 

measurements, namely, two methods: (i) the evaluation of the Stark Broadening of neutral 

emission lines, or (ii) fitting the continuum emission decay induced by electron-ion 

recombination. The advantage of these two methods is their universal applicability as only 

a fast-spectroscopic setup is required. However, a disadvantage of these techniques is that 

they often require further assumptions on plasma kinetics, including knowledge of the 

temperature-dependent cross-sections of plasma reactions, which are not always available. 

The obtained values of electron density (Figure 9a) were extracted from different 

publications and refer to ns-LAL performed with pulse durations of 5 to 10 ns. 

 

Figure 9: (a) Electron density measured by different groups for plasma-induced breakdown of a solid target in 

liquid-phase. The electron densities were obtained by evaluating Stark broadening (denoted as Stark) or the 

continuous background emission (denoted as BG) for LAL of the indicated target materials. The values were 

obtained from the references: i) [239], ii) [81], iii) [249], iv) [243], v) [227], vi) [244], vii) [236]. The colored 

area serves as visual guidance. (b) Classification of LAL-induced plasmas compared to other plasma discharges 

adapted from [254]. Reprinted with permission from [148]. Copyright 2019 IOP Publishing. 

Electron densities range from 5∙1017 to 1∙1020 cm-3. The electron density usually decreases 

over time, except for the values measured by Kumar et al., which remain in a steady state 

after a drop at the beginning of plasma evolution [227,243]. Two components can explain 

the differences between the measured values in the different publications: 

i. Experimental parameters: The electron densities were all measured in different 

systems with different pulse energies, fluences, wavelengths, and materials. For 

example, the data obtained by Lam et al. [81] and Amans et al. [249] were produced 

with a laser operating at a wavelength of 355 nm to ensure a better absorption at the 

Al2O3 target surface compared to the use of a higher wavelength. Also, graphite has 

a higher absorption than alumina, which may lead to higher ne. Similar considerations 

can be made for the measurements of Kumar et al. [227,243,244]. 

a) b) 
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ii. Measurement assumptions and limitations: The techniques used to estimate the 

electron density from optical emission spectroscopy always imply assumptions about 

the system, e.g., spatial homogeneity, thermal equilibrium, pressure, and temperature 

range for Stark width/shift parameters [238,239]. Also, experimental apparatus 

broadening limits the resolution depending on the setup used. Collisional broadening 

within the first tenth of nanoseconds may be considered in such a hot and dense 

environment [240,250,255]. Care has to be taken to exclude self-absorption effects 

[81], leading to a broadening of the lines. 

Nevertheless, these data sets provide estimates of the electron density and its temporal 

evolution. A general classification of the LAL-induced plasmas in relation to other plasmas 

is shown in Figure 9b, which illustrates that the plasma density is significantly higher in 

LAL-induced plasmas than in other plasmas. It should be noted that similar electron density 

values were measured for discharges in liquids. [256,257]. For further orientation, 

De Giacomo et al. categorized the temporal evolution of laser-induced plasmas as a function 

of the plasma density into three regions [237]:  

i. The high-density plasma with electron densities above 1∙1019 cm-3 is found at the 

initial stage of plasma formation/expansion. Especially for LAL, this category is 

roughly valid for the first hundred ns [239].  

ii. For electron densities in the range from 1∙1016 to 1∙1019 cm-3 at several hundred 

nanoseconds, the plasma and overall density decreases. Hence, the emission profile 

is characterized by line formation, where the local thermodynamic equilibrium 

(LTE) is valid.  

iii. Electron densities below 1∙1016 cm-3, where LTE would no longer apply, have not 

yet been reported for LAL.  

However, by installing an electrode near the cavitation bubble boundary, Sasaki et al. were 

able to show that discharge effects occur within the cavitation bubble after more than 

100 μs [258]. The cavitation bubble charging indicates that the plasma is still active, but the 

observation requires enhanced spectral resolution [249]. As expected, the measured values 

for ne in water are up to one order of magnitude higher than in air due to the high density 

and confinement of the liquid environment [243,244]. 

2.2.5  Plasma temperature  

The temperature is one of the most important parameters to characterize a plasma. It 

determines the internal energy of the plasma, reaction rates, and thermodynamic parameters 

for NP growth. Conventional thermodynamics is limited to the assumption that the entire 
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system is in thermal equilibrium. Nevertheless, underwater plasmas often exhibit non-

equilibrium conditions. The free-electron temperature, the species’ electronic temperature, 

the temperature associated with each internal degree of freedom of the molecules (rotation, 

vibration), and the species’ kinetic temperature can differ [81]. 

Similar to electron densities, the temperatures of the different species were determined with 

different methods extracted from optical emission spectra. One method to deduce the 

electron temperature is to fit a Planck-like distribution to the continuous background [251]. 

In contrast, other methods determine the electron temperature by measuring the excitation 

temperatures by comparing the relative intensities of the emission lines of an atomic system. 

If these atomic emission lines are in LTE [259,260], the electron temperature Te can be 

extracted. Additionally, molecules possess rotational and vibrational temperatures that 

correspond to their rotational and vibrational states’ populations. Each emission line in the 

rovibrational spectrum of a molecule depends on its population in the excited state. The 

relative intensities between the different lines in a rovibrational spectrum of a molecule are 

then strongly temperature-dependent. Fitting the rovibrational spectrum of a well-defined 

electronic transition can help to estimate the vibrational and rotational temperatures. 

Figure 10 shows a collection of different types of temperature measurements (denoted as 

Texc, Tplanck, Tvib, and Trot) under different experimental conditions.  

 

Figure 10: Temperature measurements by different groups and experimental methods for the nascent plasma 

induced by liquid-phase laser ablation. The plasma temperatures were measured by fitting a Planck-like plot 

Tplanck, evaluating the excitation temperature of atoms Texc, or by evaluating rovibrational density distributions 

Trot and Tvib for LAL of the indicated target materials. The values were extracted from the references: i) [81], 

ii) [81], iii) [239], iv) [245], v) [241], vi) [242], vii) [238], viii) [238], b-ix) [235], x [227], xi) [244], xii) [236]. 

The colored areas serve as visual guidance according to the different temperatures. Reprinted with permission 

from [148]. Copyright 2019 IOP Publishing. 

In general, the temperatures measured up to 2.2 μs range from 4000 to 8000 K. The electron 

temperatures deduced from the excitation temperature are the highest with almost 8000 K at 

the beginning of the plasma and then decrease within hundreds of nanoseconds [227,244]. 
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The Planck temperatures are slightly lower and range from 4000 to almost 7000 K. The same 

trend can be observed for the vibrational temperatures [81,238,240-242]. The decrease in 

temperature during the first 200 ns is with rates of 10 K/ns faster than any other measured 

temperature decrease so far in NP synthesis experiments [235]. The fast cooling rates 

underlines the strong interaction of the plasma with the cold liquid and its vapor.  

The fast cooling observed during fs- and ns-LAL [204,205,235] may be a source of non-

equilibrium reactions. However, little knowledge is available about the detailed quenching 

mechanisms. Furthermore, the rotational temperatures seem to be lower than the vibrational 

temperatures [81,235,240,241]. The wide temperature range, especially the difference 

between Tvib and Trot (measured from the same molecule), indicates that different species’ 

temperatures within the plasma are not in equilibrium for a time larger than the plasma 

lifetime. For example, Tvib is often correlated with electron-induced reactions, while Trot is 

associated with heavy particle collisions. Therefore, it is sometimes assumed for low-

temperature plasmas that Trot is equal to the gas temperature [261].  

Regarding the generation of NPs, it appears useful to evaluate, either by experimental 

verification or theoretical modeling, how these measured temperatures can be related to the 

plasma chemical processes that influence the NP growth. Furthermore, it should be noted 

that the temperature of the NPs cannot be measured effectively and could, therefore, deviate 

from the measured temperatures, which is also suggested by the simulations of 

Shih et al. [204]. 

2.2.6  Evaluation of the role of laser-induced plasma in the decomposition of the liquid 

As explained in chapters 2.2.2, the consequence of the plasma-liquid interaction is the fast 

phase transition of the liquid and its decomposition. Knowledge about the mechanisms that 

drive the decomposition of the liquid during LAL is important to obtain information about 

the growth, the properties (e.g., composition and oxidation degree), and the yield of the NPs. 

Unfortunately, there is a lack of well-founded studies focusing on elucidating the mechanism 

of the decomposition of the liquid during LAL. The chemical reactivity between ablated 

matter and the liquid molecules could be important within this context, discussed in more 

detail in chapter 2.5. Furthermore, the laser-induced plasma could be a contributing factor, 

which is the main topic of this chapter. In general, three main mechanisms are considered 

for the decomposition of the liquid by a laser-induced plasma: 

i. Thermally-induced decomposition of the liquid: The high plasma temperatures can 

directly induce the liquid's thermal decomposition [262-264]. 
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ii. Photon-induced decomposition of the liquid: High-energy photons in the ultraviolet 

regime, e.g., caused by radiation dissipated by the plasma, can contribute to the 

photodissociation of molecules [265-267]. Such photons can be absorbed very 

efficiently by the liquid molecules, promoting the liquid's dissociation and the 

formation of radicals and solvated electrons [229]. 

iii. Electron-induced decomposition of the liquid: High-energy electrons from the 

plasma can excite the liquid vibrationally or react directly with it through electron-

impact reactions so that the liquid is subsequently ionized and dissociated [229,268]. 

Furthermore, low-energy electrons can be produced, which eventually are solvated 

and trigger reactions with the liquid or ablated species [229,268]. 

Note that in a liquid-phase, a plasma can be induced by focusing a laser beam into pure 

liquids, into colloidal solutions, or onto a bulk target immersed in a liquid. While the latter 

case represents the situation in LAL, the first and second process types are called laser 

photoexcitation in liquids (LPL) and laser fragmentation in liquids (LFL). Photochemical 

reactions during LPL can be exploited to produce colloids when metal salts are added to the 

solution [142-144], while LFL is used to reduce the size of colloids [136-138]. The 

individual process types are closely linked, as the laser beam in LAL is focused through the 

liquid onto the bulk target, and NPs are already present after the first laser pulse. Therefore, 

these process types are discussed individually in the following and are then linked to LAL. 

In pure, transparent liquids, the laser induces the liquid's optical breakdown (compare 

chapter 2.1.1) and, thus, the formation of a plasma when the laser intensity reaches the 

liquid-specific breakdown threshold. In water, these thresholds are about 1011 W/cm2 and 

1013 W/cm2 for ns- and fs-pulses, respectively [269]. During the optical breakdown, a 

spatially confined plasma is formed due to the interplay of photoionization, inverse 

Bremsstrahlung absorption, and cascade (avalanche) ionization producing free 

electrons [159,269,270]. As a result, liquid molecules are ionized and dissociated, which in 

water, for example, leads to the formation of a large number of different redox equivalents 

such as free electrons [271] and hydrogen, oxygen, as well as hydroxyl radicals [229]. These 

radicals can recombine to form molecular hydrogen [272,273], oxygen [273], and hydrogen 

peroxide [273], as summarized in Figure 12. 
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Figure 11: Schematic of the possible reaction pathways occurring at the plasma-liquid interface. Reprinted 

with permission from [229]. Copyright 2016 IOP Publishing.  

Free electrons can diffuse into the liquid forming solvated electrons [229]. Such solvated 

electrons possess a high reduction potential and play an important role in the photochemical 

reduction of metal ions (e.g., LPL). For example, Tibbets et al. demonstrated the formation 

of Au or Ag NPs by focusing fs-pulses into an aqueous solution of KAuCl4 or AgNO3 [142-

144]. Herbani et al. showed that even binary and ternary alloy NPs consisting of Ag, Au, 

and Pt can be formed by this method [274]. Note that strong oxidizing agents such as 

hydroxyl radicals and hydrogen peroxide are also formed, which can reoxidize metals with 

lower overpotentials than Au [144]. Hence, strategies were developed to reduce these 

reactive species' impact, based on the use of radical scavengers such as ammonia, sodium 

acetate, or isopropyl alcohol [144]. 

The breakdown thresholds decrease significantly in the presence of NPs [270,275]. 

According to calculations by Arita et al., the breakdown threshold is three orders of 

magnitude lower when Au NPs (≈106 NP/ml) are present in water [276]. The NPs serve as 

initiators of the liquid's breakdown and enable an easier production of free electrons [270]. 

Note that the term optical breakdown is typically associated with pure liquids in the 

literature, while the term laser-induced breakdown is used when colloidal solutions are 

addressed. The mechanistic cascade of laser-induced breakdown in colloidal solutions 

begins with the plasmonic heating of the NPs, which transfer their heat to the surrounding 

liquid [139,277], inducing the formation of nanobubbles [137,278-280]. Depending on the 

applied laser fluence and NP concentration, the nanobubbles can aggregate to form a plasma 

channel (Figure 12a) [145-147,281].  



State of the art 

30 

 

Figure 12: (a) Exemplary images of optical breakdowns observed when working with different NP 

concentrations. (b) Dependence of the generation ratio rates of molecular hydrogen, oxygen, and hydrogen 

peroxide on the NP concentration during laser-induced breakdown in colloidal solutions. Reprinted with 

permission from [281]. Copyright 2016 IOP Publishing. 

Consequently, the liquid's decomposition rate increases significantly, as successfully 

demonstrated by Barmina et al. for ns-LFL of Au in water [145-147]. In a more detailed 

study on ns-LFL of Au, Simakin et al. found that the formation rates of the water 

decomposition products strongly depend on the concentration of Au NPs dispersed in 

water [281]. They showed that the breakdown probability, and thus the water decomposition 

rate is highest at NP concentrations of 1010 NP/ml. From the ratio of the formation 

rates (Figure 12b), they concluded that molecular hydrogen and hydrogen peroxide are 

formed predominantly at high NP concentrations due to the partial homolytic dissociation of 

water. In contrast, molecular oxygen is also formed at low NP concentrations, where 

shielding effects (see chapter 2.6) are less relevant. Thus, more energy is available for other 

decomposition pathways such as ionization and complete homolytic dissociation of water. 

As these studies dealt with pure liquids and colloids, the question arises how the findings 

can be related to LAL. First of all, it must be noted that the experimental conditions during 

LAL are typically chosen in such a way that avoids the optical breakdown of the liquid 

(compare chapter 2.1.1). However, LAL is often accompanied by LFL, especially when 

performed in a discontinuous process with a constant liquid volume, where the concentration 

of NPs increases over time [92]. Consequently, LFL (as well as laser melting in liquids 

(LML)) can occur simultaneously to LAL so that either pure bulk ablation and LFL can 

induce the liquid's decomposition. Therefore, a precise distinction between LAL and LFL is 

required to estimate which of these two processes dominates the liquid's decomposition 

when LAL is performed discontinuously. Applying liquid flow setups [116,318] or single-

a) b) 
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pulse conditions [282,283] could help to unravel these cross-correlated processes and should 

be considered for designing new experiments. Furthermore, the pulse duration is important 

as its selection leads to different excitation conditions for both the solid and liquid phase 

(compare chapter 2.1). 

Regarding the situation in LAL, it is useful to bring together the information collected in the 

previous chapters and, on this basis, to evaluate the possible pathways for the decomposition 

of the liquid induced by the LAL. Considering the studies of Kumar et al., they detected H 

and OH emission bands during ns-LAL of Ti in water (see chapter 2.2.3) [210,243]. An 

energy of 4.8 eV is required to initiate the partial homolytic dissociation of water into H and 

OH radicals [284]. The laser photon energies typically used in LAL are in the order of a 

few eV (1.24 eV for 1064 nm; 2.32 eV for 532 nm and 3.49 eV for 355 nm), not high enough 

to initiate the direct dissociation of water. However, the possibility of photo-ionization and 

ion fragmentation of water due to multi-photon absorption processes, particularly relevant 

for UV laser, has not yet been considered in this context [285]. 

Furthermore, the high temperatures in the plasma (see chapter 2.2.5) provide perfect 

conditions for the liquid's thermal decomposition since water is thermally decomposed into 

atomic H and OH at temperatures generally above 3500–4000 K [262]. The high electron 

density in the plasma (see chapter 2.2.4) may also open the paths for direct reactions between 

water and high-energy electrons. Hence, water may be dissociated (either partially or 

complete homolytically) or ionized when the electrons possess sufficient energies [268,286]. 

Considering the molecular bonds in organic molecules such as C–H (4.3 eV), C-C (3.6 eV), 

or C-O (3.7 eV), these are even easier broken than the H–OH bond in water (4.8 eV) in the 

vapor phase [284]. In this context, Baymler et al. found that the hydrogen generation rates 

during laser excitation of organic liquids such as ethanol, isopropanol, isobutanol, and 

diethyl ether depend strongly on the molecular structure of these liquids and correlate 

directly with the number of C-H bonds [287].  

In summary, the plasma formed during LAL might be crucial for decomposing the liquids, 

either thermally induced or by interaction with photons and electrons. However, even though 

the formation of molecular hydrogen and oxygen has been experimentally confirmed for 

laser ablation of Mg-, Al- and Al-Mg alloys in water [288], it cannot be assessed which of 

the discussed pathways are mainly responsible for the formation of these permanent gases. 

Furthermore, the chemical reactivity between the ablated material and the surrounding liquid 

was not considered so far but could play an important role in the liquid's decomposition. 

Besides, the formation of hydrogen peroxide during laser ablation in water has not yet been 
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demonstrated but is of great importance for the oxidation of NPs. Therefore, a detailed 

discussion of the chemical reactivity between ablated matter and liquid environment is given 

in chapter 2.5. 

2.3  Cavitation bubble 

The next sections focus on the description of the cavitation bubble, which formation is 

induced by the ablation plume's interaction with the surrounding liquid and further 

accompanied by the emission of shock waves. The cavitation bubble plays a key role in the 

mechanistic cascade of NP formation as it contains the NPs. Therefore, the mechanism of 

its formation, dynamics, and thermodynamic modeling are presented.   

2.3.1  Phase transition and shockwave emission at breakdown 

When the plasma cools down, its energy is transferred to the liquid through different energy 

dissipation channels (see chapter 2.2), resulting in its phase transition. However, the exact 

pathway of this phase transition is still under discussion. For example, a direct transfer of 

dissolved ions into the plasma during laser ablation has been reported. Emission lines of Li 

and Na atoms were observed when ablating Cu target in LiCl/NaCl aqueous solutions [233]. 

Since this ion transfer took place without any element selectivity, which is unexpected for 

standard vaporization, it was suggested that the water experiences phase explosion for ns-

pulses. The liquid phase transition is accompanied by the formation of a thin vapor film 

around the plasma boundary, which shape correlates strongly with the plasma. This thin 

vapor film is often stated as the birth of the cavitation bubble [154,238]. In contrast to the 

plasma state, the vapor in the cavitation bubble is cooler, and the density of atoms and NPs 

is strongly reduced [289]. 

In addition to the formation of the vapor film, a hemispherical shockwave is emitted in the 

liquid [222], sometimes accompanied by a Mach cone [247]. Another shockwave is also 

released in the target. This second shockwave can undergo roundtrips in the target due to 

wave reflections at the target surface, leading to delayed shockwave emission in the liquid 

(aftershocks) [290,291]. Regarding the shockwave velocity, different values were reported 

in the literature. It was often found that the shockwave velocities are in the same order of 

magnitude as the speed of sound in the used liquid (1200 m/s in acetone [292], 1400 m/s in 

toluene [292], and 1500 m/s in water [222]). However, Vogel et al. observed a strong 

correlation between the shockwave velocity and the shockwave pressure and measured 

shockwave velocities up to three times higher than the speed of sound in water [293]. Likely 

the shockwave pressure near the plasma rim is high enough to create a shockwave velocity 

larger than the corresponding liquid's speed of sound. As the spherical shock wave 
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propagates, the shockwave pressure and its velocity decreases to finally match the speed of 

sound within the first few hundreds of μm. Therefore, measurement methods with suitable 

time resolution are a prerequisite to get an overview of the full extent of the shockwave 

propagation in the liquid starting from the plasma rim. Some measurements with a fast 

hydrophone [293] or by optical means [294,295] were reported in LAL literature, but only a 

few measurements were performed with suitable time resolution. For example, Tsuji et al. 

estimated that the velocity of the shockwave front induced by LAL of Ag in water is about 

2600 m/s before 200 ns and about 1600 m/s after [294]. Chen et al. performed even more 

precise experiments using a method based on the principle of optical beam deflection with a 

spatial resolution of 10 μm. For ns-LAL of Al in water, they found that the shock wave 

velocity decreases rapidly from 2700 to 1700 m/s after 500 μm [295]. After this distance, 

the shock wave velocity decreases more slowly and reaches the speed of sound in the liquid 

after about 4 mm.  

Furthermore, the influence of the pulse energy on the distance, after which the shockwave 

velocity reaches the speed of sound in the liquid, was investigated. It was found that the 

distance after which the shock wave decays to an acoustic transient increases linearly when 

using pulse energies higher than 80 mJ. Regarding the pulse duration, Vogel et al. observed 

that a larger percentage of the laser pulse energy is converted into mechanical energy 

(i.e., formation of shockwave and cavitation bubble) for ns-pulses compared to ps-

pulses [293]. The different results were explained by the fact that the energy density and the 

plasma pressure are higher when using ns-pulses due to the laser light's absorption during 

the second half of the pulse (compare chapter 2.2.1). Apart from this observation, the 

cavitation bubble dynamics induced by either fs-LAL or ns-LAL do not differ significantly. 

More details about the differences and the similarities between LAL, breakdown-induced 

cavitation, and ultrasonication, can be found in a recently published review article [296]. 

2.3.2  Dynamic behavior of the cavitation bubble 

The development of the cavitation bubble can be subdivided into three different stages. 

These stages include the cavitation bubble expansion, shrinking, and finally, the 

rebound/collapse event, as summarized in Figure 13 [222,290,297-300]. The cavitation 

bubble dynamics are typically visualized using methods such as stroboscopic [222,301], 

shadowgraph [236,290,299,300,302], and schlieren [303] imaging.  
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Figure 13: Temporal evolution of the cavitation bubble dynamics from the first bubble's growth to persistent, 

daughter microbubbles. (a) Schematic time sequence of the main events occurring during LAL. Adapted with 

permission from [238]. Copyright 2015 Elsevier. (b), (e)-(i) Shadowgraph images showing the temporal 

evolution of the cavitation bubble after the interaction of a single laser pulse with a Ti target immersed in water. 

Reprinted with permission from [298]. Copyright 2009 The Japan Society of Applied Physics. Plasma emission 

images (c) and shadowgraph images (d) for ns-LAL of a Cu target in water (30 ns pulse; gate time 5 ns) 

indicating the formation of a thin vapor film around the plasma boundary. Adapted with permission from [154]. 

Copyright 2015 AIP Publishing. 

In the early growth phase, the cavitation bubble's shape follows the plasma's development 

for a few tens of nanoseconds (Figure 13c and d), indicating that the plasma and the 

cavitation bubble coexist at these early timescales (compare chapter 2.2.2). After several 

hundred nanoseconds, the shape of the cavitation bubble is released from the plasma 

dynamics and approaches a quasi-hemispherical shape (Figure 13e and f) [296,298-301]. 

Furthermore, the formation of small microbubbles around the growing cavitation bubble is 

often observed during the expansion of the cavitation bubble (Figure 14a) [222,299,300]. 

Using single pulse experiments, Tanabe et al. concluded that these microbubbles are 

associated with the presence of pre-existing NPs, which act as heat sources when irradiated 

again by subsequent ns-pulses [222]. However, Shih et al. showed that even when using 

single-shots with picosecond pulse duration and fresh liquids, small ‘satellite’ microbubbles 

form around the cavitation bubble (Figure 14c) [130]. Since jetting droplet products are 

formed during ps-laser ablation, they proposed that the injection of large NPs into the dense 

water region above the cavitation bubble phase boundary could be responsible for forming 

these satellite microbubbles. Indirect experimental evidence was given in the same study, 

where double-pulse ablation was able to ignite the micro-objects in front of the bubble 

a) 

b) 
c) 

d) 

e) f) g) h) i) 
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boundary. In addition, a distinct bimodality of the particle size distribution for ps-LAL of 

Ag was found (but a weaker bimodality character for ps-LAL of Au). However, an 

explanation of how exactly the presence of large NPs beyond the cavitation bubble boundary 

induces the formation of microbubbles is still an open question and requires further 

investigation. 

 

Figure 14: Properties of the cavitation bubble. (a) Stroboscopic videography (left column) and x-ray 

radiography (right column) images of the cavitation bubble evolution induced by ns-LAL of Ag in water as a 

function of delay time after laser irradiation. The formation of a rim (white arrows) and the depression of the 

liquid (red arrow) can be observed. After the first (delay time of 203 μs) and second rebound (delay time of 

309 μs), asymmetric shape deviations from the initial quasi-hemispherically cavitation bubble are visible. 

Reprinted with permission from [133]. Copyright 2017 Elsevier. (b) Colloid extinction representing the mass 

concentration after 150 laser shots and bubble volumes produced by ns-LAL of a flat (right y-axis) and wire 

(left y-axis) Ag target depending on the applied laser fluence. Reprinted with permission from [304]. Copyright 

2017 John Wiley and Sons. (c) Appearance of satellite microbubbles around the cavitation bubble after single-

laser pulse (2 ps) irradiation of a Au target. Reprinted with permission from [130]. Published by The Royal 

Society of Chemistry. 

The cavitation bubble expands and reaches a stationary point of maximum size and quasi-

hemispherical shape. It then shrinks and shows a deviation from the ideal shape, as illustrated 

a) b) 

c) 
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in Figure 14a. The shape deviation of the cavitation bubble is also reflected in the 

development of the aspect ratio (defined as the quotient of the expansion of the cavitation 

bubble in y-direction and x-direction) over time. The closer the aspect ratio is to 1, the higher 

is the symmetry of the formed cavitation bubble. Kohsakowski et al. found that cavitation 

bubbles induced on flat bulk targets deviate from an ideal hemisphere during the early 

expansion phase [301]. They observed that the highest aspect ratio is reached during the 

maximum expansion of the cavitation bubble, while the ratio decreases as the rebound 

approaches and finally increases again when the bubble collapses. 

The rebound of the cavitation bubble induces the formation of one or more subsequent 

cavitation bubbles [222,299]. At each collapse, part of the cavitation bubble's mechanical 

energy is released by emitting a new shockwave [300]. The presence of a bulk target opens 

the path for additional channels for energy losses such as heat conduction into the target, 

which has not yet been addressed in the literature. At least in a recent review article, it has 

been exemplarily shown that the Gilmore model fits far better than the Rayleigh–Plesset 

model to describe the bubble rebound volume (see chapter 2.3.3) [296].  

After the rebound, the cavitation bubble's size decreases steadily (similar to a damped 

oscillator) with repeating expansion, compression, and rebound cycles. When the cavitation 

bubble rebounds, asymmetric structures were often observed inside the bubble, characterized 

by an irregular shape and depression of the liquid [133]. Although the formation of an inward 

jet is sometimes mentioned [305], this is usually not observed. Accordingly, the three-phase 

boundary angle between bubble, target, and liquid shows a clear necking during bubble 

expansion. It has recently been shown that this neck depends strongly on the liquid's 

viscosity. Thus the bubble root angle is controlled by inertia (the capillary number) rather 

than the liquid-target wettability [306].  

The collapse of the cavitation bubble can lead to the formation of stable, persistent 

microbubbles (Figure 13d) with sizes in the order of several millimeters [297,307-309]. 

Although the presence of these persistent microbubbles has occasionally been reported in 

the literature [297,307,308], little is known about their formation and their influence on the 

ablation process during LAL. Since these bubbles are formed immediately after the 

cavitation bubble collapse, their analysis could represent a promising tool to obtain more 

precise information about the cavitation bubble's chemical nature. Furthermore, these 

bubbles may also influence the ablation performance, discussed in more detail in chapter 2.6. 

The lifetime and size of the cavitation bubble depend on the laser parameters such as laser 

fluence [222,299,300,304], pulse length [117,299] as well as liquid properties [305,310], 
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and external pressure [236,298]. With lifetimes of up to several hundred microseconds, the 

cavitation bubble's lifetime far exceeds that of the plasma. However, in some cases, the 

formation of a secondary plasma with long-lasting optical emission signals (450 μs for 

Al [311] and 650 μs for Al2O3 [312]) within the growing cavitation bubble was reported. 

Besides, Sasaki et al. showed that discharge effects occur within the cavitation bubble after 

more than 100 μs [258], indicating that plasma dynamics are still active on these timescales. 

The laser fluence is particularly important since with increasing laser fluence, not only the 

size of the cavitation bubble increases [222,299,300,304] but also the amount of ablated 

mass [117,304]. Reich et al. showed that a threshold fluence exists for the bubble growth 

process and the ablation yield [304]. Using ns-pulses, they found that the cavitation bubble 

size and ablation yield starts to increase linearly above a threshold fluence of 

50 J/cm2 (Figure 14b). Below this fluence, the bubble volume and ablation yield deviates 

from this linear relationship. It was concluded that the efficiency of energy coupling at the 

plasma-liquid boundary strongly correlates with the laser fluence and that above the 

threshold fluence almost all the laser energy is used for the bubble growth.  

To quantify the bubble-internal mass concentration, Letzel et al. performed single pulse 

experiments with a 10 ns pulse and a fluence of 14.5 J/cm2. By measuring the bubble volume 

and ablated mass for a different number of laser pulses, they calculated a bubble-internal 

mass concentration of 0.4 μg of ablated matter per mm3 bubble volume when a blank target 

is irradiated. With an increasing number of preceding pulses, it was observed that the 

concentration decreases exponentially [283]. 

2.3.3  Theoretical modeling of the cavitation bubble 

For theoretical modeling of the cavitation bubble dynamics, mathematical approaches like 

the Rayleigh model are often used [313]. Here, the bubble radius is represented as a function 

of time, taking into account an empty bubble in an incompressible fluid under hydrostatic 

pressure. Based on this theory, the model of Rayleigh–Plesset was developed [314] and 

further modified by considering the surface tension, the viscosity, and the vapor pressure of 

the liquid [315]. For low-viscosity solvents (water, acetone, isopropanol), Lam et al. showed 

that inertial forces determine the cavitation bubble dynamics, and the liquid's surface tension 

and viscosity can be neglected during the first cavitation bubble cycle [289]. However, the 

Rayleigh–Plesset model cannot describe the bubble dynamics after the rebound/collapse 

event, as shown in Figure 15a.  
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Figure 15: Comparison between the experimental and theoretical results for modeling the cavitation bubble 

dynamics: (a) Modeling based on Rayleigh–Plesset. Reprinted with permission from [315]. Copyright 2010 

The Japan Society of Applied Physics. (b) Modeling based on Gilmore. Reprinted with permission from [296]. 

Copyright 2019 Cambridge University Press. Numerical modeling of the temperature (c) and the pressure (d) 

based on the Keller–Miksis formulation as a function of time and liquid pressure. Reprinted with permission 

from [316]. Copyright 2011 American Chemical Society. 

Alternative models like that from Gilmore [317,318] include the sound radiation of the 

expanding and collapsing bubble into the liquid and are then able to describe the subsequent 

bubble oscillation after the first rebound more accurately (Figure 15b) [296]. In addition to 

the Gilmore model, several other models were developed that consider heat and mass 

transfer effects at the bubble interface (e.g., vaporization [319], condensation [320], and heat 

conduction [321]). Even more complex bubble models can describe the supercritical 

conditions during the bubble collapse [322]. Unfortunately, all these models have not yet 

been considered for modeling LAL-induced cavitation bubbles and should be used for future 

modeling. 

The mathematical modeling results provide information about the gas phase's 

thermodynamic properties within the cavitation bubble (e.g., vapor pressure and 

temperature) as a function of its radius, which are important for the NP growth. In general, 

a) b) 

c) d) 
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the cavitation bubble is rather cold compared to the plasma during almost the entire 

cavitation cycle. It reaches temperatures of only a few hundreds of Kelvin during the 

expansion and compression phase [235,289]. Analogously, the cavitation bubble pressure 

approaches the pressure of the surrounding liquid at the maximum bubble expansion stage. 

However, the pressure and the temperature of the gas vapor within the bubble increase 

abruptly during the bubble collapse. Numerical modeling based on the Keller-Miksis 

formulation has shown that the pressure and temperature can rise to 106 Pa and 

600 K (Figure 15c and d) [316]. Since the collapse confines the NPs to a small volume, the 

temporary high temperatures and pressures may promote particle agglomeration [133] or 

further reactions between the ablated material and the gas vapor. Hence, more attention 

should be paid to the bubble collapse. 

2.4  Nanoparticle growth mechanisms 

The synthesis of NPs is a product of the mechanisms that occur during laser-matter 

interaction, in the plasma and in the gas-phase ranging from the femtosecond to microsecond 

timescale. To provide a fundamental understanding of the NP formation process, the 

thermodynamic conditions in which these NPs form and grow have been described in the 

previous chapters. This chapter begins with a general description of the physical methods 

for the production of NPs to point out which fundamental processes lead to their formation. 

Then the specific case of fs- and ns-LAL is discussed. The fundamentals developed in the 

previous chapters are used to emphasize to which extent the processes presented, ranging 

from the ablation process to the cavitation bubble expansion and collapse, influence the 

generation and growth of the NPs as well as their physical and chemical properties. 

In general, the physical routes developed for the synthesis of clusters or NPs rely on the same 

basic principle, which can be divided into two steps [323]. First, an atomic vapor or a plasma 

is generated at temperatures higher than a thousand Kelvins. Then the temperature is 

quenched down, leading to nucleation and growth of the NPs. There are several ways to 

obtain a plasma or a hot vapor [323]. Not only laser ablation [324], laser vaporization [325-

327], laser pyrolysis [328], and standard heating [329-331] are worth mentioning, but also 

the use of RF-powered ring electrodes [332], ion beam [333,334], or arc-discharge [335]. 

The fast cooling is achieved by introducing a cold, inert gas or an adiabatic supersonic 

expansion. LAL basics are not different from the previous methods, except that a liquid 

substitutes the cold, inert gas. Then two major differences appear. First, the liquid is 

definitely not inert. Secondly, the observed cooling rate can reach up to 1012 K/s for fs-LAL 
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[204] and 1010 K/s for ns-LAL at the early 200 ns [235], which is faster than the cooling 

observed in the other methods [324]. 

It is then reasonable to assert that the nucleation occurs during the fast cooling of the liquid-

confined plasma, in a timescale shorter than the plasma lifetime, above a few microseconds. 

For ns-LAL, this assumption is supported by in-situ (direct) and ex-situ (indirect) 

measurements. In-situ time-resolved small-angle x-ray scattering not only showed that the 

NPs are confined inside the vapor bubble [132,134,336,337] but also that primary particles 

with a size less than 10 nm are present from the early stage onwards. However, it should be 

noted that the time-gated data accumulation reported was >40 μs [134], limiting the time 

resolution of the in-situ SAXS experiment in the framework of LAL. Recent experiments 

reached temporal resolutions <100 ps due to the use of ultrashort x-ray pulses [338]. Light 

scattering experiments provide a better time resolution. Soliman et al. have reported laser 

light scattering for t ≥ 200 ns after the laser pulse impact [339]. They concluded that the 

number of NPs increases until 3 μs, and then is saturated. Kumar et al. observed a scattered 

light intensity larger than the plasma emission intensity at a delay of 300 ns and its increase 

until 800 ns [227]. They asserted that nuclei are formed in the initial stages of plasma 

formation. An indirect proof that initial nuclei are already formed during the plasma phase 

has been provided by studying the effect of water pressure on the dynamics of the plasma 

and cavitation bubble [236]. Ag NPs were generated at a water pressure between 1 and 

150 bar. Whereas the pressure increase shortened the bubble lifetime and the bubble size, 

the average size of the primary particles, and the plasma parameters (temperature, electron 

density) remained constant. Hence, the bubble dynamics do not seem to affect the size 

distribution of the primary particles, which support the scenario of an early generation of the 

particles in the plasma phase. In similar, Letzel et al. showed a strong decrease in bubble-

internal mass concentration with an increased number of preceding pulses treating the target 

surface before a single laser pulse. Hence, one would expect the mass concentration to affect 

coalescence probability and hereby the particle diameter, but the final particle size was not 

affected. Moreover, in their highly diluted experiments (low NP mass in the liquid) they 

found clear evidence for ultra-small atom clusters being the mass-dominant fraction [283]. 

If one looks further at the measured size distributions, it appears that different mechanisms 

of NP generation occur. Indeed, a unique mechanism would lead to a monomodal particle 

size distribution, such as a Log-normal distribution [340]. However, bimodal size 

distributions are frequently reported from transmission electron microscopy, particularly if 

ultrashort laser pulses are applied at high effective laser fluences [341-344]. In this context, 
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Zhigilei et al. recently performed an advanced MD simulation for laser pulses of hundreds 

of picoseconds to nanoseconds [131]. They found broad NP size distributions without 

distinct bimodality as reported for ultrashort laser pulses [130,131]. The bimodal size 

distribution consisted mainly of primary particles with a diameter of around 10 nm on the 

one hand and larger particles with a diameter of several dozen nanometers on the other hand. 

Note that the extent of bimodality depends on the material. For example, Shih et al. have 

found larger particles for ps-LAL of Au and Ag, but only for Ag, the bimodality was distinct 

in the TEM histograms [130]. The bimodal size distribution has also been observed during 

in-situ SAXS measurements [132,134,336-338] at the early stage of the bubble dynamics. 

Then, the larger particles (a few tens of nm) may not only originate from the growth of the 

primary particles, through Ostwald ripening, LaMer mechanism, coalescence, or Finke-

Watzky two-step mechanism (see Thanh et al. [345] for an overview of the growth 

mechanisms). Larger particles (the so-called secondary particles) seem to be formed by 

another mechanism than the one leading to the formation of primary (small) particles, as 

discussed below. 

Once accepted an early generation of the primary particles, two questions remain 

unanswered: (i) what the detailed nucleation mechanisms are and (ii) what the detailed 

growth mechanisms are. Nucleation observed in any first-order phase transition consists of 

forming a stable seed within a metastable (or supersaturated) phase. The classical nucleation 

theory (CNT), developed since the beginning of the 19th century, describes the formation of 

a spherical particle immersed in a mother phase as a competition between the volume and 

the surface energies. CNT has been used for intuitive descriptions, but its conceptual 

limitations have been discussed by several authors [346-348]. The limitation of CNT comes 

from two main assumptions: (i) the seed is assumed homogeneous and isostructural to the 

bulk crystal, and (ii) the capillary approximation assumes that nucleus and bulk materials 

have the same thermodynamic properties, including the surface energy. As a consequence, 

CNT fails to provide quantitative results [346,348]. 

In highly transient conditions, such as those observed in LAL, the nucleation certainly 

follows Ostwald’s rule [349-351]: the geometric structure may reorganize during the growth 

with transient states potentially having a different crystal structure from the bulk. To 

implement such realistic but transient behavior into theoretical modeling requires large 

computing and processing capacities. Two main approaches were developed: on the one 

hand, molecular dynamics [203], and the other hand, first-principle calculation [352]. The 

first-principle calculation aims to find the most likely clusters for a given temperature, 
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pressure, and chemical composition of the plasma/hot gas. The nucleus formation then 

proceeds as the growth of clusters through gas-phase chemical reactions, as the temperature 

decreases (see Figure 16a).  

 

Figure 16: (a) First principle calculation from Lam et al. regarding the temperature-dependent evolution of 

AlO. Reprinted with permission from [352]. Copyright 2015 American Chemical Society. (b) 3D 

representation of the molecular dynamics simulation from Shih et al. 3000 ps after the laser beam impact 

showing the generation of NPs from a thin Ag film within the liquid environment. Reprinted with permission 

from [203]. Copyright 2015 Elsevier.  

This approach is fully consistent with Ostwald’s rule. However, it does not allow a direct 

calculation of the dynamic plasma composition during its cooling, and the plasma formation 

is not addressed. On the other hand, molecular dynamics aim to describe the atoms' dynamic 

behavior from the initial energy deposition by the laser pulse. Molecular dynamics have been 

extensively developed in the framework of laser ablation in vacuum or gas [353-357], and 

more recently, in liquids [130,131,203,358]. 

It must be emphasized that molecular dynamics undergo several limitations. The method 

currently mainly addresses the fs- and ps-pulse duration, which is shorter than the 

nanosecond pulse used in most experimental setups. Only recently, MD simulations have 

been demonstrated for laser pulse durations of up to 2 ns [131], which are still a factor of 5 

away from the typical laser pulse durations used in ns-LAL. The potential is poorly 

developed for oxides, so molecular dynamics is mainly applied to metals. The chemical 

reactions that obviously take place between the liquid (or its vapor) and the ablated species 

are also neglected in published MD simulations. Most of the studies deal with the 

understanding of the phase transition mechanism after energy deposition (i.e., the ablation 

process) and report phase explosion in the laser regime usually used in LAL, but also 

mechanical fragmentation of metastable phase [130]. Phase explosion is also reported by 

alternative numerical methods, such as the hydrodynamic two-temperature model [202,359], 

a) b) 
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the thermal model under the conditions of formation and heating of a radiation-absorbing 

plasma [360], or the collisional-radiative model [361]. The last two models can deal with 

nanosecond pulses and then laser-plasma interaction. 

Even if different cluster/NP formation mechanisms have been discussed in literature, 

bimodal size distribution has been scarcely addressed until a recent significant progress. The 

Zhigilei’s group has developed an atomistic simulation of laser ablation of metal targets in 

a liquid environment [130,203] (see Figure 16b). A coarse-grained representation of the 

liquid environment (parameterized for water) was added to a hybrid atomistic-continuum 

model combining the classical molecular dynamics method with the two-temperature model. 

They clearly showed that two mechanisms of NPs generation occur in less than a few 

nanoseconds for femtosecond and picosecond pulses: (i) a rapid nucleation and growth of 

sub 10 nm particles (primary particles) in the water-metal mixing region, and (ii) an 

instability of the superheated metal layer formed at the interface with water leading to 

particles of a few tens of nanometers (secondary particles). 

The remaining challenge is to include laser-matter interaction for ns-pulses [131]. Anyway, 

chemical reactions and plasma processes would remain difficult to address by molecular 

dynamics simulations adequately. Note that the mixing region generated by fs-LAL is in the 

liquid’s low-density vapor phase. Hence, cooling of metal atoms and clusters vaporizing into 

the mixing region is fast only during the first 400 ps (>1012 K/s) and later comparably slower 

(<1011 K/s) with prolonged vaporization even at ns-timescale (compare Figure 17), and 

condensation with the NPs still in the liquid state [130].  

 

Figure 17: Molecular dynamics simulation of the ablation of bulk Ag from Shih et al. including the temporal 

evolution of the temperature of three selected NPs generated by droplet jetting. Reprinted from [130]. 

Published by The Royal Society of Chemistry. 
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Furthermore, with temperatures of 2665 and 1120 K of the Ag and water phase at a time of 

600 ps, the NPs are not in thermal equilibrium with the water, which strongly promotes the 

growth of the NPs even at high temperatures [204]. 

2.5  Reactive Laser Ablation in Liquids (RLAL) 

As shown in chapter 2.2.2, the plasma front is in direct contact with the surrounding liquid 

leading to the formation of a thin vapor layer around the plasma boundary within the first 

few hundreds of nanoseconds during LAL [154]. This contact region provides an active 

mixing zone of potentially strong reactivity between the plasma plume species and 

molecules from the liquid. Due to its strong reactive nature, this region is assumed as a place 

where early chemical reactions such as galvanic replacement [362], decomposition of water 

[145-147,281], or organic liquids [281,287,363], and oxidation [81,352] occur. Chemical 

reactions between the ablated target species and liquid molecules can also take place in the 

gas phase of the cavitation bubble [132] or the liquid phase after the cavitation bubble 

collapse [135]. The chemical reactivity of the liquid is important in the field of RLAL, where 

the reactivity between the target material and the liquid strongly influences the properties of 

the NPs (e.g., composition and size) and the decomposition of the liquid [121,122,364,365]. 

The following sections aim to reduce the complexity of the chemical reactions occurring 

during RLAL. Since the chemical reactions can vary depending on the type of liquid, target 

material, and additives, RLAL is discussed in the context of organic liquids, water, and 

aqueous liquids containing additives. 

2.5.1 RLA in organic liquids 

RLA in organic liquids produces various nanomaterials containing atoms from the ablated 

target material and the liquid. Their formation starts very early within the plasma, as 

discussed in chapter 2.2.3 for the formation of diatomic molecules consisting of both target 

and liquid atoms. Thus, the initial plasma phase represents the beginning of the reaction 

cascade. The organic liquids are decomposed at the plasma front into active atoms and 

radicals (see chapter 2.2.6). These react with each other or with the ablated target species 

and form gaseous products or NPs with specific composition. Sun et al., for example, 

identified carbon disulfide (CS2) in the gas phase above the liquid after ns-LAL of 

antimony sulfide (Sb2S3) in acetone [363]. Furthermore, Jung et al. confirmed the formation 

of molecular hydrogen during ns-ablation of Ni in methanol [365]. Besides, Yang et al. 

demonstrated the formation of carbon nitride NPs after ns-ablation of a graphite target in 

ammonia [125,366], while Choi et al. showed that C and N atoms from acetonitrile are 

converted into an N-doped graphitic shell solidified around Ni NPs, with larger particles 
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bearing thicker shells [365]. Similarly, metal atoms react with carbon atoms in organic 

liquids according to their affinity to carbon [120,122,235,367-369]. Conversely, the content 

of carbon atoms in the organic liquids strongly affects the carbon content within the NPs 

[364,370], which provides further insights into the mechanism of NP formation 

during RLAL. 

In order to shed light on the mechanistic cascade of NP formation in organic liquids, 

Zhang et al. conducted a comprehensive study in which they ablated a series of different 

metals in acetone [122]. They found that the composition of the NPs correlates with the 

solubility of carbon in the metals. Therefore, metal carbide cores were obtained when 

ablating metals with high carbon solubility (e.g., Ti, V, Nb, Cr, Mo, W, Ni, Zr). In contrast, 

ablation of metals with a low affinity to carbon (e.g., Cu, Ag, Au, Pt, Pd) led to pure metal 

cores. Ablation of Mn, Zn, and Fe, in turn, resulted in a mixture of metal and metal oxide 

cores. It has been suggested that the decomposition of the organic liquid produces reactive 

oxygen species that cause oxidation of the metal nuclei. However, reducing gases such as 

carbon monoxide, molecular hydrogen, or methane were probably also formed, preventing 

the metals' oxidation within the cavitation bubble (Figure 18). Nevertheless, experimental 

validation of the formation of these gases is still missing. Furthermore, decomposition 

reactions may result in the disappearance of the metal carbides [371] and need to be 

addressed in future experiments.  

 

Figure 18: Mechanistic picture illustrating the participating reactions driving the final composition of metal 

NPs during fs-ablation in acetone on the different timescales. Adapted from [372]. Copyright 2018 by the 

authors. 

The metals can catalyze the graphitization and formation of carbon shells around the NPs, 

possibly controlled by their interaction with solvent decomposition products (e.g., methane 
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or ethyne) within the cavitation bubble [120,122,365,372]. Similarly, the encapsulation of 

NPs with carbon can be induced after the collapse of the cavitation bubble by subsequent 

post-irradiation-induced reactions with the organic liquid [122]. The formation of carbon 

shells prevents further growth or coalescence of the NPs and protects the metal core from 

oxidation after the bubble collapse [122,364].  

2.5.2 RLA in water 

Laser ablation in water promotes the oxidation of the NPs. Accordingly, numerous oxides 

were obtained after ablating pure metal targets in water [373-376]. The extent of oxidation 

depends on the redox potential of the metals as well as the type and concentration of reactive 

oxygen species, which are produced either by the plasma-induced splitting of water 

(compare chapter 2.2.6) or are already present in dissolved form in the liquid (e.g., molecular 

oxygen and hydrogen peroxide). NP oxidation can start in the initial plasma phase inside the 

supercritical water-metal mixing region. Furthermore, oxidation processes can potentially 

occur within the cavitation bubble or the liquid phase after the bubble collapse, as 

summarized in Figure 19a.  

 

Figure 19: (a) Mechanistic picture displaying the different stages, where reactive oxygen species could 

encounter the target species inducing their oxidation. Reprinted from [377]. (b) Time-resolved evolution of 

reactive Zn species and ZnO derived from in-situ X-ray measurements. The upper, middle and lower diagrams 

correspond to different measuring positions within the cavitation bubble. Reprinted from [378]. Published by 

The Royal Society of Chemistry. 

Under the prevailing high temperature and pressure conditions within the plasma (see 

chapter 2.2.5), even noble metals can be partially oxidized as theoretically predicted by the 

Nernst equation [98] and experimentally indicated by XPS. In the latter case, various studies 

have shown that the oxidation degree of the NPs increases with increasing redox potential 

of the ablated material leading to surface oxidation degrees of 5-12% for Au NPs [379,380], 

20-73% for Pt NPs [77,78,116,381], 71% for Pd NPs [342], 80-84% for Ag NPs [209] and 

a) b) 
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100% for Ni NPs [116]. Of course, oxidation is not only limited to the metal surface of the 

NPs but can also affect the entire metal core. Laser ablation of Fe in water, for example, 

leads to the formation of polycrystalline NPs, which consist mainly of magnetite 

(Fe3O4) [382] besides smaller amounts of hematite (α-Fe2O3), and wüstite (FeO), but also as 

traces of metallic Fe were found [369,370,382,383]. Laser ablation of Ti in water, in turn, 

produces fully oxidized NPs consisting of a multitude of different suboxides [384-386].  

However, the mechanism by which the oxide NPs are formed remains under debate. Reactive 

oxygen species can react with the ablated metal species already during the initial plasma 

phase. Plasma spectroscopic measurements during laser ablation of an alumina target in 

water confirmed the formation of diatomic metal oxide molecules already after 100 ns [81]. 

Furthermore, it was shown that metallic atoms are consumed after a few microseconds to 

form metal-oxide clusters as intermediate species, which continue to nucleate and grow into 

oxide NPs [81]. Fast liquid-solvent reactions were also observed by De Giacomo et al. using 

double-pulse ns-laser induced breakdown spectroscopy. They performed ablation of metallic 

titanium in water and reported the formation of TiO molecules after 100 ns [387].  

The thermodynamic stability of the oxides as a function of temperature is probably a decisive 

parameter codetermining the degree of NP oxidation. In particular, oxides from noble metals 

are thermodynamically unstable at high temperatures. Gold oxide (Au2O3) already 

decomposes at temperatures around 430 K, whereas the decomposition of silver oxide 

(Ag2O) and platinum oxide (PtO2) requires temperatures above 470 K and 1220 K [388]. For 

oxides from less noble metals such as zinc oxide (ZnO), the decomposition temperature 

increases to 2335 K. For titanium dioxide (TiO2) and alumina (Al2O3), even higher 

temperatures of >4000 K are necessary to initiate their decomposition [389]. Therefore, 

oxidation processes in the early plasma phase must be handled with care, taking into account 

the oxide species' thermodynamic stability at elevated temperatures. 

The thermodynamic instability of ZnO at high temperatures probably explains why 

Reich et al. detected a high content of unoxidized zinc species in the early phase of the 

cavitation bubble evolution (Figure 19b) [378]. Using X-ray absorption spectroscopy, they 

observed that the measurement signal of the unoxidized zinc species decreases during the 

expansion of the cavitation bubble, followed by its complete disappearance after the bubble 

collapse. It was concluded that gas-phase reactions might take place within the bubble cavity, 

which would not be unlikely considering the milder pressure and temperature conditions 

within the cavitation bubble (see chapter 2.3.3) and the ratio of ablated matter to liquid 

molecules (≈ 1:20) [289]. Hence, the kinetic availability of liquid molecules would not limit 
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gas-phase reactions, and the thermodynamic stability of the respective compounds would 

play a minor role. However, chemical reactions are also pressure- and temperature-

dependent, making precise predictions about the state of chemical equilibrium difficult as 

the cavitation bubble's temperature and pressure oscillates over time [316]. Therefore, 

knowledge of the time-dependent thermodynamic conditions and the composition 

(i.e., ablated matter and gas compounds) within the cavitation bubble is essential to 

understand and model the chemical processes involved. While thermodynamic conditions 

are accessible using mathematical approaches (see chapter 2.3.3), identifying the ablated 

species can be realized using in-situ X-ray absorption spectroscopy [378]. The determination 

of the gas composition is more difficult and typically relies on ex-situ gas analysis. This way, 

Escobar-Alarcóna et al. found that molecular hydrogen and molecular oxygen are formed 

during ns-LAL of Mg, Al, and Al-Mg alloys in water [288]. Furthermore, Akimoto et al. 

detected carbon monoxide after ns-ablation of carbon in water [386]. Nevertheless, it is 

unclear to which extent either plasma-induced splitting of water induces the formation of 

these permanent gases (see chapter 2.2.6) or redox reactions between ablated matter and 

water molecules within the water-metal mixing region, the expanding cavitation bubble, or 

the liquid phase after the bubble collapse. Qiang et al. observed an increase in the cavitation 

bubble size from Cu to Ti to Al in laser propulsion experiments [390], indicating that 

molecular hydrogen is produced by early redox reactions within the bubble cavity.  

After the bubble collapse, redox reactions are induced by the interaction of water molecules 

with ablated matter or the target surface. For example, different metallic target surfaces were 

found to be oxidized after LAL in water [383,391,392], and the oxidation of Zn NPs was 

observed after about 20 ms (Figure 19b). It should be noted that some metals are naturally 

oxidized in water on longer timescales, which prevents the liquid from reacting with the 

metal surface under standard conditions. Here, the laser beam could act as an initiator for the 

beginning of the redox reaction by removing the native oxide layer.  

Moreover, redox reactions can be initiated by reactive oxygen species dissolved in the liquid 

(e.g., molecular oxygen and hydrogen peroxide), leading to time-delayed oxidation 

processes [135]. For LAL of Ni target, it was shown that the formation of NiO NPs is 

promoted when hydrogen peroxide is added to water before ablation [393]. Furthermore, 

Cu2O or CuO NPs were obtained by ablating a Cu target in pure water or aqueous solutions 

containing hydrogen peroxide [394]. To elucidate the role of dissolved oxygen, Sun et al. 

performed ns-LAL of antimony sulfide (Sb2S3) in pure and degassed water [363]. Only in 

the second case, Sb2S3 NPs with stoichiometric composition were obtained. In contrast, the 
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presence of dissolved oxygen has led to a great deviation of the expected 

elemental ratio S/Sb compared to the starting material. Marzun et al. made analogous 

observations by comparing the oxidation degree of Cu NPs obtained by ns-ablation of Cu in 

air-saturated and oxygen-free water [395]. In contrast to Cu NPs produced in air-saturated 

water (20.5 wt% Cu, 11.5 wt% Cu2O, and 68 wt% CuO), they obtained less-oxidized 

Cu NPs (25 wt% Cu and 75 wt% Cu2O) in oxygen-free water. The impact of dissolved 

oxygen on the NP oxidation process was also reported for ns-LAL of Zn [128], Co [396], 

and Ti [119].  

Summarizing, redox reactions can occur on different timescales during LAL. Although it is 

well documented that oxygen species influence the oxidation of NPs, it is still difficult to 

determine which processes are responsible for their formation and on which timescale they 

take place. For example, the understanding of the surface states of the produced NPs can be 

strongly influenced by the pH-dependent redox properties of H2O2, which formation was not 

investigated during LAL so far (see chapter 2.2.6). Furthermore, the formation of molecular 

hydrogen either induced by redox reactions between oxidation-sensitive metals and water in 

the metal-water mixing region, within the cavitation bubble or after the bubble collapse, has 

not yet been sufficiently investigated. Therefore, well-founded studies are required to clarify 

where and when redox reactions occur during LAL and which oxygen species are 

participating. 

2.5.3 RLA in aqueous solutions containing additives 

The impact of ions and molecular compounds on the formation of NPs during RLAL is the 

last topic briefly discussed within this chapter. Ions are promising in combination with 

galvanic replacement reactions (GRR), enabling the production of numerous alloy NPs [397-

399]. The driving force of GRR is based on the difference between the standard reduction 

potential of two metals. Commonly, less-noble metals are ablated in aqueous solutions 

containing ions of more noble metals. This way, Giorgetti et al. obtained AgCu NPs by 

ablating a Cu target in aqueous solutions of AgNO3 or AgNO2 [400], while Mostafa et al. 

provided access to AuCdO core/shell NPs by ablating a Cd target immersed in an aqueous 

solution of HAuCl4 [401]. Furthermore, Hu et al. produced PtCo NPs with different alloying 

degrees by ablating a Co target in aqueous solutions of K2PtCl4 and adjusting the pH value 

and the concentration of Pt2+ [97,362]. They suggested that the chemical reduction of the 

noble metal cations happens at the cavitation bubble boundary phase (e.g., supercritical 

water-metal region).  
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Besides, anion-specific adsorption processes can occur on the NP surface if anions with high 

polarizability, such as chloride or bromide, are added to the solution in low electrolyte 

concentrations before ablation. The adsorption of the anions significantly increases the 

surface charge density of the NPs [381], which improves the colloidal stability and leads to 

the size quenching effect [402]. The observation of the size quenching of the NPs supports 

the assumption of an early interpenetration between the ablated matter and the solvent or its 

vapor. The average size of yttrium sesquioxides NPs shifts from above 6.4 to 1.9 nm in a 

solution of 2-[2-(2-methoxyethoxy) ethoxy] acetic acid. Iron poly-oxo-clusters were 

obtained by laser ablation in aqueous N-(phosphonomethyl) iminodiacetic acid [403]. SAXS 

measurements performed during laser ablation of Au in a NaCl solution [132] showed that 

(i) NP ion interaction is evident at least within the first microseconds, and (ii) size quenching 

by ions during LAL is based on a gas phase phenomenon (Figure 20). 

 

Figure 20: Effect of dissolved anions on NP properties measured inside the cavitation bubble by SAXS 

measurements. (a) Experimental setup for the time-resolved SAXS measurements. (b) Particle diameters 

measured in SAXS during ns-LAL of silver in pure water (blue symbols) and aqueous NaCl solutions (red 

symbols) for different delay times and heights (0.5 mm; 1 mm) above the target, indicating that size quenching 

happens inside the cavitation bubble. (c) Volume ratio of large and primary particle fraction dependent on the 

delay time and height above target in pure water and aqueous NaCl solution. Reprinted with permission 

from [132]. Copyright 2017 American Chemical Society. 

Letzel et al. proved via in-situ SAXS measurements and detailed ex-situ size histogram 

analysis that anions quench the formation of the second fraction of NPs and probably also 

the primary particle diameter (compare chapter 2.4) inside the vapor phase of the cavitation 

bubble [132]. In contrast, no size-quenching was observed within the bubble cavity when 

equimolar amounts of macromolecules were added, while the monomer ligand behaves 

somewhat in between [404]. Nevertheless, it is not yet understood how the NPs interact with 

the ions and ligands in the cavitation bubble's gas phase. 

a) b) c) 
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2.6  Strategies to enhance the economic efficiency of LAL 

The assessment of the profitability of a product/process requires knowledge of the individual 

cost items (e.g., manufacturing and labor costs), which ultimately make up the overall 

process's total costs. Jendrzej et al. carried out such a cost analysis for the chemical reduction 

and LAL, which are common synthesis routes for producing colloidal NPs, and investigated 

the key factors determining the economic efficiency of these processes [115]. They 

demonstrated that the synthesis of colloidal Au NPs becomes more economical for LAL 

when a NP productivity of 550 mg/h is exceeded (Figure 21).  

 

Figure 21: Economic comparison of the method of LAL and wet-chemical reduction considering the 

manufacturing‐ and labor costs as a function of the NP productivity. The break-even point represents the 

transition point at which the costs for the wet-chemical route exceed the costs of the laser-based synthesis 

method. Reprinted with permission from [115]. Copyright 2017 John Wiley and Sons.  

In this context, LAL particularly benefits from the lower costs of raw materials 

(e.g., bulk target, wire, or powder), which are 5-10 times lower than those of the metal salts 

or organic-metallic precursors required for the production of NPs by chemical reduction. 

Consequently, the running costs for LAL are lower than for chemical reduction. Even when 

considering the fixed costs of both methods, which are higher for LAL due to the investment 

in the laser system and its maintenance, the running costs overcompensate the fixed costs in 

the long-term, making LAL more economically than chemical reduction. 

While for chemical reduction, high NP concentrations, large batch sizes, and centrifugation 

volumes have a beneficial effect on reducing the total costs, for LAL, the laser power is 

typically increased to increase NP productivity. For example, a laser system operated with a 

moderate laser power of 8-10 W typically results in maximum NP productivities of 

<100 mg/h [405]. Using a 500 W ps-laser combined with novel high-speed scanning 

strategies, Streubel et al. achieved NP productivities of >4 g/h [116,117]. In the latter case, 

the enormous enhancement of NP productivity almost completely counterbalances the 
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additional investment costs for the laser system. Thus the raw material costs mainly 

determine the total costs. However, even if the acquisition of a high-power laser system is 

economically viable in the long-term, such devices cost about ~500.000 €. Therefore, they 

are hardly affordable, especially for smaller companies with limited financial resources. For 

this reason, many research activities focus on the development of strategies to increase 

NP productivity during LAL based on the optimization of working parameters that are less 

dependent on investment costs.  

For example, the target geometry is adjusted to optimize ablation efficiency. Messina et al. 

found that the ablation of an Ag wire in water is 15 times more efficient than the ablation of 

a flat Ag bulk target at the same laser fluence (~1.5 J/cm2) (Figure 22b) [406]. The findings 

were explained by a better heat accumulation on the wire surface. Furthermore, 

Kohsakowski et al. observed a change in cavitation bubble dynamics during LAL of a wire-

shaped target. A springboard effect was monitored (Figure 22a), promoting the cavitation 

bubble's and ablated material's movement away from the target into the bulk liquid [301].  

 

Figure 22: (a) Sketch of the dynamics of a cavitation bubble induced by ns-LAL on a wire tip. Reprinted with 

permission from [301]. Published by the PCCP Owner Societies. (b) Ablation efficiency as a function of the 

laser fluence for ns-LAL of a flat bulk target and wires with different diameters. Reproduced from [406] with 

permission from the PCCP Owner Societies. (c) Sketch illustrating the liquid splashing (i) for too thin liquid 

layers as well as the increased probability of post-irradiation effects for too thick liquid layers (iii), whereas 

(ii) represents the optimal working condition. Adapted with permission from [76]. Copyright 2017 American 

Chemical Society. (d) Ablation rate depending on the water layer thickness for ns-LAL of silicon. Reprinted 

with permission from [407]. Copyright 2001 AIP Publishing.  

In addition to optimizing the target geometry, the liquid height above the target surface is 

often adjusted to increase the NP output. In this context, Zhu et al. found maximum 

NP productivities when ablating a Si target in water at a liquid height of 

2.2 mm (Figure 22d) [407]. Jiang et al. came to similar results when ablating a Ge target in 

a) 

b) 

i) ii) iii) 
c) 

d) 
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water and observed maximum NP productivities at a liquid height of 1.2 mm [408]. 

Bärsch et al., in turn, found maximum NP productivities for fs-LAL of ZrO2 in acetone at 

liquid heights ranging from 0.2 to 0.6 mm [409]. It is generally assumed that the shockwaves 

formed after the plasma stage are reflected from the air-liquid interface to the target surface, 

possibly promoting the ablation of additional material [209,407]. Naturally, this effect is 

higher at very low liquid heights since then less shockwave energy is dissipated within the 

liquid during the propagation of the shockwave (see chapter 2.3.1). However, note that for 

very thin liquid layers splashing of the liquid can occur if the plasma is not fully confined 

by the liquid [407] or the cavitation bubble breaks through the liquid [76], as sketched in 

Figure 22c. Furthermore, seed ripening [408] or post-irradiation effects [410,411] may affect 

the final size of the NPs if the liquid height is varied by increasing the liquid volume or using 

thicker liquid layers.  

The last strategy discussed in this section considers so-called shielding effects. Shielding 

effects occur at different time stages during LAL and can be induced by the initial 

plasma [412-414], ablation plume [415-417], cavitation bubble [82,116,117,418], or 

persistent bubbles [297,307,308] and NPs [92,309] dispersed in the liquid after the bubble 

collapse, as summarized in Figure 23a-d.  

 

Figure 23: Shielding effects induced by the plasma (a), ablation plume (b), cavitation bubble (c), persistent 

bubbles, or NPs (d) and their temporal classification. 

Plasma shielding is particularly important when working with pulse durations in the 

nanosecond regime or longer. Under these conditions, the laser pulse can overlap with the 

plasma plume in time and space (see chapter 2.1.5). As a result, the plasma plume absorbs 

energy from the laser pulse and increases its temperature and lifetime while the amount of 

laser energy delivered to the bulk target decreases [419]. The relationship between pulse 

duration and plasma shielding was illustrated by Vogel et al., who showed that over 90% of 

the pulse energy is absorbed by the plasma plume when ns-laser pulses with energies of 

1-10 mJ are used [420]. On the other hand, with ps-laser pulses, only 76% of the initial pulse 

a) b) c) d) 
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energy was absorbed by the plasma. Therefore, more laser energy may be available for 

ablation.  

The plasma is cooled and quenched by the liquid, resulting in an ablation plume consisting 

of liquid vapor, droplets, and particles [131]. Even though shielding by the ablation plume 

during ablation in gaseous environments is frequently discussed [416,417,421], little 

knowledge is available about this phenomenon for LAL. Starinsky et al. stated that the 

critical thermodynamic temperature of the liquids could be a contributing parameter. For ns-

ablation of Sn in water, they found that the ablation process is determined by the vaporization 

temperature of water and the melting temperature of Sn [422,423]. Consequently, the 

melting of Sn (Tm = 505 k) starts before water (Tc = 647 k) is vaporized, whereas the trend 

for high melting point metals such as Au (Tm = 1337 K) is opposite. However, the interaction 

of water and organic liquids with the ablation plume is not yet fully understood. Furthermore, 

chemical reactions can take place between the hot metal and the liquid, which need to be 

addressed in future studies.   

The hot ablation plume interacts with the liquid and drives the formation of a cavitation 

bubble characterized by lifetimes of several hundred microseconds depending on the 

ablation conditions (see chapter 2.3). The cavitation bubble acts as a shielding entity by 

preventing subsequent laser pulses from reaching the bulk target [82,116,117,418]. The 

strategy for overcoming the cavitation bubble's productivity-limiting behavior is to bypass 

it in space or time [82,116,117,418]. Temporary bypassing is realized by ablating the target 

at repetition rates shorter than the cavitation bubble's lifetime. Wagener et al. showed for ps-

LAL of Zn in tetrahydrofuran that higher ablation efficiencies are achieved at lower laser 

repetition rates of <5 kHz [418]. At higher repetition rates, an exponential decrease of 

ablation efficiency was observed, indicating a stronger interaction of subsequent laser pulses 

with the cavitation bubble. For spatial bypassing of the cavitation bubble, the repetition rate 

is kept constant, and the scanning speed (the speed at which the laser beam is guided along 

the target surface) is varied [116-117]. In this context, the inter-pulse distance, defined as 

the distance between the center of the first pulse and the adjacent pulse center, is used as a 

critical parameter. For ns-LAL of Al2O3, Sajti et al. found the highest NP productivities 

when reaching a critical inter-pulse distance of 125 µm, indicating that the cavitation bubble 

was effectively bypassed (Figure 24a) [82]. Lower scanning speeds and thus smaller inter-

pulse distances led to a strong overlap of the laser pulses with the cavitation bubble. 

Consequently, lower NP productivities were obtained.  
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Furthermore, a decrease in NP productivity was observed at very high scanning speeds 

where the critical inter-pulse distance was exceeded by far. However, Wagener et al. found 

in their studies that the decrease in NP productivity is less pronounced in this regime [418]. 

This observation is further supported by Streubel et al., who determined nearly constant 

ablation rates after reaching the critical inter-pulse distance [116,117]. The different trends 

were explained by the preheating of the target surface by previous laser pulses depending on 

the pulse duration and the ablated target's thermal conductivity. As a result, the ablation 

mechanism changes from thermal vaporization to phase explosion with higher ablation 

rates [418]. Therefore, short pulse durations and ultrafast scan speeds at maximum repetition 

rates are advantageous to bypass the cavitation bubble efficiently and achieve maximum 

ablation rates. In this way, Streubel et al. demonstrated NP productivities of >4 g/h with 

scaling factors approaching those of laser processing in air [116,117]. 

 

Figure 24: (a) NP productivity dependent on the interpulse distance, demonstrating the spatial bypassing of 

the cavitation bubble. Reprinted with permission from [82]. Copyright 2010 American Chemical Society. 

Microscope image of the ablation pattern for ps-LAL of Ag during stationary (b) and liquid flow (c) conditions 

with the insert showing stable gas bubbles attached to the target surface after ablation. Reprinted from [308], 

with the permission of AIP Publishing. (d) Ablated mass depending on the ablation time for ps-LAL of Ag 

with the first and second harmonic wavelength. Reprinted with permission from [92]. Copyright 2011 Springer 

Nature. (e) NP productivity depending on the liquid flow rate for fs-LAL of Au in water. Reprinted with 

permission from [424]. Copyright 2010 Springer Nature. 

a) b) c) 

d) e) 
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As shown in chapter 2.3.2, the collapse of the cavitation bubble can lead to the formation of 

persistent bubbles, which slowly rise to the liquid surface or stick to the bulk target. Such 

bubbles constitute a huge problem for the ablation process because they absorb, scatter, and 

reflect the laser beam. This way, the incident pulse energy available for bulk ablation on the 

target surface is reduced, and the ablation rate decreases. Furthermore, the bubbles may 

defocus the laser beam making the ablation results less reproducible. First experimental 

indications regarding the negative impact of these bubbles on the ablation process can be 

derived from analyzing the cutting efficiency and quality in liquid-assisted laser cutting. 

Zhang et al. found that mixing ethanol with water leads to better cutting qualities with 

increasing ethanol content, while the cutting efficiency decreases [217]. The authors 

hypothesized that the addition of ethanol improves the target surface's wettability so that the 

density of bubbles near the cut kerf decreases. As a result, the effects of laser beam 

interference are reduced, and cutting quality improves. Unfortunately, the bubbles were not 

directly visualized in this study. A better attempt was made by Barcikowski et al., who 

provided a microscopic picture showing the adhesion of the bubbles to the bulk surface after 

laser ablation of Ag in a stationary liquid (water) (Figure 24b) [308]. The picture shows areas 

unaffected by the laser beam and a wavy appearance of the ablated lines, which are both 

indicators of a strong influence of the bubble shielding. The same study showed that using a 

liquid flow significantly improves the ablation results (Figure 24c), leading to smaller line 

widths and better reproducibility of the ablation patterns. These findings are further 

supported by Charee et al., who directly visualized the formation of the bubbles during laser 

cutting of Si. They observed a better ablation performance in the presence of a liquid 

flow [307]. Their study also showed that the bubble radius increases with increasing pulse 

energy and flow rate. Consequently, the ablation width correlated linearly with the bubble 

radius and increased with increasing bubble size.  

All these studies underline the negative influence of the persistent bubbles on the ablation 

performance. However, there is still a lack of well-founded studies that directly link the 

formation of these gas bubbles to the ablation efficiency in LAL. For example, LAL yields 

different NP productivities depending on the bulk material, as demonstrated by 

Streubel et al. for ps-LAL of Au, Pt, Ag, Al, Cu, and Ti (Figure 25a and b) [116,117], but 

neither an explanation of this material effect nor a correlation to the bubble formation rate 

or chemistry has been given.  
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Figure 25: (a) Ablated mass depending on ablation time for ps-LAL of Pt, Au, Ag, Al, Cu, and Ti. (b) 

Summary of the NP productivities during ps-LAL of these bulk targets. Reprinted with permission from [117]. 

Copyright 2016 OSA Publishing.   

Furthermore, Kanitz et al. found different ablation efficiencies for fs-LAL of Fe in water, 

methanol, ethanol, acetone, and toluene (see chapter 2.1.4). Nevertheless, a precise 

explanation for these trends is still missing. A correlation of the gas bubble formation rates 

and released permanent gases with the NP productivity as a function of the liquids and target 

material effects could contribute to a better understanding.  

The collapse of the cavitation bubble not only leads to the formation of persistent bubbles 

but also releases the NPs contained in it into the liquid. With the ability to shield the laser 

beam, these NPs represent the last shielding entity discussed in this section. The shielding 

capacity of the NPs depends strongly on the ablation conditions (i.e., batch or liquid flow), 

the colloidal properties (i.e., material and size), and the concentration of the NPs within the 

liquid. For ps-LAL of plasmonic materials such as Ag with a wavelength of 532 nm under 

batch conditions, Schwenke et al. observed an exponential decrease in NP productivity with 

increasing processing time as displayed in Figure 24d [92]. For ps-ablation with a 

wavelength of 1064 nm, in turn, they obtained constant ablation rates. Consequently, the 

closer the wavelength used for ablation is located to the surface plasmon resonance of the 

ablated NPs, the more laser power is effectively absorbed by the NPs. This correlation is 

also directly reflected in a stronger NP size decrease due to more efficient laser 

fragmentation [136].  

For non-plasmon resonant materials, the shielding capacity is determined by the scattering 

(i.e., Rayleigh or Mie scattering) of the laser energy depending on the size characteristics of 

the colloidal NPs and the laser wavelength used. While Rayleigh scattering is more 

important when LAL is performed at shorter wavelengths, the influence of Mie scattering 

increases as the stability of the colloidal system decreases, and larger nanostructures with 

sizes in the range or higher than the wavelength used for ablation are obtained [92].  

a) b) 
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The shielding capacity also increases as the concentration of NPs increases, which is 

unavoidable during batch processing. Therefore, the use of a liquid flow proves to be useful 

for reducing shielding effects caused by the NPs. Using a flow rate of 190 ml/min, Sajti et al. 

achieved a 20% increase in NP productivity for ns-LAL of Al2O3 [82]. For fs-LAL of Au, 

they showed that the NP productivity increases by even 700% when the liquid flow rate is 

increased to 450 mL/min (Figure 24e) [424]. However, a dilution of the colloid must be 

accepted at higher flow rates. Consequently, a compromise is necessary if maximum NP 

productivities are desired, but high NP concentrations are required. 
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3. Objectives of this thesis  

Chapter 2 aimed to provide a comprehensive picture of the current state of the theoretical 

and experimental investigations regarding the physical and chemical processes that take 

place on different timescales during LAL. Knowledge about these processes is fundamental 

to understand how the NPs form and which parameters control their properties and yield. In 

the context of this literature review, many open questions have arisen, which will serve as 

the basis for the formulation of the objectives of this work. Figure 26 gives a general 

overview of the key topics investigated in this thesis. 

 

Figure 26: Illustration of the key topics investigated in this thesis. The letters A-E within the boxes represent 

the order in which the topics are presented. In A, the liquid's influence on the formation rate of persistent 

bubbles and the NP productivity during batch conditions is investigated. In B, the differentiation of gas 

formation cross-effects induced by pure bulk ablation and post-irradiation of the NPs is the main topic. In C, 

the impact of a liquid flow applied above the bulk target on the NP productivity is highlighted. In D, the 

decomposition of water during ns-laser ablation of redox-active materials is studied for multiple laser pulses. 

In contrast, in E, the cavitation bubble evolution under single pulse conditions on these materials is 

investigated.  

The complex interaction of the laser with the bulk target and the liquid leads to the formation 

of an ablation plume, which interacts with the surrounding liquid and contributes 

significantly to the final composition of the NPs, their size, and yield. This interaction 
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induces the decomposition of the liquid creating a reactive environment for the growth of 

the NPs within the cavitation bubble. Even though the presence of NPs in the cavitation 

bubble was confirmed [132-134,338], little knowledge is available about its reactive nature 

and composition. Therefore, it is of utmost interest to determine the cavitation bubble's 

chemical composition to understand the complex reaction pattern that rule the formation of 

the NPs. In particular, the area of RLAL is attracting much attention and exploits chemical 

reactions between the ablated material and the liquid environment to obtain NPs with unique 

properties. The analysis of gases formed during RLA in aqueous or organic liquid media has 

proven to be a promising tool for elucidating the microscopic mechanism that determines 

the liquid's decomposition, the NP properties and their yield. In this context, a new type of 

bubbles was identified that form directly after the collapse of the cavitation bubble and 

provide a fingerprint about the reactive conditions under which the NPs grow. Furthermore, 

it was revealed that these persistent bubbles pose a new shielding entity, affecting the 

NP output and reproducibility of LAL. Hence, their investigation may enable the definition 

of new non-investment and cost-effective strategies that provide access to a more 

economical, efficient, and reproducible synthesis method. 

Chapter 4.1.1 aims at an in-depth study on this new class of bubbles by analyzing their 

volume, composition, and dwell dynamics with the aid of videography and gas 

chromatography measurements. Au is chosen as chemically inert bulk material and water, 

ethanol, ethyl acetate, and glycols as liquids of different viscosity. As LAL performed in 

various liquids yields different ablation efficiencies [80,152,309,425], this chapter provides 

new insights for explaining the different NP productivity trends. For this purpose, the mass 

ablation rates are correlated to the amount and dwell dynamics of the persistent bubbles and 

the liquids' viscosity. Furthermore, a first link is drawn to the pattern of RLAL by 

determining the gaseous decomposition products of the liquids. 

As introduced, gas formation during LAL can be induced by the formation of persistent 

bubbles after the cavitation bubble collapse. However, the NPs formed during LAL are often 

subject to post-irradiation effects (LFL, LML) [136,141], which can lead to gas formation 

cross-effects, so-called nanobubbles, promoting the laser-induced breakdown of the 

liquid [278,426-428]. Therefore, chapter 4.1.2 aims at disentangling these two processes by 

measuring the gas formation rates during ps-LAL of Ag in water as a function of the ablation 

time and NP mass concentration. This way, it shall be answered to what extent the 

decomposition of the liquid is controlled by LAL and the formation of persistent bubbles or 

by post-irradiation of NPs and the formation of nanobubbles. 



Objectives of this thesis 

61 

The presence of different shielding entities, outlined in chapter 2.6, affects the ablation 

efficiency during LAL. While the cavitation bubble can be bypassed spatially or temporally 

by optimizing the scanning strategy [116,117,418], shielding effects induced by the NPs and 

persistent bubbles are always present and increase with time under batch 

conditions [92,309]. Therefore, chapter 4.1.3 explores the benefits of a liquid flow setup for 

ns-LAL of Au in liquids of different viscosity (water, acetone, and ethylene glycol) by 

quantifying the shielding effects and relating them to the viscosity-dependent flow dynamics 

and the NP yield. Furthermore, the gas formation rates are determined and correlated with 

the mass ablation rates to obtain further information on the liquids' reactivity during RLAL. 

The last part of this work focus on the role of the bulk material type from which the NPs are 

produced. The control of the chemical nature of the NPs is a major objective of any 

NP synthesis method. However, the utilization of oxidation-sensitive materials is difficult to 

handle since they are often partly or fully oxidized when prepared in common liquids such 

as water [116,209,380]. While first-case studies have shown that dissolved oxygen 

influences the oxidation of the NPs [395], the impact of molecular oxygen bounded in the 

liquid molecules and reactive oxygen species (e.g., hydrogen peroxide) formed during LAL 

remains unclear. Besides, the redox potential of the target materials is often neglected but of 

great importance, as it possibly co-determines the degree of NP oxidation and the formation 

of molecular hydrogen. Therefore, more information about the influence of the liquid and 

target material on the oxidation of the NPs and the decomposition of the liquid is needed. In 

particular, the time and place of redox reactions are of great interest since the NPs can 

potentially be oxidized on the very early timescale, when the ablation plume is in contact 

with the (supercritical) liquid phase, in the gas phase within the cavitation bubble, and at a 

later stage within the liquid by reactive oxygen species. Therefore, the last part of this thesis 

aims to link all these stages by studying the decomposition of water during ns-RLAL of bulk 

materials with different redox activities.  

While chapter 4.2.1 extracts information of both the early and later stages by quantifying the 

water decomposition products and relating them to the NP productivity and the properties of 

the final NPs, chapter 4.2.2 focuses on the early stage by investigating the ablation efficiency 

and the evolution of the cavitation bubble as a function of the oxidation sensitivity of the 

ablated material under single-pulse conditions. This way, a general picture of the bulk 

material's role concerning its physicochemical properties and chemical reactivity with the 

liquid shall be provided by utilizing an experimental design that completely avoids any 

cross-effects caused by persistent bubbles or NPs contained in the liquid. 
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4. Results and Discussion 

In the following, the main results obtained in this thesis are presented. For a better overview, 

the results are divided into two sub-sections considering this work's formulated objectives 

from chapter 3. In the first part of the results, the focus is on the liquid while the bulk material 

type is kept constant. In the second part, the order is switched, and the bulk material type is 

varied. A uniform journal-style presentation form is chosen for the presentation of the 

individual subchapters. Each subchapter begins with a short abstract summarizing the main 

achievements, followed by an introduction describing the state of the art and motivation of 

the study. Then the experimental part is depicted, including the materials and methods used 

for the corresponding study. Afterward, the results are presented and discussed, and finally 

summarized in the conclusion section. 

4.1  Gas formation during LAL - Origin, composition, and consequences 

for the ablation efficiency 

Chapter 4.1 focuses on the elaboration of the main pathways responsible for gas formation 

during LAL. Persistent microbubbles are introduced and investigated in detail regarding 

their chemical composition and influence on ablation efficiency. The results are discussed 

in close correlation to the post-irradiation of the NPs and the formation of nanobubbles. For 

this purpose, LAL is studied under batch and liquid flow conditions.  

4.1.1  How persistent microbubbles shield nanoparticle productivity in laser 

 synthesis of colloids – quantification of their volume, dwell dynamics, and gas 

 composition 

Mark-Robert Kalus, Niko Bärsch, René Streubel, Emine Gökce, Stephan Barcikowski, and 

Bilal Gökce 

Published in: “How persistent microbubbles shield NP productivity in laser synthesis of 

colloids – quantification of their volume, dwell dynamics, and gas composition, Physical 

Chemistry Chemical Physics, 2017, 19, 7112-7123.“ 

Abstract 

During laser synthesis of colloids, cavitation bubbles with lifetimes in the microsecond-scale 

form, which shield the laser pulse leading to a decrease in NP output. A second type of 

productivity-limiting bubbles that severely affects the productivity of the process is often 

neglected. With lifetimes ranging from milliseconds to seconds, these persistent bubbles are 

systematically studied in this work by quantifying their chemical composition, amount, size, 
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and dwell time in liquids of different viscosities and by relating these results to the 

NP productivities. It is shown that water splitting occurs during ablation in water, leading to 

persistent bubbles consisting of hydrogen and oxygen. It is further demonstrated that ablation 

in glycols leads to persistent bubbles that contain hydrogen and molecular carbon species. 

These persistent microbubbles shield up to 65 % of the incoming laser beam, depending on 

the liquid's viscosity. Therefore, they require attention by reducing their dwell time in the 

ablation zone using liquid flow setups. The highest productivity and monodisperse quality 

are achieved in liquids with the lowest viscosities. 

Introduction 

As scientists strive to find answers to modern challenges, the interest in NPs has grown 

exponentially in recent years. Their one-of-a-kind properties with applications in optics 

[429,430], catalysis [431,432], or biomedicine [433,434] continue to capture the fascination 

of humankind. However, when the real-life industrial applications of colloidal NPs are 

considered, the necessity for high amounts of NPs arises. The state-of-the-art synthesis 

method for mass production of colloidal NPs, which are well defined in size [435], is wet 

chemical synthesis [436,437]. For these syntheses, metal NPs are often prepared in aqueous 

or non-aqueous solutions by reducing a dissolved metal precursor [438]. Furthermore, 

stabilizing agents are often used to influence the aggregation behavior of NPs [438]. 

However, wet chemical syntheses typically lead to ligand-coated particles, sometimes 

reducing surface-chemical features relevant for applications such as catalysis [439]. 

In this context, laser ablation in liquids (LAL) has attracted increasing attention in recent 

years [76,440,441]. Colloids are produced simply by focusing short or ultrashort laser pulses 

on a bulk target immersed in a liquid [155]. This method enables access to an almost 

unlimited variety of NPs like metals [77,79,80], alloys [118,442-444], oxides [81-83], and 

semiconductors [445,446] dispersed in organic [447-449] or inorganic [114] liquids. Laser-

generated NPs are ligand-free (i.e., free of organic surface adsorbates) as demonstrated for 

metal NPs in water by watching surface atoms and their direct interaction with adsorbates 

through X-ray absorption spectroscopy [381]. Furthermore, evidence for unhindered 

Langmuir-Hinshelwood adsorption and reaction kinetics was found since the high-purity, 

ligand-free particles fit better the theoretical expectations of the kinetics in the context of 

catalytic reactions [450]. Hence, surface adsorbates are delivered only by the solvents (their 

auto dissociation [water] or degradation/pyrolysis [organic solvents] products) to the ligand-

free particles during their formation. Nevertheless, these solvent-derived adsorbates still 
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seem to provide more “natural” surfaces than those obtained by wet-chemical synthesis 

where reactants and ligands are added stoichiometrically.  

Owing to the colloids' surfactant- and reactant-free character, no expensive purification steps 

are required, and high conjugation efficiencies are achieved [88]. These unique features 

enable the production of NP-conjugates with tailored properties, which can also be directly 

coupled to polymeric bonds to form nanocomposites with bioactive properties [110,451]. 

Additionally, the absence of ligands improves the affinity to carrier surfaces [452] and the 

catalytic activity, making laser-generated nanomaterials ideal catalytic reference 

materials [450]. Please note that the ligand-free character is restricted to syntheses in liquids 

like water. In organic solvents, such as ethanol, the laser also pyrolyzes the solvent leading 

to residuals that might interact with the NPs [440]. 

For the development of laser-synthesized products and their successful implementation on 

an industrial scale, the productivity of this laser-based process is the key factor and closely 

linked to profitability [115]. Unfortunately, low productivity constitutes a major handicap of 

LAL using moderate laser power. As a result, many efforts have been undertaken in the 

recent past to increase the NP output. Strategies based on increasing the applied laser power 

and the use of fast polygonal laser scanners resulted in NP productivities up to 4 grams per 

hour [116,117]. However, increasing the laser power is associated with high investment 

costs. A more cost-effective way to increase the yield at a given power is to optimize laser 

parameters that are independent of laser power, such as adjusting the target 

geometry [83,301], minimizing the liquid level above the target [82,408], or using liquid 

flow setups [82] to reduce colloid-induced shielding effects. Both cavitation 

bubbles [116,117] and colloidal NPs [308] limit the energy that can be coupled into the target 

material by shielding subsequent laser pulses. While shielding effects induced by colloids 

can be reduced by applying a liquid flow [82,308], typical strategies to overcome the limiting 

effect of the cavitation bubbles are based on temporal [418] and spatial [116,117] bypassing 

of the cavitation bubbles. Therefore, the repetition rate and the scanning speed are optimized 

to obtain the best scanning parameters [116,117,418].  

Laser-induced cavitation bubble dynamics are usually imaged by stroboscopic videography 

[222] or small-angle X-ray scattering (SAXS) [133] during single pulse experiments. It has 

been shown that cavitation bubbles are formed with lifetimes ranging from microseconds to 

milliseconds depending on the laser fluence used. Sasaki et al. mentioned the formation of a 

different type of bubbles during their LAL experiments. These secondary bubbles did not 

collapse, took on a spherical form, and remained stable even after 2.4 milliseconds [297]. 
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Other authors also reported stable gas bubbles during LAL [119,308] but did not investigate 

them further. It is obvious that similar to the hemispherical cavitation bubbles, which 

oscillate on a microsecond timescale, the much more stable spherical gas bubbles that are 

quasi-persistently dispersed in the free liquid, will also shield the incoming laser pulses. The 

term “persistent bubbles” emphasizes their lifetime and scattering effects relative to the 

typical temporal interpulse distances employed in LAL. Cavitation bubbles with typical 

lifetimes of 0.1-1 ms only shield kHz repetition rate lasers, whereas persistent bubbles will 

affect any laser utilized in LAL. It is expected that the significance of this effect is directly 

related to the size and number of persistent bubbles as well as their dwell time in the liquid. 

To study these aspects in detail and relate them to NP productivity, we performed ns-LAL 

of a Au target in liquids of different viscosities and monitored the persistent bubbles using a 

videography setup. We also analyzed the composition of the persistent bubbles by gas 

chromatography and related the sizes as well as oxidation states of NPs synthesized in 

different liquids to the properties of the liquids. 

Experimental section 

Materials 

All studies were performed on Au substrates (Allgemeine Gold, Germany) with a purity of 

99.99 % and a thickness of 0.5 mm. An aqueous solution of sodium chloride (NaCl, purity 

of ≥99.9 %, VWR Prolabo, Germany) with a concentration of 100 µM was used to stabilize 

and quench the size [380,402] of the synthesized Au NPs. Monitoring of the bubble 

formation was performed in deionized Milli-Q water (18.2 MΩcm at 298 K), highly viscous 

glycols, isopropanol, and water-ethanol mixtures. Ethylene glycol (EG), diethylene 

glycol (DEG), and triethylene glycol (TEG) were purchased from Sigma-Aldrich with a 

purity of 99.8 %, ≥99.0 %, and ≥99.0 %, respectively. Isopropanol, ethanol, and ethyl acetate 

were purchased from VWR Prolabo with a purity of 99.9 %. 

Methods 

Synthesis of Au colloids and imaging of the bubbles 

The colloid synthesis was performed with an Nd:YAG ns-Laser (Rofin Powerline E20), 

centered at a wavelength of 1064 nm, a pulse length of 8 ns, and a repetition rate of 15 kHz. 

The pulse energy was 0.35 mJ. An F-theta lens with a focal length of 100 mm focused the 

laser beam. For maximal utilization of the Au target, a galvanometric scanner 

(SCANcube10, Scanlab) was used to guide the laser beam with a scanning speed of 2 m/s 

along the target surface according to a predefined spiral pattern (internal diameter: 3 mm). 
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The upwardly open and transparent batch chamber made of glass, into which 25 ml of liquid 

was filled (corresponding to a liquid height of 2 mm), enabled the bubble formation 

monitoring during the laser ablation process. The experimental setup is displayed in 

Figure 27. 

 

Figure 27: Experimental setup for monitoring the bubble formation with the aid of videography. Reprinted 

from [162] with permission from the PCCP Owner Societies. 

The observation of bubble formation was performed by videography with a digital camera 

(acA1600-60gm, Basler AG) with a resolution of 1602 pixels × 1202 pixels, an image pixel 

size of 4.5 μm × 4.5 μm, and a frame rate of 60 Hz. The camera was combined with a 

telecentric lens with a magnification factor of 1.5. The shutter time was 10 μs, and an image 

was recorded every 18 ms. An LED light source was installed on the opposite side of the 

camera for the backside illumination of the target chamber. An optical filter was used to 

avoid damage to the camera. All experiments were performed for 60 seconds to minimize 

side effects, such as laser-NP interactions. The bubble formation was investigated at a liquid 

level of 2 mm. The laser fluence was calculated for a focused laser beam with a spot diameter 

of 40 μm in ambient air and varied between 5.4 and 27 J/cm2 for the experiments. The 

amount of ablated mass was determined gravimetrically by weighing the target before and 

after laser ablation using a microbalance (Pesa Waagen GmbH). 
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Quantification of gas composition 

Gas chromatography (GC) was performed using a gas chromatograph from Agilent 

(HP 5890) provided with two 250 μl injection loops and two thermal conductivity detectors 

(TCD), two six-port valves and one ten-port valve from Valco Vici, and a CBM-102 

communications bus module from Shimadzu. The GC measurements of molecular hydrogen 

was performed on a 10 m molecular sieve column (CP-Molsieve 5A) with molecular 

nitrogen as carrier gas. Argon, oxygen, nitrogen, methane, and carbon monoxide were 

separated by a 25 m molecular sieve column (CP-Molsieve 5A) with helium as the carrier 

gas. Finally, carbon dioxide and the higher hydrocarbons were also separated on a 25 m 

PoraPLOT Q column with helium as the carrier gas. Injection was performed at 40 °C oven 

temperature, which was ramped to 150 °C after 10 minutes at a rate of 10 °C/min. The 

pressure for helium was 1 bar and for nitrogen 0.4 bar. The limit of quantification (LOQ) for 

the analyte gases was 0.1 %. Data were acquired and processed by the GC solution software 

(Shimadzu) and further evaluated with Origin Pro (version 2018b). 

Particle size analysis 

The particle size distribution of the Au NPs was measured by transmission electron 

microscopy (TEM) (Zeiss, Type EM 910). 10 μl of the colloidal dispersion was pipetted onto 

a carbon-coated copper microgrid (300 mesh) and dried overnight. The Feret diameter was 

measured with an image analysis software (ImageJ) by averaging the results over 300-

600 Au NPs. The results were plotted as volume- and number-weighted distribution and 

fitted with a log-normal function. The average particle size was obtained from the expected 

values (xc) of this fit, while the polydispersity index (PDI) was calculated from the ratio of 

the variance (σ2) to xc
2. 

Oxidation state of nanoparticles 

The oxidation state of colloidal Au NPs was characterized by X-ray photoelectron 

spectroscopy (XPS) using a JEOL, JPS 9010 TR, and an Al Kα X-ray source (1486.6 eV). 

A small droplet (~50 µl) of the colloidal solution was pipetted onto a silicon wafer. The 

liquid was evaporated and placed in the vacuum system's load-lock, where it remained for 

1 h. Then, the samples were transferred to the XPS chamber for analysis. 
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Results and Discussion 

LAL studies usually study the cavitation bubble dynamics formed by a single pulse. Since 

NP productivity is closely related to the number of pulses [117], consecutive pulses must 

also be considered [222]. In this context, a second type of bubbles with lifetimes from 

milliseconds to seconds is investigated in this study. These persistent bubbles quickly 

accumulate in the liquid during laser ablation, as shown in Figure 28. 

 

Figure 28: Temporal development of persistent bubbles in the first 54 ms after laser irradiation. Reprinted 

from [162] with permission from the PCCP Owner Societies. 

The temporal evolution of persistent bubbles generated during LAL of Au in water at a laser 

fluence of 27 J/cm2 within the first 54 ms is displayed. Although the image series gives the 

impression that the bubbles have formed at the liquid surface, it has to be emphasized that 

this picture is caused by the limited time resolution of the camera setup and is not 

representative for the entire period. To ensure that the gas bubbles are recorded in the next 

image, the maximum ascent speed of the gas bubbles should be ≤0.11 m/s (if the 

experimental liquid level of 2 mm is considered). It is assumed that the gas bubbles are 

originally generated by the laser impact on the target surface. In this context, the heat source 

is the plasma induced by the laser beam [81]. 

The bubble population and volume increase with ablation time so that within tens of 

milliseconds, almost half of the liquid cross-section of the ablation chamber is screened. 

Surprisingly, these bubbles have not yet been quantitatively analyzed in the literature. The 

origin of these bubbles could be attributed to evaporation [453], degassing [454], or liquid 

splitting [455] due to the high temperature of the laser-induced plasma. According to 

Maatz et al., focusing a pulsed laser beam in water results in hydrogen and oxygen gas 

formation [272]. Furthermore, Barmina et al. showed that molecular hydrogen and oxygen 

are generated by laser irradiation of colloidal Au NPs [146,147]. However, none of these 

studies fully quantified the chemical composition of gas bubbles formed by LAL. For this 

reason, the gas bubbles generated during the ablation were collected in a vessel and analyzed 

by GC-TCD. Water was chosen as liquid media, which is the most-frequently-used medium 

for LAL, and ethylene glycol, which is a promising synthesis medium for ligand-free NPs 

relevant for catalysis applications [456]. The results are summarized in Figure 29. 
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Figure 29: Gas chromatograms (GC-TCD) showing evidence for the production of hydrogen and oxygen in 

gas bubbles during ns-LAL of Au in water (black curve) and for the production of hydrogen, carbon monoxide, 

carbon dioxide, and several hydrocarbons during ns-LAL of Au in glycols (red and green curve). Reprinted 

from [162] with permission from the PCCP Owner Societies. 

As evident in the gas chromatograms, air was inadvertently captured together with the gases 

produced by LAL. However, in addition to the gases present in the ambient air, further gases 

were detected and identified. The Vol.-% values of these gases (Table 1) were calculated 

using two standard gas mixtures, one consisting of 5 % H2, 2 % O2, 78 % N2, 5 % CH4, 

5 % CO, and 5 % CO2, and the second consisting of 99.1 % N2 and 0.1 % of CH4, C2H2, 

C2H4, C2H6, C3H8, C3H4, C3H6, C4H10 (n-butane), and C4H10 (isobutane). 

Table 1: Vol.-% of gases identified in the chromatogram shown in Figure 29. Air is shown as a reference. The 

LOQ for the analyte gases is 0.1 %. 

 H2 

(%) 

Ar 

(%) 

O2 

(%) 

N2 

(%) 

CH4 

(%) 

CO 

(%) 

CO2 

(%) 

C2H4 

(%) 

C2H2 

(%) 

C2H6 

(%) 

Air 0.0 0.9 20.9 78.1 0.0 0.0 <0.1 0.0 0.0 0.0 

H2O 5.0 0.9 22.1 72.0 0.0 0.0 <0.1 0.0 0.0 0.0 

EG 34.7 0.4 8.5 31.2 1.7 22.6 0.2 0.2 0.4 <0.1 

DEG 36.8 0.4 6.8 26.8 2.1 25.6 0.1 0.4 1.0 <0.1 

According to the standards used to determine the retention times, besides gases present in 

air, ns-ablation of Au in water leads to molecular hydrogen production. In contrast, ns-

ablation of Au in ethylene glycol and diethylene glycol additionally leads to the production 

of carbon monoxide and dioxide as well as the hydrocarbons methane, acetylene, ethylene, 

and ethane. The gases produced are typical decomposition products of glycols [457,458]. In 

order to evaluate the composition of the bubbles, the air peaks (Ar, O2, N2, CO2) were 
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subtracted in their given ratio from the water, ethylene glycol, and diethylene glycol 

chromatograms. The results are shown in Table 2. 

Table 2: Vol.-% of gases after the air peaks are subtracted from the water, EG, and DEG chromatograms. 

  
H2 

(%) 

O2 

(%) 

CO 

(%) 

CH4 

(%) 

C2H4  

(%) 

C2H2 

(%) 

CO2 

(%) 

C2H6 

(%) 

H2O 64.3 35.8 0.0 0.0 0.0 0.0 0.0 0.0 

EG 57.9 <0.1 37.8 2.8 0.7 0.3 0.3 0.2 

DEG 55.7 <0.1 38.7 3.1 1.5 0.6 0.2 0.2 

Apparently, the chromatogram of the gas bubbles produced during ns-ablation of Au in water 

consists of 64±1 % hydrogen and 36±1 % oxygen (the error was determined by multiple 

injections). The H2:O2 ratio is thus close to the 2:1 ratio specific to the water-splitting 

reaction: 2𝐻2𝑂 → 2𝐻2 + 𝑂2 

The formation of hydrogen and oxygen is consistent with the findings of Maatz et al. [272], 

which leads to the conclusion that laser-induced bubbles formed directly within a liquid have 

a similar composition to the bubbles observed in LAL. The majority of the gas bubbles 

formed by ns-LAL of Au in glycols consist of H2 (55-58 %) and CO (38-39 %) and smaller 

amounts of hydrocarbons and CO2 (Table 2). The H2:CO ratio corresponds to the ratio of 3:2, 

expected for the global decomposition reaction of ethylene glycol [457], which is given by: 𝐶2𝐻4(𝑂𝐻)2 → 2𝐶𝑂 + 3𝐻2 

The third most frequent byproduct of ns-LAL of Au in glycols, i.e., methane, is likely formed 

by the following reaction: 𝐶𝑂 + 3𝐻2 → 𝐶𝐻4 + 𝐻2𝑂 

It is also evident that diethylene glycol shows a 2-fold increase for C2H2 and C2H4 compared 

to ethylene glycol, while CO is also slightly increased, and H2 is decreased (Table 2). 

To further analyze these long-lived, quasi-persistent bubbles, which consist of different 

gases, it seems reasonable to investigate the final stage of the closely related cavitation 

bubble. The dynamics of laser-induced cavitation bubbles are usually described by an 

oscillating motion characterized by expansion and collapse phases [133,134,337]. Note that 

the time resolution of the camera setup allowed to take a picture only every 18 ms. Since the 

cavitation bubble's lifetime is shorter than the time between two single frames, the collapsing 

phase was reconstructed (consistent with reports in the literature [222]). For this purpose, 
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snapshots were used that were taken from different video sequences but recorded for the 

same set of parameters, as shown in Figure 30. 

 

Figure 30: Snapshots of a cavitation bubble at maximum expansion (I), its shrinking phase (II), its collapse 

(III and IV), and the formation of persistent bubbles (V and VI) after irradiation of an Au target immersed in 

isopropanol by a ns-laser pulse. Reprinted from [162] with permission from the PCCP Owner Societies. 

In contrast to Figure 28, the experiments were performed by ablation of an Au target in 

isopropanol while keeping the laser fluence constant. It is known from the literature that the 

size, expansion rate, and lifetime of cavitation bubbles depend on the laser parameters and 

liquid properties [222,299,304]. Since the laser parameters were kept constant in the 

experiments, only the liquid properties need to be considered. The effect of the liquid is not 

clear. Studies suggest that the bubble volume may increase with the liquid's 

compressibility [310] and decrease with its density [459]. However, the differences in 

lifetime and size are small so that their effect can be neglected in the first approximation. 

Therefore, the formation mechanism of persistent bubbles should not be affected by whether 

water or isopropanol is used.  

The series of pictures suggests the ejection of small bubbles from the entire surface of the 

main “mother” cavitation bubble, which were also observed by Sasaki et al. and named as 

“child bubbles” [297]. This sequence's starting point is a quasi-hemispherical cavitation 

bubble with a radius of 1.4 mm (Frame I). The cavitation bubble begins to shrink (Frame II) 

and changes to a cone-like shape (Frame III). Finally, the bubble collapses (Frame IV), and 

numerous smaller persistent bubbles are formed (Frames V and VI). A cone-like bubble 

shape was also found by Ibrahimkutty et al., who analyzed the spatial-temporal kinetics of 

the cavitation bubble formation using X-ray radiography and SAXS [336]. They proposed 
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that after the collapse of the second cavitation bubble, an inward motion of the liquid 

combined with a still-hot surface leads to a jet-like flow. Philipp and Lauterborn also 

reported a jet flow that causes the cavitation bubble's topology to change [305]. Additionally, 

their shadowgraphs showed a signal of outward moving microbubbles. Hence, it is assumed 

that the observed bubbles are, at least to a large extent, a product of the cavitation bubble 

collapse.  

Even a single pulse leads to the formation of two fractions of persistent bubbles of different 

sizes (see appendix Figure 76). The smaller fraction decreases as the number of laser pulses 

increases, while the bigger fraction increases. The observation of two different sized bubble 

fractions could be explained by the fact that the bubbles do not rise to the surface before the 

next cavitation bubble is induced but interacted with each other and coalesce into larger ones. 

A prerequisite for bubble coalescence is their motion. Hence, liquid viscosity may play an 

important role. 

The following sections describe the effect of persistent bubbles on NP productivity. 

Therefore, an Au target was ablated in liquids of different viscosities (ethyl acetate, water, 

ethanol, and water-ethanol mixtures and glycols) at a laser fluence of 27 J/cm2, while the 

liquid level was 2 mm. Figure 31 shows the dependence of Au NP productivity on the 

viscosity. 

 

Figure 31: Dependence of Au NP productivity on liquid viscosity. Reprinted from [162] with permission from 

the PCCP Owner Societies. 

In general, the NP productivity decreases with increasing viscosity. This behavior seems to 

be quite noticeable, especially for slight changes in the low viscosity regime. The highest 
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productivity among the liquids was achieved with 18±1 μg/s in water (η = 0.89 mPa∙s) to 

which small traces of sodium chloride were added as stabilizer and particle size 

quencher [402]. In pure water, the productivity decreases by 24% to 14±1 μg/s. In pure 

ethanol (η = 1.08 mPa∙s), the NP productivity (11±0 µg/s) decreases by a further 25 %. At a 

certain mixing ratio, water-ethanol mixtures have a higher viscosity than pure ethanol and 

water. Such mixtures' viscosity increases with increasing water content and reaches its 

maximum with 2.3 mPa s at a mass fraction of xEtOH = 0.2 [460]. As a result, the addition of 

water to pure ethanol leads to a further increase in viscosity and a decrease in 

NP productivity to 2.7±0.6 μg/s. The productivity also drops by 69% in the series of glycols 

from 3.6±0 μg/s in ethylene glycol to 1.1±0.4 μg/s in triethylene glycol. 

Interestingly, the productivity in ethyl acetate is somewhat lower compared to water. 

Different liquid properties may cause this difference. However, it is also assumed that this 

trend could be related to the different absorption cross-sections of differently sized NPs. 

Therefore, the particle sizes of the Au NPs in the different liquids were determined by TEM. 

Figure 32 shows the TEM images and corresponding number-weighted size distributions of 

Au NPs synthesized in ethyl acetate, water, ethylene glycol, diethylene glycol, and 

triethylene glycol.  

Additionally, a summary of the particle sizes calculated from the expected values (xc) is 

given for both number-weighted and mass-weighted distribution (for the mass-weighted size 

histograms, see Figure 75 in the appendix). Au NPs prepared in ethyl acetate are 

significantly larger (18±5 nm) than those obtained in water (9±4 nm), ethylene glycol 

(9±3 nm), diethylene glycol (10±3 nm), or triethylene glycol (11±4 nm). According to the 

polydispersity index, NPs synthesized in water (PDI = 0.05) and ethyl acetate (PDI = 0.07) 

are more monodisperse than those NPs obtained in the glycols (PDI = 0.12). However, a 

precise distinction between whether the persistent bubbles or the liquids' physicochemical 

properties influences the particle sizes and the PDI cannot be made in the context of the 

present study. 
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Figure 32: Number-weighted size histograms of Au NPs synthesized in ethyl acetate (a), water with NaCl 

(100 µM) (b), ethylene glycol (c), diethylene glycol (d), and triethylene glycol (e) as well as a summary of the 

particle sizes (f). Insets show representative TEM images of NPs in the respective liquid. Reprinted from [162] 

with permission from the PCCP Owner Societies. 

In order to analyze the oxidation state of Au NPs synthesized in different liquid media, the 

NPs were characterized by XPS. Figure 33 shows that the average percentage of oxidized 

surface atoms increases with increasing viscosity. 

a) b) 

d) c) 

e) f) 
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Figure 33: Portion of oxidized Au surface atoms for synthesis in the presence of deionized water, EG, DEG, 

and TEG as extracted from XPS spectra. Error bars of 3 % represent the intrinsic error margin of XPS. 

Reprinted from [162] with permission from the PCCP Owner Societies. 

Considering the standard deviation and the current literature, which reported surface 

oxidation degrees of 3-8 % for laser-generated Au NPs (Au+ and Au3+) [380,461] (whereby 

more significant effects have been reported on the oxidation of laser-generated Au or Pt NPs 

by micromolar anion adsorption [380,381]), it is concluded that surface oxidation is not 

significantly affected by the synthesis media used in the experiments. However, as Lewis 

acid, Au NPs tend to attract Lewis bases such as dissolved oxygen or hydroxide ions in 

water, which leads to the formation of OH/O− species on the NP surface. The presence of 

competing anions with good polarizabilities, such as chloride or bromide anions, promotes 

the formation of dative or covalent Au bonds according to the HSAB concept and leads to 

the exchange of OH groups. The increased surface charge density improves the colloidal 

stability and induces the so-called size quenching effect [402,442]. The polarity of the liquid 

also influences the particle sizes. Liquids with a high polarity, such as water, stabilize the 

charged NPs better and inhibit particle growth so that smaller NPs are obtained [80]. 

After determining the particle sizes, the absorption cross-section was calculated according 

to a method published by Pyatenko et al. [462]. The results are summarized in Table 3. 

Table 3: Number-weighted particle sizes determined by transmission electron microscopy according to the 

expected values (xc) and absorption cross-section [462] of Au NPs obtained in different liquids. 

 EtAc H2O H2O + NaCl EG DEG TEG 

number-weighted particle 

size [nm] 
17.8 11.0 9.5 8.9 9.5 11.0 

σabs absorption cross-

section [m2] × 10−18 
0.673 0.154 0.101  0.104 0.133 0.212 



Results and Discussion 

76 

The results indicate that Au NPs synthesized in ethyl acetate are the largest and have the 

highest absorption cross-section (σabs = 0.67×10−18 m2). The higher absorption might explain 

why the NP productivity in ethyl acetate is slightly lower than in water. The presence of 

additives can also influence the particle sizes. According to Rehbock et al., the addition of 

chaotropic anions such as chloride or bromide in extremely low (micromolar) concentrations 

reduces the particle size [402]. Au NPs produced in pure water are thus larger than those 

generated in the presence of small traces of sodium chloride. Consequently, the screening of 

the laser beam is reduced, and the NP productivity increases, as shown in Figure 31.  

Comparing the particle sizes and absorption cross-sections of Au NPs in water with those in 

glycols indicates that the differences (except for triethylene glycol) are very small. 

Nevertheless, the differences in NP productivity are significant. Hence, the persistent 

microbubbles seem to affect the NP productivity stronger than the NP-induced shielding 

effect. This is surprising, as one would assume the bubbles to affect the laser fluence and 

thereby the particle size. It is speculated that the liquid properties related to the quenching 

of particle growth inside/outside the primary cavitation bubble rule the particle size. In 

contrast, the properties of the persistent bubbles govern the productivity to a larger extent. 

The results confirm the findings from Baladi et al., who demonstrated the lowest ablation 

efficiency in ethylene glycol, followed by higher ablation efficiencies in ethanol and 

acetone [309]. Interestingly, they also observed the formation of small bubbles, which are 

quite similar to those from the present work. Davis et al. described the scattering of light by 

air bubbles in water and showed that incoming light is subject to total reflection or splitting 

into several beam paths [463]. Their calculations of the total scattering cross-section showed 

that nearly all the energy is scattered in the forward direction depending on the incidence 

angle on the bubble surface. It is expected that the persistent bubbles addressed in this study 

will behave similarly as their diameter is three orders of magnitude larger than the 

wavelength of the laser beam and one order of magnitude larger than the diameter of the 

focused laser beam. Accordingly, the NP productivity of LAL is strongly affected.  

The recorded image sequences were evaluated statistically, and the diameters, volumes, and 

cross-sectional areas of several bubbles were determined to quantify the abundance of the 

persistent bubbles. Figure 34a-f show the resulting bubble diameter, volume, and area 

histograms in water and triethylene glycol. In contrast, Figure 34g and h summarize how the 

individual bubbles' diameter, the total cross-sectional area, and the percent of liquid cross-

section of the bubble population depend on the liquid type and laser fluence. The “cross-
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sectional area of all bubbles” quantifies the total amount of generated bubbles and was 

calculated by the curve integral.  

 

Figure 34:  Bubble diameter, volume, and area histograms of persistent bubbles generated in water (a, c and 

e) and triethylene glycol (b, d, and f). (g) individual bubble diameter of persistent bubbles depending on the 

choice of liquid and laser fluence. (h) total cross-sectional area of persistent bubbles depending on the choice 

of liquid and laser fluence. Reprinted from [162] with permission from the PCCP Owner Societies. 

a) b) 

c) 

e) 

g) 

d) 

f) 

h) 
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Immediately after the impact of the first laser pulse, a large number of tiny bubbles were 

observed, which made the statistical interpretation of images taken during ns-LAL in pure 

ethanol and ethanol-water mixtures (data not shown) very difficult. In water (0.3 mm) and 

ethyl acetate (0.35 mm), the diameter of persistent bubbles does not change significantly 

within the error range independent of the laser fluence. For higher viscous liquids 

(i.e., glycols), the trend is different. The individual bubble diameter increases by 50% when 

the laser fluence increases from 5.4 to 13 J/cm2 (Figure 34g). A further increase of the laser 

fluence leads to even higher bubble diameters for all glycols. As a result, persistent bubbles 

generated by laser ablation in highly viscous glycols are about 1.5 times bigger than those 

produced in water except for those formed at low laser fluences.  

At a laser fluence of 5 J/cm2, the smallest bubble sizes are found. It is speculated that the 

sudden increase in the diameter of the gas bubbles in the case of glycols at fluences larger 

than 13 J/cm2 is caused by an increase in the amount of produced gas bubbles with increasing 

laser fluence. Barmina et al. showed that the H2 formation rate increases strongly with 

increasing laser fluence [146]. It is likely that linked with the viscosity-dependent, reduced 

bubble mobility coalescence effects are more pronounced. The gas bubbles are produced 

much faster than they can ascend in the highly viscous glycols. The observation that the 

bubble diameters almost double when a threshold fluence of 13 J/cm2 is reached supports 

this speculation. 

Like the individual bubbles' diameter, the total cross-sectional area of persistent bubbles 

(Figure 34h) in water remains almost constant within the laser fluence range considered. An 

average value of 2.5 mm2 was calculated. In contrast, the total cross-sectional area of all 

bubbles in the glycols is 2-2.5 times higher at fluences >5 J/cm2. For triethylene glycol, the 

total cross-sectional area is 5.6±1.1 mm2 at a laser fluence of 27 J/cm2.  

In a simplified approach, it is assumed that the persistent bubbles are statistically distributed 

in the liquid. Therefore, the cross-sectional bubble area, originally calculated for the xy 

plane, is approximately identical in the xz plane. Furthermore, it is assumed that the laser 

beam interacts with the persistent bubbles in the liquid. In water, this means that at laser 

fluences between 5 J/cm2 and 27 J/cm2, 25-33 % of the liquid cross-section is shielded by 

persistent bubbles (Figure 34h). For triethylene glycol, this value even increases to 

65 % (Figure 34h). Given this result, it is concluded that the shielding effects induced by the 

persistent bubbles significantly impact NP productivity in LAL (compare with Figure 31), 

especially in highly viscous liquids such as triethylene glycol.  
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The size of persistent bubbles is not the only productivity-limiting parameter since the time 

for which the bubbles can act as scattering centers also plays an important role. For this 

purpose, the horizontal ascent speed of the bubbles was determined by evaluating the 

recorded image sequences. Furthermore, theoretical values based on Stokes' law [464] were 

calculated according to equation 5. 𝜈 = 2 ∙ 𝑔 ∙ (𝜌𝑙 − 𝜌𝑔) ∙ 𝑅𝑏𝑢𝑏𝑏𝑙𝑒29 ∙ 𝜂    (5) 

Here, g is the force of gravity, ρl the liquid density, and ρg the gas density (exact ρg values 

would need to consider Vol% given in Table 2; here ρg is approximated with 

ρair = 1.184 kg/m3). Rbubble is the persistent bubbles' radius, and η is the dynamic viscosity of 

the used liquid. The results of the calculation are presented in Figure 35a. 

 

Figure 35: (a) Calculated and experimentally determined ascent speeds of persistent bubbles in liquids with 

different viscosities. The NP productivity for each liquid is also shown; (b) dependence of the calculated and 

experimentally determined dwell times of persistent bubbles on the liquid's viscosity at a liquid level of 2 mm 

and laser fluence of 27 J/cm2. Reprinted from [162] with permission from the PCCP Owner Societies. 

The experimental determination of the bubble ascent speed is limited to ≤0.11 m/s due to the 

used camera setup's time resolution. Although the calculated theoretical value of 0.059 m/s 

in water is below this ascend speed threshold, the ascent speed could not be measured 

experimentally. Hence, it is concluded that persistent bubbles in water ascend faster than 

0.11 m/s so that Stokes' law can only be regarded as a first approximation. In glycols, the 

theoretical values are considerably lower than in water and in good agreement with the 

experimental results. The NP productivity decreases with decreasing ascent 

speed (Figure 35a) and increasing dwell time of the corresponding persistent 

bubbles (Figure 35b). In triethylene glycol, the persistent bubbles' ascend speed is 0.2 cm/s, 

30 times slower than in water (6 cm/s). Consequently, the dwell time of the persistent 

bubbles in triethylene glycol is significantly higher. An experimental dwell time of 1 s for 

passing a distance of 2 mm (equivalent to the liquid height) was found, 25 times higher than 

b) a) 
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in water (0.04 s). Therefore, the lower dwell time in water leads to an 18 times higher 

productivity than for the ablation of Au in triethylene glycol. Similar to the case of water, 

the ascent speed of the bubbles in ethyl acetate is only theoretically accessible due to the 

camera setup's low time resolution. Furthermore, as discussed above, the NP productivity in 

low-viscosity liquids seems primarily affected by NP-induced shielding effects. 

The wetting behavior of the target surface must also be considered to understand the source 

of the higher dwell time, as illustrated exemplarily for water in Figure 36a.  

 

Figure 36: (a) Exemplary image of the contact angle between the persistent bubbles and the target surface 

during laser ablation of Au in water. (b) Description of the parameters that influence the adhesion of the bubbles 

to the target surface. Here, θ represents the contact angle, Fb the buoyancy force, Fg the gravity force, and Fs 

the surface tension force. Reprinted from [162] with permission from the PCCP Owner Societies. 

This image shows that persistent bubbles generated during ns-LAL of Au partially adhere to 

the target's hydrophobic [465] surface. The detachment of the bubbles is determined by a 

force balance in which the buoyancy force (Fb), the surface tension force (Fs), and gravity 

force (Fg) counteract each other (Figure 36b) [465]. When the buoyancy force 

overcompensates the two other forces, the bubbles detach and rise to the surface. The 

detachment of the bubbles is closely related to the contact angle θ at the solid-gas-liquid 

interface, which defines the surface wettability. In general, a decrease of the contact angle is 

accompanied by a better wetting of the substrate surface by the liquid, which promotes the 

detachment of the bubbles. Considering σLG, σSL, and σSG as the interface tensions of the 

liquid-gas, solid-liquid, and solid-gas interfaces, the Young equation describes the contact 

angle [466]. A tangent was drawn at the three-phase point between the liquid, solid, and air, 

and an average contact angle of 35±6° was determined in water. For the more hydrophobic 

glycols, adhesion of the bubbles to the surface was hardly observed, and an average contact 

angle of 9±8° was determined. However, also contamination [467], temperature [468], and 

the structure [469,470] of the target surface influence the wetting properties of the target 

surface. In particular, LAL itself induces the formation of microstructures on the target 

a) b) 
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surface [217,470]. The increased surface roughness and/or chemical modification promotes 

the adhesion of the persistent bubbles to the target surface, which increases their dwell time 

and thus shielding effects. This consideration shows that a continuous removal of the 

persistent bubbles (e.g., using a liquid flow) from the target surface is crucial for achieving 

the highest NP productivity. 

Conclusion 

High power lasers and advanced scanning strategies are currently required to achieve gram-

scale NP outputs in LAL [116,117]. However, NP productivity in LAL is controlled by 

various parameters within the complex interaction between the laser, material, and liquid. In 

this study, attention was drawn to a secondary, often neglected type of bubbles - termed 

persistent bubbles - which, in contrast to cavitation bubbles, are characterized by 

significantly longer lifetimes ranging from milliseconds to seconds. Hence, these bubbles 

are not only relevant for a single laser pulse (as typically the dynamics studied for the 

cavitation bubble), but also for the continuous ablation process with kHz repetition rate 

lasers. In addition to cavitation bubbles and NPs within the colloid, these persistent bubbles 

pose a third type of shielding entity crucial for achieving high NP productivities.  

Compared to other shielding entities, eliminating the persistent bubble-induced shielding 

effects offers a promising approach to increase the NP yield at a given (lower) laser power 

of affordable laser systems. In this work, the shielding capacity of persistent bubbles was 

systematically studied by quantifying their amount, size, cross-sectional area, dwell time, 

and ascent speed. These parameters represent obstacles for the incoming laser pulse and have 

a crucial impact on NP productivity. The gas chromatography results showed that laser 

ablation in water induces water splitting and the formation of persistent bubbles consisting 

of molecular hydrogen and oxygen. In more highly viscous liquids such as ethylene glycol, 

persistent bubbles consisting of molecular hydrogen and carbon monoxide were found, 

explained by the global decomposition of the liquid. Depending on the liquid and laser 

fluence, the persistent bubbles shield between 25 % (for water) and 65 % (for triethylene 

glycol) of the incoming laser beam. Therefore, they require attention by reducing their dwell 

time in the ablation zone and enhancing the NP output using liquid flow setups. It was found 

that the properties of persistent bubbles, which are mainly influenced by the laser fluence 

and the viscosity of the liquid, lead to a decrease in NP productivity down to 5 % with 

increasing viscosity. Accordingly, for fixed laser parameters, low-viscosity media, and the 

use of a high-flow LAL setup [82,308] are recommended to achieve highly mobile persistent 

bubbles and maximum productivity at constant NP quality. 
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The gas composition of the liquid's headspace greatly depends on the solvent used during 

LAL of the noble metal. In laser synthesis research, reactive laser ablation is sometimes 

intended, where the liquid reacts with the ablated (ignoble) target in the gas phase of the 

laser-induced cavitation. Here, gas chromatography could contribute to the understanding of 

the pattern of reactive laser ablation in liquids. 

4.1.2  Discrimination of effects leading to gas formation during pulsed laser ablation  

 in liquids 

Mark-Robert Kalus, Viktor Reimer, Stephan Barcikowski, and Bilal Gökce 

Published in: “Discrimination of Effects leading to gas formation during pulsed laser 

ablation in liquids, Applied Surface Science, 2019, 465, 1096-1102.“ 

Abstract 

Pulsed laser ablation of a bulk target in liquid induces the formation of cavitation bubbles 

and persistent gas bubbles, which both shield subsequent laser pulses resulting in a decrease 

in NP productivity. A further shielding entity and source for gas formation are the 

synthesized NPs when post-irradiated. In this study, an experimental setup was developed, 

which allowed the quantitative measurement of the gas volume produced by these shielding 

entities. It is shown that when 8 W picosecond-laser power is applied, 1 cm3 of gas is 

produced within ten minutes. The gas volumes induced by bulk ablation of Ag and post-

irradiation effects of the produced colloids are discriminated using a combined experimental 

and mathematical approach. It is shown that a characteristic NP mass concentration threshold 

exists, where post-irradiation effects dominate gas formation. In a synergistic process, the 

effective laser fluence available for bulk ablation decreases with increasing NP mass 

concentration. Hence, up to 80% of the laser power is coupled into the NPs. Simultaneously, 

the interparticle distance between the NPs decreases, favoring the laser-induced breakdown 

of the liquid. 

Introduction 

Nanotechnology is one of the key technologies of the 21st century. There is hardly an 

industry in which the term “nano” has no meaning. Be it in optics [429,430], catalysis 

[431,432], biomedicine [433,434] or even in consumer goods [471,472]. Every year several 

hundred thousand tons of nanomaterials are produced and used industrially [473]. Hence, in 

addition to the composition, size, and shape of the nanomaterials, the scalability of the 

respective production processes is of central importance for economic success.  



Results and Discussion 

83 

The most common synthesis method for colloidal NPs is the wet-chemical route [437,439]. 

Metal salts are converted into NPs in the presence of reducing agents in water or organic 

solvents. In many cases, additives are added to the liquid to prevent aggregation of the 

NPs [439]. Non-quantitatively reacted metal salts and/or ligand-coated surfaces can 

adversely affect the use of such NPs and reduce their surface-chemical activity [439]. In 

contrast, laser ablation in liquids (LAL) constitutes a promising alternative [76]. This method 

impresses with its versatility and allows the production of NPs from a wide range of different 

materials such as metals [77,79,80], alloys [442,443], or oxides [81,82] in high standards 

and with the highest colloidal purity [76,88]. Applications of laser-generated NPs can be 

found in biomedicine [405,442], catalysis [474-477], or 3D printing [112,113].  

It was recently demonstrated that LAL is more economical than wet chemical reduction 

when a characteristic productivity of 550 mg/h is exceeded [115]. Although the production 

on a gram scale [116,117] is already possible, high-performance lasers are needed, which 

are associated with high investment costs. Alternative strategies for maximizing the 

NP output are based on the optimization of laser-independent parameters, such as target 

geometry [301] or liquid level [82,408] above the ablation target. However, so-called 

shielding effects play also an important role in this context [92,117,162,309]. During laser 

ablation of a bulk target in liquid, cavitation bubbles are formed, shielding subsequent laser 

pulses and resulting in decreased ablation efficiency [116,117,418]. With lifetimes of a few 

hundred microseconds and sizes of hundreds of micrometers, these cavitation bubbles 

particularly shield laser pulses with repetition rates in the kHz range. Strategies to reduce 

their shielding effect include temporal [418] or spatial [116,117], bypassing the cavitation 

bubble by optimizing the scanning strategy. 

The collapse of cavitation bubbles leads to a second type of bubbles, termed persistent 

microbubbles, which act as a further shielding entity [162,297]. In contrast to cavitation 

bubbles, persistent bubbles are characterized by significantly longer lifetimes in the range of 

millisecond to seconds. While cavitation bubbles only shield laser pulses with repetition 

rates in the kHz range, persistent bubbles are also affected by low repetition rates. Besides, 

their population in the liquid increases rapidly. Depending on the liquid viscosity, the 

persistent bubbles' size is in the order of magnitude of several millimeters shielding up to 

65% of the liquid cross-section [162]. So far, the quantification of these persistent bubbles 

has been qualitatively performed by videography. However, this method's low temporal and 

lateral resolution makes it difficult to visualize and quantify all bubbles. 
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Finally, shielding effects can be induced by NPs produced during LAL [92,309]. Small-

angle X-ray scattering (SAXS) measurements have shown that NPs are already contained in 

the cavitation bubble [132,133]. After the collapse of the cavitation bubble, the NPs are 

dispersed in the liquid. Thus, the laser beam can interact with the NPs after their release into 

the liquid, negatively influencing the ablation efficiency. Additionally, the laser pulse 

interaction with the NPs can lead to the formation of nanobubbles [139,426]. Akimoto et al. 

measured the gas volume formed during ns-laser irradiation of carbon powder in water using 

the water displacement method. They demonstrated that gas volumes of 2.1 ml were formed 

after an irradiation period of one hour [478]. Besides, Barmina et al. investigated gas 

formation during ns-laser irradiation of colloidal Au solutions using an amperometric 

approach. They confirmed hydrogen and oxygen gas formation with varying ratios 

depending on the chosen laser fluence [145,146]. 

All these studies indicate that gases are formed during pure bulk ablation and post-irradiation 

of colloidal solutions. In this context, the question arises what happens when both processes 

are combined? Such a combination is naturally created during discontinuous laser ablation 

of a bulk target in a vessel with constant liquid volume. The NP mass concentration increases 

with increasing ablation time. Thus, gas formation cross-effects induced either by pure bulk 

ablation and the formation of persistent bubbles at low mass concentrations and post-

irradiation effects and the formation of nanobubbles at high mass concentrations should 

determine the total gas volume during continuous LAL. Therefore, for fundamental 

investigations, a disentanglement of both cross-correlated processes is necessary.  

This study aims to investigate this NP mass concentration-dependent relationship. For this 

purpose, an experimental setup based on the u-tube manometer principle was designed, 

enabling the quantitative determination of the gas volume generated during ps-LAL of Ag 

in water in a discontinuous process. NP mass concentrations of up to 380 mg/l were obtained 

using the ablation time as an adjusting parameter. Furthermore, the gas volumes for pure 

bulk ablation and subsequent post-irradiation of the colloidal solution were determined. The 

influence of shielding effects was included in the analysis as a productivity determining 

parameter and combined with the obtained data. This study's overall objective is to obtain 

information on bulk ablation and post-irradiation effects as a function of NP mass 

concentration, NP productivity, and gas formation. 
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Materials and Methods 

The experimental setup for quantifying the gas volume is shown in Figure 37. For ps-LAL, 

a glass cell with an optical path length of 1 cm was used and filled with 3 ml of Milli-Q 

water. A silver target (99.99%, 10 × 10 × 1 mm, GoodFellow) was attached to the inside of 

the glass cell. With the aid of a plug-in system, the glass cuvette was connected to one side 

of a u-tube, which was previously filled with 15 ml water. The other side of the u-tube was 

connected to a graduated pipette with a variable volume of 0.5-5 ml. All connectors were 

hermetically sealed. 

 

Figure 37: Experimental setup for measuring the gas volume during discontinuous laser ablation of a bulk 

target. Reprinted from [479]. 

Laser ablation was performed with an Nd-YAG ps-laser (Ekspla, Atlantic series) at a 

wavelength of 1064 nm, a repetition rate of 100 kHz, pulse duration of 10 ps, and pulse 

energy of 83 μJ. A spiral pattern with a diameter of 6 mm was used to ablate the target at a 

scanning speed of 2 m/s. The laser beam was focused on the target via an F-theta lens with 

a focal length of 100 mm. For all experiments, a spot size of 49 ± 2 μm was used, resulting 

in a laser fluence of 4.4 J/cm2.  

LAL was carried out under constant stirring of the liquids over time intervals of 15, 30, 45, 

60 s, and 2.5, 5, 7.5, and 10 min. The ablated mass was determined gravimetrically by 

weighing the target with a microbalance (Pesa Waagen GmbH) before and after laser 

ablation. Gas formation during laser ablation led to an increase in the liquid level in the 

graduated pipette, which provided information about the amount of gas formed. Temperature 

measurements supported all the experiments. For this purpose, the temperature was recorded 

over time with a thermocouple integrated into the ablation vessel. 
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For determining the gas volume produced by post-irradiation effects, the bulk target was 

removed from the glass cell after completion of each measurement. Then the procedure was 

repeated with the pure colloid under the same conditions as described above. Besides, a 

power meter (Coherent Inc., FieldMax>II-TO) was positioned behind the ablation vessel, 

and the laser power shielded by the produced colloid was measured. 

Results 

For LAL performed in a batch with constant liquid volume, NP mass concentration increases 

with increasing ablation time [92,309]. However, the higher the NP mass concentration, the 

higher the shielding effects. Consequently, a decrease in ablation efficiency is observed, 

induced by the absorption and scattering of the incident laser beam by synthesized 

NPs [92,309]. Figure 38a illustrates this relationship by depicting the NP productivity and 

mass concentration resulting from ps-LAL of Ag in water as a function of ablation time. 

 

Figure 38: (a) NP productivity and mass concentration as a function of ablation time. (b) NP productivity 

depending on the NP mass concentration. Fits are used to guide the eye. The colored marking is intended to 

highlight the two ablation regimes that change at a characteristic NP mass concentration of 150 mg/l. Reprinted 

from [479]. 

In the first minute, the cumulative productivity decreases about 33% from 48±9 mg/h to 

32±5 mg/h, decreases further, and finally reaches a saturation value of 7.6 ± 1 mg/h after an 

ablation time of 5 min. According to Schwenke et al., the NP-induced shielding is stronger 

the closer the used laser wavelength is to the SPR maximum of the ablated 

nanomaterial [92]. However, they observed no saturation effects for ps-LAL of Ag at an off-

resonant wavelength of 1030 nm (which is close to the wavelength of 1064 nm used in this 

study). Note that a significantly larger liquid volume of 30 ml was used in their studies for 

the ablation process corresponding to a maximum NP mass concentrations of 110 mg/l and 

a productivity of 6.6 mg/h. In contrast, significantly higher mass concentrations of up to 

380 mg/l were achieved in this study. 

a) b) 
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The change in NP mass concentration as a function of the ablation time can be subdivided 

into two regions. Up to an ablation time of one minute, the mass concentration increases 

rapidly with a slope of 96.9 mg/l per minute. If the ablation time is further increased, the 

increase in mass concentration slows down to 27.8 mg/l per minute. When the NP 

productivity is plotted as a function of the NP mass concentration (Figure 38b), a similar 

relationship arises. Up to NP mass concentrations of 215 mg/l, the NP productivity remains 

almost constant at around 7 mg/h, indicating saturation effects. However, lower NP mass 

concentrations lead to a rapid increase in NP productivity with an inflection point at a mass 

concentration of about 150 mg/l. 

Chapter 4.1.1 has shown that persistent microbubbles are formed during ns-LAL of Au in 

different viscous liquids, which shield up to 65% of the incoming laser beam, leading to a 

significant decrease in the NP productivity [162]. Besides, several studies have demonstrated 

that the post-irradiation of colloidal solutions of NPs also leads to the formation of 

gases [145,146,478]. The ablation process carried out here represents a combination of both 

processes, whereby post-irradiation effects increase with increasing ablation time and 

NP mass concentration. For this reason, the total gas volume produced during bulk ablation 

was measured for different ablation times, as shown in Figure 39a. 

 

Figure 39: Total gas volume as a function of ablation time (a) and NP mass concentration (b). Linear fits are 

used to guide the eye. The colored markings highlight two different regimes responsible for gas formation 

changing at a characteristic silver NP mass concentration of 150 mg/l, discussed in more detail in the next 

section. Reprinted from [479]. 

Although the NP productivity decreases exponentially with ablation time, the results in 

Figure 39 show that the gas volume increases linearly with increasing ablation time. About 

0.1 cm3 gas is formed per minute so that the total gas volume is 0.94 cm3 after ten minutes 

of ablation. The situation changes when the gas volume is plotted against the NP mass 

concentration (Figure 39b). Again, two regimes can be identified. Below 150 mg/l, 

b) a) 
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0.001 cm3 gas is produced per mg/l ablated NPs. If the mass concentrations exceed 150 mg/l, 

the gas production increases by 0.003 cm3 per mg/l ablated NPs. Thus, there is a clear 

correlation between the NP mass concentration and the amount of gas formed during 

discontinuous LAL of a bulk target.  

The measured gas volumes likely reflect the sum of the individual gas fractions of the bulk 

ablation process (persistent bubbles) and the nanobubbles created by post-irradiation of the 

NPs. Moreover, the liquid itself can contribute to gas production when interacting with a 

laser beam. Maatz et al. have shown that oxygen and hydrogen gas are formed when a fs-

laser beam is focused into water. [272]. To investigate the influence of NPs on the gas 

formation, the colloidal solutions obtained after bulk ps-laser ablation were re-irradiated 

without the bulk target under the same conditions used before. The same procedure was also 

carried out for the pure liquid. The results are shown in Figure 40a. 

 

Figure 40: (a) Produced gas volume for post-irradiation of Ag colloids with different NP mass concentrations 

in the absence of a bulk target. (b) Stacked chart summarizing the individual gas fractions for discontinuous 

bulk ablation, colloid, and pure water irradiation processes, determined for different ablation times. Reprinted 

from [479]. 

Gas volumes of 0.05 cm3are obtained up to an ablation time of one minute, indicating that 

the gas production is independent of the NP mass concentration in this time 

regime (Figure 40a). At ablation times of more than one minute, differences in gas volumes 

become more significant, and a clear dependence on NP mass concentration is observed. The 

higher the NP mass concentration, the higher the produced gas volume. For the highest NP 

mass concentration of 380 mg/l, a gas volume of 1.24 cm3 is determined. For pure water, the 

gas volume increases linearly with time, and a gas volume of 0.56 cm3 was obtained after 

ten minutes of ablation.  

In Figure 40b, the individual gas fractions induced by (i) the combined processes of bulk 

ablation and NP post-irradiation, (ii) only NP post-irradiation as well as (iii) irradiation of 

a) b) 
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pure water are summarized. Both irradiation of pure water and the combined process of bulk 

ablation and NP post-irradiation are accompanied by a linear increase in gas volumes over 

time. In contrast, the gas volumes generated by pure NP post-irradiation deviate from this 

linear trend and increase exponentially with increasing ablation time. These results suggest 

that gas production is triggered by pure bulk ablation and the formation of persistent bubbles 

at low ablation times and mass concentrations. In contrast, gas formation at higher ablation 

times and mass concentration is controlled by a combination of bulk ablation and NP post-

irradiation. 

However, in all experiments, an increase of the liquid temperature with increasing ablation 

time must be considered [214,310]. Laser pulses can be absorbed by the target [480] or 

interact with ablated NPs [277] and generate excess heat, which is transferred to the liquid 

and causes its temperature to rise. In order to rule out a temperature-related volume 

expansion of the liquid, the liquid temperature was monitored during the ablation process 

(see appendix Figure 77). It was observed that the liquid temperature increases to a value of 

85 °C up to an ablation time of five minutes. The liquid volume expansion ΔV was calculated 

according to equation 6, considering the temperature-dependent thermal expansion 

coefficient γ of water, the temperature change ΔT, and the initial liquid volume V0. ∆𝑉 = 𝑉0 ∙ 𝛾 ∙ ∆𝑇   (6) 

The maximum measured liquid temperature is 85 °C, which corresponds to a liquid volume 

expansion of 0.17 cm3. This volume expansion is equivalent to 18% of the gas volume 

measured for the combination of bulk ablation and NP post-irradiation after ten minutes of 

ablation. Thus, temperature effects cannot be completely neglected. Consequently, the gas 

volumes were recorded after cooling the liquid to room temperature to avoid falsifying the 

measurement results. 

After temperature effects were ruled out, the individual gas fractions were calculated for 

pure bulk ablation and subsequent NP post-irradiation. For this purpose, a linear 

3×3 equation system was solved consisting of (i) the gas volume formed by irradiation of 

water as a blank, (ii) the combined gas volume formed by bulk ablation and NP post-

irradiation, and (iii) the gas volume formed by NP post-irradiation. The results of this 

calculation are shown in Figure 41a. 
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Figure 41: (a) Individual bulk- and NP-related gas volume as a function of NP mass concentration. (b) Bulk-

related and NP-related gas volume normalized to NP mass. Reprinted from [479]. 

The results confirm that gas formation is controlled by two driving forces: by the formation 

of persistent bubbles during bulk ablation and by NP post-irradiation effects. The former 

dominates at NP mass concentrations below 150 mg/l. Post-irradiation effects hardly 

contribute to gas evolution below this mass concentration. However, the situation changes 

above 150 mg/l. Up from this point, bulk ablation provides a constant contribution to the 

total gas volume. On the other hand, the gas volume generated by post-irradiation effects 

increases linearly with increasing NP mass concentration producing 0.003 cm3 gas per mg/l 

ablated NPs.  

The results become even clearer when the gas volumes for the bulk ablation and post-

irradiation effects are normalized to the ablated mass, as shown in Figure 41b. Up to a 

NP mass concentration of 150 mg/l, the bulk ablation induced gas volume increases and then 

decreases again. In contrast, the gas volume generated by NP post-irradiation effects 

increases when a characteristic NP mass concentration of 150 mg/l is reached and begins to 

dominate the overall process. Thus, a characteristic NP mass concentration threshold seems 

to exist above which the gas production is mainly induced by NP post-irradiation effects. 

For a detailed analysis, the fraction of laser power shielded by the NPs was determined, and 

the effective laser fluence available for bulk ablation was calculated, as shown in Figure 42a. 

Even at low NP mass concentrations of 67 mg/l, 41% of the laser power is shielded, resulting 

in a decrease of the effective laser fluence on the bulk target from 4.4 J/cm2 to 2.6 J/cm2. 

Reaching a NP mass concentration of 150 mg/l, which corresponds to an extinction value of 

2.3 at 1064 nm (see appendix Figure 78a), leads to an increase of the shielded laser power 

up to 50%. The highest shielding effect was measured for the highest NP mass concentration 

of 380 mg/l corresponding to an effective laser fluence of 0.9 J/cm2. It can be assumed that 

even more laser power would be shielded when higher NP mass concentrations are reached. 

a) b) 
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Figure 42: (a) Laser fluence on the ablation target and NP shielding effect depending on the NP mass 

concentration. (b) Bulk-related and NP-related gas volume normalized to NP mass and incident laser power. 

Reprinted from [479]. 

Interestingly, studies performed by Starinskiy et al. demonstrated a fluence threshold for ns-

ablation of a silver target in water of 3.7 J/cm2 [422]. However, this study refers to single-

pulse experiments in which the laser beam interacts with an untreated, highly reflective silver 

surface (R = 0.84, measured in water) so that most of the laser energy is not available for 

ablation. To investigate the relationship between the reflectivity and the surface texture of 

the used bulk target, an already pre-ablated silver target was used to determine the 

reflectivity as a function of laser fluence (see appendix Figure 78b). These experiments 

showed that the reflectivity of an already ablated silver target is significantly lower 

(R = 0.03) compared to the bare silver surface. A threshold fluence of 0.6 J/cm2 was found. 

The higher the NP shielding, the lower the effective laser fluence available for bulk ablation 

and formation of persistent bubbles. However, at the same time, the energy input into the 

NPs increases. Taking this energy input into account, the laser power available for bulk 

ablation and NP post-irradiation was normalized to the corresponding gas volume and 

ablated mass and expressed in the form of the specific gas volume (Figure 42b). As evident, 

the produced specific gas volume increases with increasing NP mass concentration and 

energy input into the NPs. At the characteristic NP mass concentration threshold of 150 mg/l, 

the specific gas volume increases almost linearly with a slope of 0.001 cm3 gas produced per 

mg NPs and Watts of absorbed laser power. 

Discussion of underlying mechanism 

For further discussion, it is worth taking a look at the ablation mechanism. Shortly after the 

arrival of the laser pulse on the bulk target, an intense plasma is formed, which is in direct 

contact with the surrounding liquid [239,481]. In the next step, a thin vapor film forms at the 

plasma-liquid interface [154], further expanding into a cavitation bubble [133,290]. After a 

a) b) 
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few hundred microseconds, the cavitation bubble collapses, leading to the formation of 

persistent bubbles [162,297]. A similar situation occurs for the post-irradiation of colloidal 

solutions of NPs. At first, the laser heats the NPs and the surrounding liquid [139,277]. In a 

second step, nanobubbles are formed around the NPs [137,278-280,426]. Following that 

way, the formation of nanoplasmas on the NPs is promoted, finally leading to the 

aggregation of the nanobubbles and inducing the laser-induced breakdown of the 

liquid [145,146]. 

Nakajima et al. have studied the nanobubbles' growth with ns-laser pulses by varying the 

number density of the NPs and laser fluence. They found that the size of the nanobubbles 

increases with increasing laser fluence [428]. They also showed that the nanobubble size 

decreases with an increasing number density of NPs. This behavior was explained by the 

formation of pressure waves, which influence the nanobubbles on adjacent NPs. Although 

also Ag was used in their studies, the number densities were by a factor of 104 smaller than 

in the present study. Besides, significantly lower laser fluences and a shorter wavelength of 

532 nm were used in their experiments. 

Barmina et al. have also investigated the formation of gases during post-irradiation of 

colloidal solutions of Au NPs with ns-laser pulses [145,146]. They observed a clear 

relationship between the used laser fluence and the formation of molecular oxygen and 

hydrogen gases. The higher the laser fluence, the higher the corresponding hydrogen-to-

oxygen ratio. The dissociation of H2O molecules, which led to the formation of molecular 

hydrogen, oxygen, and hydrogen peroxide in their studies, was explained by electron impact 

reactions induced by the nanoplasma formed on the NPs. According to Siems et al., the size 

of the nanobubbles that form around the NPs increases with increasing laser fluence [278]. 

Therefore, it is hypothesized that the increasing gas volume during discontinuous bulk 

ablation can be explained by a synergistic process, shown schematically in Figure 43.  

The interparticle distance between the NPs decreases with increasing NP mass 

concentration. Consequently, the probability of aggregation of the formed nanobubbles 

increases since the NP aggregation rate is proportional to the concentration of the NPs 

squared. Simultaneously, as the mass concentration increases, more laser power is coupled 

into the NPs, and the nanobubbles grow in size. Thus, the combination of these two processes 

may promote the aggregation of the nanobubbles and the laser-induced breakdown (LIB) of 

the liquid. 



Results and Discussion 

93 

 

Figure 43: Proposed contribution of bulk ablation and post-irradiation of colloidal NPs to gas formation during 

discontinuous laser ablation of a bulk target. At low NP mass concentrations, most of the laser fluence is 

available for bulk ablation and the formation of persistent microbubbles. At high NP mass concentrations, more 

laser power is coupled into the NPs. Additionally, the interparticle distance (IPD) decreases, promoting gas 

formation induced by post-irradiation effects. Reprinted from [479]. 

Conclusion 

Gaseous obstacles in LAL are not only relevant for shielding the laser beam. Gas bubbles 

can also stick to chamber windows or block the tubes and chamber outlet, posing risks for 

laser safety and process stability. During LAL, bulk ablation and NP post-irradiation can 

lead to the production of a large amount of gases. In this study, we demonstrated that for the 

combination of these two processes, a characteristic NP mass concentration threshold exists 

that delimits these two regimes. It was shown that at silver NP mass concentration below 

150 mg/l, gas formation during ps-LAL is dominated mainly by bulk ablation and formation 

of persistent bubbles. Above this NP mass concentration, NP post-irradiation effects are 

decisive for gas formation.  

It was further observed that with increasing NP mass concentration, not only the NP 

shielding effect is enhanced, but also the effective laser fluence available for bulk ablation 

is minimized by up to 80%, thereby increasing the energy input into the NPs. Combined with 

a smaller interparticle distance, this process significantly increases the probability of the 

laser-induced breakdown of the liquid. The combination of bulk ablation and post-irradiation 

of colloids may influence not only the amount of produced gas but also affect the chemical 

composition of the gases [145,146], water oxidation products such as hydrogen peroxide 
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[145] as well as NP properties [77]. Thus, for the ablation of a bulk target in a discontinuous, 

batch-chamber process, one should distinguish between pure bulk ablation and post-

irradiation effects. The application of liquid flow setups and the continuous overflow of the 

target could bring these cross-effects from a changing interdependence to a steady-state with 

fixed individual contributions. 

4.1.3  Investigation of the steady-state formation of persistent bubbles under liquid 

flow conditions during laser synthesis of colloids in water, acetone, and ethylene 

glycol 

Mark-Robert Kalus, Riskyanti Lanyumba, Stephan Barcikowski, and Bilal Gökce 

This chapter was published in modified form under a different title after the final submission 

of this dissertation. The corresponding publication published by the Springer Nature Group 

and licensed under the terms of the Creative Commons Attribution 4.0 International License 

can be found in the following source: 

“Discrimination of ablation, shielding, and interface layer effects on the steady-state 

formation of persistent bubbles under liquid flow conditions during laser synthesis of 

colloids, Journal of Flow Chemistry, 2021, 121, 1-20.” 

Abstract 

During laser ablation in liquids (LAL), shielding effects can be induced by persistent bubbles 

or colloidal NPs, reducing this method's productivity and reproducibility. Especially under 

batch conditions with prolonged ablation times and in highly viscous liquids, both shielding 

entities are closely connected, lead to gas formation cross-effects, and need to be 

disentangled. By performing liquid flow-assisted LAL in liquids of different viscosity 

(water, acetone, and ethylene glycol), it is shown in this study that a steady-state is reached 

after a few seconds with fixed individual contributions of bubble- and colloid-induced 

shielding effects. It is demonstrated that these shielding effects strongly depend on the 

liquid's viscosity and the flow-induced formation of an interface layer along the target 

surface. In highly viscous liquids, the transport of NPs and persistent bubbles within this 

interface layer is strongly diffusion-controlled. This diffusion-limitation not only affects the 

agglomeration of the NPs but also leads to high local densities of NPs and bubbles near the 

target surface, shielding up to 80% of the laser power.  

By comparing the individual liquids, it is demonstrated that in acetone and ethylene glycol, 

30 times more gas is produced per ablated amount of substance than in water, indicating that 

chemical effects contribute to the liquid's decomposition and the ablation yield. The highest 
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ablation efficiencies and monodisperse qualities are achieved in liquids with the lowest 

viscosities and gas formation rates at the highest volumetric flow rates.  

Introduction 

Nowadays, nanotechnology is a rapidly developing field with increasing demand and high 

future potential for applications in areas such as biomedicine [433,434], optics [429,430], or 

catalysis [431,432]. In general, the production of nanomaterials is limited to the gas or 

aqueous phase and typically takes place via wet-chemical [437,439], gas phase [482,483], 

or solid-state processes [484,485]. However, NPs produced by these methods are often 

subject to agglomeration and aggregation effects if no further stabilizing agents are added to 

the process [438]. The use of stabilizers is unwanted, especially in sensitive areas such as 

biomedicine, where strict requirements are placed on the properties of the NPs, such as their 

size and purity [486]. Additionally, it is sometimes desired to have the NPs in organic liquids, 

for example, for in-situ preparations of nanocomposites [110,487,488], useful as medical 

devices like antimicrobial catheters [489,490]. However, the synthesis of NPs in organic 

liquids is difficult to realize with conventional methods without stabilizing ligands [491].  

In this context, laser ablation in liquids (LAL) represents a cost-effective [115] and 

scalable [116,117] alternative that provides access to a variety of high-purity [88] 

nanomaterials such as metals [77,79,80], alloys [442,443] or oxides [81,82,377], available 

in both aqueous [77-79] and organic media [90,91,492]. Their application potential is 

manifold and has already found its way into fields such as biomedicine [109,442], catalysis 

[98,99,474-476], or 3D printing [112,113,493]. Even though the production of these 

materials is already possible on the gram-scale [116,117], high-power and expensive laser 

systems are required. Therefore, numerous approaches aimed to optimize the NP output 

based on parameters that are independent of investment costs, including target geometry 

optimization [209,242,302], scanning strategy [116,117,418], and liquid height adjustment 

[408,409].  

Furthermore, special ablation chambers have been designed, enabling the production of NPs 

under batch [308] and liquid flow conditions [116,117]. The production of NPs in semi-

batch or batch chambers can be performed with or without stirring the liquid [308]. This 

method is particularly useful for application fields where small amounts and high 

concentrations of colloids are required. However, since long ablation times are needed to 

achieve high NP concentrations, the NP productivity decreases over time due to increasing 

colloid-induced shielding effects [92,309]. Additionally, the probability of NP post-

irradiation effects [479] increases, leading to the formation of large quantities of 



Results and Discussion 

96 

nanobubbles [146,147,281,479]. This way, the reproducibility and quality of the final 

products suffer as fragmentation [136,494,495] and melting [140,496] of the NPs alters the 

size distribution of the final NPs.  

Furthermore, LAL induces the liquid's decomposition and the formation of so-called 

persistent bubbles [162,297,479,497]. These bubbles represent a permanent shielding entity 

sticking to the bulk target surface, screening the laser beam, and negatively affecting NP 

productivity. For this reason, LAL is often performed under dynamic flow conditions by 

continuously overflowing the target substrate [116,117,308]. This way, local NP 

concentration gradients can be significantly reduced, resulting in increased NP productivity 

with increasing flow rate [82,116,308,424]. Since persistent bubbles absorb, reflect, and 

defocus the laser beam, better underwater laser micromachining results can also be achieved 

using a liquid flow [217,307,498].  

Although initial work has been carried out to investigate the dynamic features of the bubbles 

that form during laser cutting of silicon in flowing water [307], such studies have not yet 

been performed for liquid flow assisted LAL. Moreover, the influence of other liquids 

besides water on LAL-induced bubble formation has so far only been investigated for batch 

conditions. In this context, it was shown that persistent bubbles form that shield up to 65% 

of the liquid cross-section depending on liquid viscosity, affecting productivity and 

reproducibility of laser-generated NPs [162]. Moreover, Hupfeld et al. observed that 

cavitation bubbles with quite non-symmetric, oblate-shaped geometries form in highly 

viscous polyalphaolefin (PAO), whose collapse leads to long-lasting, persistent 

bubbles [306]. These studies underline the importance of liquid viscosity for bubble 

formation and ablation efficiency during LAL in stationary liquids. However, it is still 

unclear how the liquid viscosity affects the bubble and NP formation during liquid flow-

assisted LAL. It is undisputed that an interface layer forms along the target surface under 

these ablation conditions [499], possibly influencing the removal of the bubbles and NPs 

from the ablation area. Unfortunately, its influence has hardly been discussed in LAL 

literature so far and therefore requires more attention. 

For closing these evident knowledge gaps, the influence of a liquid flow on the formation of 

NPs and persistent bubbles during ns-ablation in liquids of different viscosity (water, 

acetone, and ethylene glycol) is investigated in this study and correlated with the mass 

ablation and gas formation rates. In the first section, the steady-state formation of NPs and 

persistent bubbles is studied depending on the volumetric flow rate. Furthermore, the 

interface layer that forms along the target surface under flow conditions is characterized to 
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understand the influence of flow dynamics on the removal of NPs and persistent bubbles 

from the ablation zone depending on the liquid's viscosity. In the second section, the 

persistent bubbles are systematically analyzed and quantified to determine their shielding 

capacity. The shielding effects are correlated with the mass ablation rates in the third section 

of this work and linked with the NPs' properties. The fourth section concludes this study by 

evaluating the gas formation efficiencies as a function of liquid selection, shielding effects, 

and mass ablation rates.  

Materials and Methods 

The experimental setup for performing LAL and quantifying the gas volume in a liquid flow 

is demonstrated in Figure 44.  

 

Figure 44: Experimental setup for measuring the gas volume during LAL in water, acetone, and ethylene 

glycol performed in a custom-made flow ablation chamber.  

For all experiments, an ablation flow chamber (h: 6 mm, w: 6 mm, l: 18 mm) made of 

anodized aluminum was used. Side-observation windows were integrated into the chamber 

to monitor the bubble formation. A gold target (99.99%, 10 x 5 x 0.5 mm, Allgemeine Gold) 

was used for ablation and placed inside the ablation chamber. The thickness of the liquid 

layer was 6 mm. The experiments were performed in deionized water (18.2 MΩcm at 25 °C), 

acetone (VWR Prolabo, ≥99.0%), and ethylene glycol (Sigma-Aldrich, 99.8%) as carrier 

liquid. For ensuring a constant, pulsation-free volumetric flow rate, a syringe pump was 

used. The syringe was connected with the ablation chamber's inlet by a tube made of 

polytetrafluoroethylene (PTFE). A tube made of PTFE was also connected to the outlet of 
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the ablation chamber. The other end of the tube was inserted into a graduated pipette placed 

in a beaker filled with liquid.  

LAL was performed using an Nd:YAG ns-Laser (Rofin Powerline E20). The laser 

wavelength was 1064 nm, and the pulse length 8 ns. A repetition rate of 15 kHz was used 

during all the experiments delivering a pulse energy of 0.33 mJ. The laser beam was guided 

along the target surface with a scan speed of 2 m/s using a galvanometer scanner 

(SCANcube 10, Scanlab). Therefore, a predefined spiral pattern with an internal diameter of 

5 mm was used. The laser beam was focused on the target through an F-theta lens with a 

focal length of 100 mm, resulting in an average spot size of 40±10 µm in the focal position 

(measured in air), which corresponds to a nominal laser fluence of 25.9 J/cm2 (details on the 

laser fluence are given in Figure 55). Focus adjustment was performed for every liquid by 

varying the working distance between the F-theta lens and the ablation target in a range 

between -1 mm and 1 mm (Figure 45).  

 

Figure 45: Focus adjustment for ns-LAL of Au performed in water, acetone, and ethylene glycol as a function 

of the extinction at a wavelength of 380 nm (proportional to the NP mass concentration). The maximum was 

normalized to the relative z-position 0.  

The produced colloids were characterized by UV-Vis spectroscopy. The extinction of the 

colloids at a wavelength of 380 nm is proportional to the Au NP mass concentration and was 

plotted against the working distance. A negative/positive working distance corresponds to 

the focus placed into the liquid/behind the target. A working distance of zero corresponds to 

the highest ablation efficiency. Ns-LAL was performed in each liquid for 10 minutes by 

varying the volumetric flow rate in steps of 1, 5, 10, 15, and 20 ml/min. The ablated mass 

was measured gravimetrically after the ablation process using a microbalance (Pesa 

Waagen GmbH).  



Results and Discussion 

99 

The gas volume was determined by the liquid displacement method. Gases produced during 

the ablation process were continuously transported through the tubes into the liquid-filled 

graduated pipette, leading to the liquid's displacement. By recording the amount of displaced 

liquid, the volume of formed gas was obtained. The liquid flow was maintained for several 

minutes after the ablation process was stopped to ensure the quantitative measurement of the 

gases without residues in the chamber or tubes. The gas cross-section imaging was recorded 

with the aid of a videography system described in chapter 4.1.1. The results were evaluated 

with ImageJ and further processed with OriginPro (version 2018b).  

For further analysis, the temperature was measured over ablation time. Therefore, a 

thermocouple was integrated at the outlet of the ablation chamber. Furthermore, the laser 

fluence shielded by the produced colloids was measured ex-situ. For this purpose, the 

produced colloids were filled into a glass cuvette. By placing a power meter (Coherent Inc., 

FieldMax > II-TO) behind the glass cuvette and guiding the laser beam through the cell and 

colloids, the decrease of the pulse energy induced by the shielding of the NPs was 

determined. The colloids were further characterized by measuring their size using dynamic 

light scattering (Nicomp 380 DLS-ZLS). Besides, the ablation profile on the Au target was 

determined after laser processing using confocal 3D microscopy (Nanofocus).  

Results and Discussion 

Steady-state formation of nanoparticles and persistent bubbles depending on the liquid 

flow dynamics  

Recent studies have shown that NP productivity in LAL strongly depends on the liquid's 

viscosity, which was explained by the formation of persistent bubbles and their viscosity-

dependent dwell time in the ablation zone [162,306]. Furthermore, the produced NPs can act 

as shielding entities and reduce the ablation efficiency [92,309,479]. These two limitations 

are particularly pronounced during batch processing. Here, the NP mass concentration 

increases with increasing ablation time, and persistent bubbles accumulate within the liquid 

or stick to the target surface. Liquid flow setups [82,116,308,424] are typically used to 

overcome these limitations and improve the removal of persistent bubbles and NPs from the 

ablation area. In this study, liquid flow-assisted ns-LAL of Au was performed in three 

different liquids, acetone, water, and ethylene glycol, covering different liquid viscosities of 

1.00, 0.33, and 20.81 mPa·s at 293 K [500]. Figure 46a-c shows an exemplary picture series 

for the processes occurring on the millisecond time regime during ns-LAL of Au in these 

liquids at an exemplary volumetric flow rate of 1 ml/min. 
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Figure 46: (a-c) Exemplary images taken for water, acetone, and ethylene glycol as a function of time showing 

the gas formation process and mixing of NPs in the liquid at a volumetric flow rate of 1 ml/min. (d-e) Cross-

sectional light attenuation observed during LAL in water, acetone, and ethylene glycol as a function of time 

and different volumetric flow rates. The specific times, after which 90 % (t90) of the cross-sectional light 

attenuation was reached, are included as inserts to provide reference values for the time until steady-state 

conditions are reached.  

As evident in the picture series, shortly after the arrival of the first laser pulses, persistent 

bubbles are formed. Gas chromatography measurements (see chapter 4.1.1) have shown that 

these bubbles contain permanent gases (H2, O2 for ns-ablation in water, and in the case of 

ns-ablation in glycols, additional CH4, CO, CO2, C2H4, and C2H2). In addition to persistent 

bubbles, the formation of a dark cloud of NPs in the liquid is observed. The darkening is 

faster and stronger in water and acetone than in ethylene glycol. In the latter case, such a 

cloud of NPs is hardly visible and more located towards the target surface.  

The liquid's darkening was evaluated by measuring the cross-sectional light attenuation of 

the individual picture frames for each liquid and volumetric flow rate depending on 

time (Figure 46d-f). Of course, this procedure represents only a rough estimation since the 

darkening of the liquid depends on the optical properties (e.g., transmission, absorption, and 

refraction behavior) of the colloidal system and persistent bubbles and the experimental 

f) e) d) 

c) 

b) 

a) 
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alignment of the light source to the ablation chamber and the camera system. For a better 

comparison of the results, the cross-sectional light attenuation was normalized. A normalized 

cross-sectional light attenuation of 0% corresponds to the pure liquid. Higher percentages 

are due to the presence of persistent bubbles and NPs. The results can be extrapolated by an 

exponential function leading to steady-state conditions (defined as the time after which 90% 

of the maximum normalized cross-sectional light attenuation is achieved) after a specific 

mixing time. Hence, this procedure gives a rough idea about the mixing behavior (the time 

point when steady-state conditions are reached) inside the ablation chamber as a function of 

the ablation time and volumetric flow rate.  

For ns-LAL of Au in water, a clear dependence on the volumetric flow rate can be observed. 

For the lowest volumetric flow rate of 1 ml/min, steady-state conditions are reached after 

about two seconds. The time for reaching the steady-state decreases steadily with increasing 

volumetric flow rate until half a second at 20 ml/min (Figure 46d). For ns-LAL of Au in 

acetone, steady-state conditions are reached after almost constant times of about one second, 

independent of the volumetric flow rate (Figure 46e). However, for ns-LAL of Au in 

ethylene glycol, a normalized cross-sectional light attenuation of 100% is never achieved. 

Typical values are about 10%, with steady-state conditions being reached after about one 

second if volumetric flow rates of 10 ml/min and more are used (see Figure 46f). 

Consequently, mixing persistent bubbles and NPs within the entire chamber volume is less 

efficient in ethylene glycol. 

For further discussion, the diffusion coefficients of the NPs and persistent bubbles were 

calculated according to the Stokes-Einstein equation [501]. 

𝐷 = 𝑘𝐵 ∙ 𝑇6 ∙ 𝜋 ∙ 𝜂 ∙ 𝑅ℎ𝑦𝑑 (7) 
 

Here, kB represents the Boltzmann constant (1.38∙10-23 J/K), while T is the temperature and 

η the liquid's dynamic viscosity. Rhyd stands for the hydrodynamic radius of the NPs, which 

was measured by DLS (compare Figure 54c-e). Since the colloid is heated during 

LAL [214], the temperature dependency of the diffusion coefficient needs to be considered. 

For this reason, the temperature increase of the colloid produced ablation of Au in water, 

acetone, and ethylene glycol was measured at the outlet of the ablation chamber as a function 

of the ablation time. The results of these measurements are displayed in Figure 47a and b for 

volumetric flow rates of 1 ml/min and 20 ml/min. 
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Figure 47: (a,b) Colloid temperature increase as a function of ablation time for ns-LAL of Au in water, acetone, 

and ethylene glycol at volumetric flow rates of 1 and 20 ml/min. The inserts show the heating rate derived from 

the slope of the linear fit within an ablation time of 2-8 min. (c,d) Diffusion coefficients were calculated using 

the Stoke-Einstein equation by considering the average diameter of the NPs and persistent bubbles and 

temperatures of 25 °C and 35 °C.  

For a volumetric flow rate of 1 ml/min, the average heating rate is 0.9 °C/min, and the 

maximum colloid temperature is 38 °C. For a higher volumetric flow rate of 20 ml/min, the 

temperature increase is lower, resulting in a maximum colloid temperature of 29 °C. 

Additionally, the heating rates are significantly lower (0.2-0.3 °C/min), indicating that the 

faster liquid exchange reduces the heat accumulation within the colloid. Note that the 

colloids' absolute temperatures are the highest in ethylene glycol, followed by acetone and 

water. The different colloid temperatures are probably caused by the NP-induced shielding 

effects, contributing to the liquid's heating. As discussed later in more detail, these shielding 

effects are the highest in ethylene glycol (see Figure 55). 

For calculating the diffusion coefficient, an average liquid temperature of 35 °C was 

considered for a volumetric flow rate of 1 ml/min. Hence, also the liquid viscosity at this 

given temperature was used [502-504]. As displayed in Figure 47c, the diffusion coefficients 

are the highest for NPs produced in acetone (2.4±1.0∙10-10 m2/s), followed by water 

(4.7±1.1∙10-11 m2/s) and ethylene glycol (1.0±0.5∙10-12 m2/s). Since the liquid temperature 

d) c) 

b) a) 
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decreases by about 10 °C with increasing volumetric flow rate (Figure 47b), the diffusion 

coefficients are also 20-40% lower (Figure 47c). However, the general trend between the 

individual liquids remains the same.  

The diffusion coefficients for the persistent bubbles (Figure 47d) were calculated based on 

their average diameters extracted from the cross-sectional images (the individual bubble size 

characteristics are discussed in Figure 50d-f). The trends are similar to NPs with absolute 

values of 2.6±2.5∙10-14 m2/s for acetone, 3.5±2.6∙10-14 m2/s for water, and 3.6±1.9∙10-16 m2/s 

for ethylene glycol. These values are several orders lower than the diffusion coefficients 

calculated for the NPs due to the significant differences in their sizes. The low diffusibility 

in ethylene glycol is probably the reason why the persistent bubbles and NPs remain very 

close to the target surface. In contrast, smaller bubbles are found far away from the target 

surface in water and acetone. However, their origin is unsure and could be attributed to gas 

formation effects induced by post-irradiation of the NPs [278,479].  

Furthermore, when working in a liquid flow, an interface layer is formed along the target 

surface, which characteristics strongly depend on the flow-field conditions and the liquid 

viscosity [499,505]. Friction and adhesive forces between the target surface and the liquid 

layers cause the shearing of the liquid, resulting in a flow velocity gradient. Liquid layers 

close to the target surface move slower if the adhesive forces between the liquid elements 

and the bulk surface are larger than the cohesive forces between them. The interface layer 

thickness is then defined as the distance at which 99% of the main flow velocity is 

reached [499,505]. Note that the flow in the interface layer can be laminar or 

turbulent [506,507]. The type of flow can be estimated by calculating the Reynolds 

number (Re) according to equation 8 [508], which describes the ratio between inertia and 

viscous forces in the bulk-liquid system. 

𝑅𝑒 = v0 ∙ 𝑙𝑣  (8) 
 

Here, v0 represents the main flow velocity, which can be calculated by dividing the 

volumetric flow rate by the chamber's flow-cross section. Furthermore, the kinematic 

viscosity ν of the corresponding liquid and the characteristic travel distance l (the ablated 

bulk target's length was used as reference) need to be considered. The results are presented 

in Figure 48a. 
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Figure 48: (a) Calculation of the Reynolds number depending on the type of liquid and volumetric flow rate. 

(b,c) Axial Peclet number as a function of the Reynolds number calculated for NPs and persistent bubbles 

produced during ns-LAL of Au in water, acetone, and ethylene glycol. A liquid temperature of 298 K was 

considered for the calculations. (d) Corresponding Schmidt numbers.  

The lowest Re of 1 to 5 are obtained for ethylene glycol as liquid with the highest viscosity 

used in the experiments. For water, which has a 30 times lower viscosity than ethylene 

glycol, significantly larger Re in the range of 5 to 92 were calculated. For low-viscosity 

acetone, the Re is even twice as large compared to water covering values from 11 to 220. 

Considering the criterion for the transition into the turbulent regime under the assumption of 

a longitudinal flow along a bulk plate (Recrit < 5⋅105) [509], a laminar flow forms for all 

investigated liquids and flow rates, what is probably a general characteristic of liquid flow-

assisted LAL.  

Hupfeld et al. additionally calculated the Weber (We) and Capillary (Ca) number beside Re 

to account for the competition between viscous forces, surface tension, and inertia, affecting 

the dynamics of the cavitation bubble [306]. Note that the calculation of these numbers refers 

to the velocity of the fast-expanding cavitation bubble, which is about 2000 times higher 

a) b) 

d) c) 
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than the liquid flow velocity. Hence, We and Ca are of minor importance for the persistent 

bubbles and NPs under the prevailing experimental conditions. Nevertheless, the cavitation 

bubble dynamics may influence the flow characteristics during liquid flow-assisted LAL but 

is out of this study's scope. 

In the next step, the axial Peclet number (Peax) was calculated, which is defined as the ratio 

of convective to diffusive transport phenomena in axial direction according to equation 9. 

𝑃𝑒𝑎𝑥 = ℎ ∙ 𝑣0𝐷  (9) 
 

Here, h stands for the liquid layer's height, while v0 represents the velocity of the main flow 

and D the diffusion coefficient of the NPs and persistent bubbles (extracted from Figure 

47c and d). Peax was calculated for the NPs and the persistent bubbles and plotted against Re, 

as shown in Figure 48b and c. Generally, for both NPs and persistent bubbles, Peax increases 

with increasing Re, indicating a greater importance of convective transport phenomena at 

high liquid flow velocities. Within the individual liquids, the Peax are the highest for NPs 

produced in ethylene glycol ranging from 4.5±0.1·106 to 9.0±0.1·107. In water, the Peax 

values are 50 times lower compared to ethylene glycol (0.9±0.2·105 to 1.7±0.4·106), while 

in acetone, they are even 300 times lower (1.5±0.1·104 to 3±0.1·105). The same trend can be 

observed for persistent bubbles with Peax values about 1000-10000 times higher than for the 

NPs (Figure 47d). The differences in the Peax can be assigned to the different diffusion 

coefficients of the NPs and persistent bubbles in the individual liquids (compare Figure 

47c and d).  

For further evaluation, the Schmidt number (Sc) was calculated according to equation 10.  

𝑆𝑐 = 𝑣𝐷 = 𝑃𝑒𝑎𝑥𝑅𝑒  (10) 
 

The Sc is defined by the ratio of the kinematic viscosity ν of the liquid to the diffusion 

coefficient D of the NPs or persistent bubbles but can also be derived from the ratio of Peax 

to Re. The higher the Sc, the more difficult it becomes for the NPs and persistent bubbles to 

cross the interface layer. This case is particularly pronounced in ethylene glycol, where the 

Sc of NPs (1.8±0.2·107) is 2000 times higher than in water (1.8±0.4·104) and even 

14000 times higher than in acetone (1.3±0.3·103). For persistent bubbles, the trend is 

comparable, leading to the highest Sc of 5.3±0.1·1010 in ethylene glycol followed by water 

(2.5±1.9·107) and acetone (1.2±1.0·107). Accordingly, the local concentration of NPs and 

persistent bubbles should be highest near the target surface in ethylene glycol, which is 

visually confirmed by Figure 46. 
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For further discussion, the velocity of persistent bubbles formed during ns-LAL of Au in 

ethylene glycol was calculated, as illustrated in Figure 49a.  

 

Figure 49: (a) Bubble velocity near and 3 mm above the target surface as a function of the flow velocity 

calculated for persistent bubbles produced during ns-LAL of Au in ethylene glycol. (b) Schematic of the forces 

acting on persistent bubbles near the bulk surface during liquid flow conditions.  

The procedure was performed for two different types of bubbles: i) bubbles directly located 

at the target surface, and ii) bubbles located further away (≤0.3 mm) from the target surface. 

Two observations can be made: Firstly, persistent bubbles directly located at the target 

surface move slower than those located further away, consistent with the expectations from 

the flow velocity gradient. Secondly, the bubble velocity increases with increasing flow 

velocity. The increase in bubble velocity is not unexpected since the interface layer's 

thickness decreases with increasing flow velocity. Hence, higher flow velocities are already 

achieved at lower distances to the target surface [509]. Unfortunately, such calculations 

cannot be provided for persistent bubbles formed in water and acetone since the camera's 

time resolution was too low to capture the bubble movement in these liquids. However, if 

the theoretically expected flow velocity is taken into account, which can be approximated 

by a quadratic function [499], one would expect an increase in the flow velocity near the 

target surface with decreasing liquid viscosity. The increasing flow velocities not only 

promote the removal of the bubble from the target surface in low viscosity liquids but also 

lead to the highest bubble velocities in acetone, followed by water.  

Note that the persistent bubbles may partially adhere to the target surface before they are 

removed by the liquid flow [162]. Therefore, the simplified model introduced in 

chapter 4.1.1, which was used to describe the forces determining the detachment of 

persistent bubbles in a stationary liquid, needs to be extended. For this purpose, the 

additional forces acting on the bubbles in a flowing liquid in parallel and perpendicular 

b) a) 
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direction to the target surface were considered. The most important forces are displayed in 

Figure 49b and can be summarized as follows:  

i) the surface tension force Fs, which is caused by the liquid's attraction to the target 

surface, acting around the perimeter of the bubble base [510,511]. 

ii) the buoyancy force FB encompassing both gravity (Fg) and Archimedes forces 

[511-513].  

iii) the shear lift force Fsl, which lifts the bubble in the perpendicular direction to the 

target surface depending on the liquid flow velocity profile near the target surface 

[512-514].   

iv) the drag force Fd, which acts opposite to the bubbles' movement relative to the 

liquid's flow velocity [515].  

These forces can be summarized in the form of a force balance (equation 11) defining the 

bubbles' detachment from the target surface and their movement in the liquid.   𝐹𝑏 + 𝐹𝑠𝑙 + 𝐹𝑑 − 𝐹𝑠 − 𝐹𝑔 = 0 (11)  

When the forces that hold the bubble at the target surface (negative sign) are 

overcompensated by the forces that pull the bubble away from the target surface (positive 

sign), the bubble detaches and is carried away with the flow. In this context, the surface 

tension force is the most important force that prevents the bubble from detachment. Its value 

increases with increasing bubble contact diameter and further depends on the bubble 

wettability. In water (σl = 0.073 N/m at 293 K [464]), the hydrophobic [422] gold target 

surface is more aerophilic than in ethylene glycol (σl = 0.048 N/m at 293 K [464]) and 

acetone (σl = 0.023 N/m at 293 K [464]) due to the higher surface tension of the 

corresponding liquids [133]. Consequently, the bubble wettability and capturing ability on 

the target surface are the highest in water, followed by ethylene glycol and acetone.  

When the bubbles reach a critical size and the flow velocity is high enough, the drag force 

and buoyancy force overcompensate the surface tension force, and the bubbles detach. This 

case is especially pronounced for large bubbles consisting of high-density gases formed in 

low-density liquids. Note that the drag force's direction is reversed after the bubble's 

detachment since then the bubble velocity is higher than the flow velocity (Figure 49a). 

Interestingly, most bubbles, particularly in ethylene glycol, are located near the target 

surface, indicating that the liquid flow velocity is too low to lift the bubbles perpendicular 

to the target surface. As a result, the bubbles accumulate at the target surface and slowly 

slide along it. 
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Bubble size characteristics and shielding capacity 

In the next step, the bubble size characteristics are discussed in more detail. Figure 50a-c 

shows exemplary picture series of the formation of persistent bubbles in all three liquids 

taken at volumetric flow rates of 1, 10, and 20 ml/min. 

 
Figure 50: (a-c) Exemplary picture series taken after 10 seconds demonstrating the distribution of persistent 

bubbles in water, acetone, and ethylene glycol at volumetric flow rates of 1, 10, and 20 ml/min. 

(d-f) Corresponding average bubble diameter, cross-sectional area, and volume depending on the volumetric 

flow rate.  

The pictures were taken after ablation times of ten seconds to ensure steady-state conditions. 

Note that for better visualization of the recordings, uniform mean grey values were used for 

all pictures. As evident in the picture series, the persistent bubbles' average size varies from 

liquid to liquid. At a volumetric flow rate of 1 ml/min, the average bubble 

diameter (Figure 50d) is the smallest in water (28±20 µm). In contrast, larger bubbles were 

found in acetone (52±58 µm) and ethylene glycol (57±43 µm). Consequently, the cross-

f) e) d) 

c) 

b) 

a) 
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sectional areas and volumes of persistent bubbles formed in acetone and ethylene glycol are 

also larger than in water (Figure 50e and f).  

The persistent bubbles' size seems to be unaffected by the applied volumetric flow rate in 

water and acetone. In contrast, the bubble size in ethylene glycol increases significantly at 

the transition from 5 to 10 ml/min. A further increase in the volumetric flow rate does not 

affect the bubble size any further. This behavior can be attributed to a combined process of 

bubble detachment and the formation of new persistent bubbles. At the transition point, new 

persistent bubbles are generated faster than they can be removed. Consequently, the 

probability of interaction and coalescence between them increases. In low-viscosity liquids, 

persistent bubbles are removed faster than new ones are produced so that the final bubble 

size is less affected by coalescence effects.  

In the following, the cross-sectional area for all persistent bubbles was calculated using the 

procedure described in chapter 4.1.1. The results are displayed in Figure 51a.  

 

Figure 51: (a) Total cross-sectional area of all persistent bubbles produced during ns-LAL of Au in water, 

acetone, and ethylene glycol as a function of the volumetric flow rate. The percent of liquid cross-section is 

plotted on the right y-axis. (b) Exemplary target occupancy profile along the target surface for persistent 

bubbles produced in acetone at a volumetric flow rate of 1 ml/min. (c) Percentage of persistent bubbles 

occupying the target surface in the different liquids as a function of the volumetric flow rate. (d) Gas volume 

formation rates in cm3 and mmol (assuming an ideal gas with 22.4 l/mol) per hour as a function of the 

volumetric flow rate.  

a) b) 

d) c) 
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With an average value of 0.15 mm2, the cross-sectional area of the bubbles in water remains 

almost constant over the entire volumetric flow rate regime. In acetone, the bubbles' cross-

sectional area increases to 0.34±0.06 mm2, while in ethylene glycol, a value of 

0.34±0.06 mm2 was found at a maximum volumetric flow rate of 20 ml/min. Consequently, 

5% of the liquid-cross section is shielded by persistent bubbles produced during ablation in 

water. In contrast, this value increases to 8% in acetone and 10% in ethylene glycol.  

Since most persistent bubbles are located near the target surface, the determination of the 

bubble-induced shielding effect, considering the liquid cross-section, is subject to great 

inaccuracy. Therefore, the fraction of bubbles occupying the target surface was calculated. 

By measuring the gray value along a defined area above the target surface, the target surface 

occupation profile was determined (Figure 51b). A value of 0% corresponds to the blank 

target surface without persistent bubbles, while higher values indicate that persistent bubbles 

are present on the target surface. This way, it is possible to estimate the percentage of the 

target area occupied with bubbles (Figure 51c). The target surface occupation is lowest in 

water (10-20%) and increases in acetone (40-50%) and ethylene glycol (80%). As a result, 

more target surface is available for ablation in water than in acetone and ethylene glycol so 

that the highest NP productivity would be expected in water. 

The camera setup's low temporal and lateral resolution made it difficult to visualize and 

quantify all persistent bubbles. Therefore, the total gas volume formation rate was 

determined quantitatively by applying the liquid displacement method described in the 

experimental section. The results obtained after ten minutes of ablation were extrapolated to 

one hour, as displayed in Figure 51d. For all liquids, the gas volume formation rate increases 

steadily with increasing volumetric flow rate. In water, the gas volume formation rates range 

from 1.2±0.1 to 3.2±0.2 cm³/h and increase by a factor of 20 in acetone (19.2±1.0 to 

62.4±3.1 cm3/h) and ethylene glycol (24.0±1.2 to 64.0±3.2 cm3/h). The same trend can be 

observed for the molar gas formation rates, calculated by dividing the gas volume formation 

rates by the molar volume (22.414 L/mol), assuming an ideal gas. The molar gas formation 

rates are lowest in water ranging from 0.05±0.01 to 0.14±0.01 mmol/h and increase in 

acetone (0.86±0.04 to 2.78±0.14 mmol/h) and ethylene glycol (1.07±0.05 to 

2.85±0.14 mmol/h). In summary, the ablation in acetone and ethylene glycol leads to the 

formation of significantly larger amounts of gases than in water, indicating that these liquids 

are more easily decomposed. 

 



Results and Discussion 

111 

Correlation of the mass ablation rate with the shielding effects induced by the persistent 

bubbles and nanoparticles 

At this point, the question arises how the mass ablation rate is influenced by the formation 

of persistent bubbles and NPs depending on the liquids and volumetric flow rates. For this 

purpose, the NP productivity was determined, summarized for each liquid and volumetric 

flow rate in Figure 52a.  

    

 

Figure 52: (a,b) (Specific) NP productivity depending on the volumetric flow rate and NP mass concentration 

for ns-LAL of Au in water, acetone, and ethylene glycol.  

The results demonstrate the highest NP productivities for ns-LAL of Au in water, followed 

by ethylene glycol and acetone. Moreover, the NP productivity increases with increasing 

volumetric flow rate. This way, NP productivity ranges from 36±2 to 74±4 mg/h in water, 

whereas in acetone, it decreases by about 10% (30±2 to 61±3 mg/h). The NP productivities 

obtained in ethylene glycol range from 33±2 to 71±4 mg/h, laying between water and 

acetone. By dividing the NP productivity by the laser power, the specific NP productivity 

was calculated, resulting in values of 7.6±0.4 to 15.7±0.8 mg/(W∙h) in water, 6.3±0.42 to 

12.9±0.6 mg/(W∙h) in acetone, and 7.0±0.4 to 15.0±0.8 mg/(W∙h) in ethylene glycol. For ns-

LAL of Au in water, Kohsakowski et al. found a specific NP productivity of 

18 mg/(W∙h) [516], which is in good agreement with the values found in this study. 

However, note that they used 25 times more laser power, while the NP mass concentration 

was three times higher than in the present study. Therefore, their productivity data may not 

represent the upper limit of what would be possible if higher dilution rates (resulting in lower 

NP shielding effects) were used.  

Different productivity trends were reported for laser ablation in acetone in literature. While 

Bärsch et al. found higher ablation efficiencies in acetone than in water [89], the opposite 

trend was observed in other studies [80,152,425]. In contrast, low (specific) 

NP productivities were typically obtained for ns-LAL in ethylene glycol, explained by 

a) b) 
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viscosity effects [162,309]. However, most of these studies were performed in (typically 

horizontally orientated) batch chambers without liquid flow. Therefore, shielding effects 

induced by persistent bubbles and NPs could have affected the ablation results. It should be 

noted that shielding effects cannot be completely avoided even when using a liquid flow, as 

the ablation profile analysis in Figure 53 illustrates.  

 

 

Figure 53: Confocal 3D microscopy image of the ablation pattern obtained after ns-LAL of Au in water at a 

volumetric flow rate of 10 ml/min.  

The ablation pattern analysis demonstrates that the target front (near the chamber inlet) is 

ablated more efficiently than the target end. The differences in local ablation efficiencies can 

be explained by concentration gradients built up by NPs and persistent bubbles along the 

target surface in the liquid flow direction. 

For further discussion, the NP productivity was plotted against the NP mass concentration 

to account for the NP-induced shielding effect (Figure 52b). The overall trend can be 

described by an exponential fit leading to the lowest NP productivities at the highest 

NP mass concentrations. The higher the volumetric flow rates, the higher the dilution rates. 

Consequently, the NP mass concentration decreases, and the NP productivity increases. It is 

worth mentioning that the NP productivity is highest in water, although the NP mass 

concentration (62±3 to 598±30 mg/l) is higher than in acetone (58±3 to 550±27 mg/l) and 

ethylene glycol (58±3 to 550±27 mg/l). At first view, this trends is unexpected since one 

would assume the highest NP productivity at the lowest NP mass concentration. However, 

two points need to be considered: Firstly, the bubble shielding is the lowest in water 

(Figure 51). Secondly, the colloidal system's shielding capacity depends on the size 
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characteristics of the NPs [162]. Information about the NP size and the agglomeration states 

can be extracted from the colloids' UV-Vis spectra (Figure 54a).  

 

Figure 54: (a) Exemplary UV-Vis spectra of colloids produced by ns-LAL of Au in water, acetone, and 

ethylene glycol (EG) at a volumetric flow rate of 5 ml/min. The UV-Vis spectra are normalized on the interband 

absorption of Au at 380 nm. (b) Primary particle index calculated by E380nm/E800nm (c-e) Number-weighted 

hydrodynamic diameter of Au NPs produced by ablation in water, acetone, and ethylene glycol at a volumetric 

flow rate of 20 ml/min. The size measurements were performed using dynamic light scattering.  

Generally, the surface plasmon resonance (SPR) of Au NPs results in a strong absorbance 

band in the visible region around 500-600 nm [517]. The SPR band is shifted to longer 

wavelengths when the size of Au NPs increases [517]. Furthermore, agglomeration of 

Au NPs leads to a redshift of the SPR band accompanied by a broadening of the absorption 

peak [518,519]. Compared to Au NPs formed in water and acetone, for which the SPR band 

is located around 520 nm, the SPR band of Au NPs produced in ethylene glycol is broader 

and shifted to longer wavelengths at 570 nm. From this, it can be concluded that Au NPs 

produced in ethylene glycol are either larger or more agglomerated than in water and 

acetone. 

e) d) c) 

b) a) 
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For further evaluation, the primary particle index (PPI) was calculated (Figure 54b). The PPI 

is defined as the ratio of the interband absorption at a wavelength of 380 nm to the scattering 

signal of aggregates, agglomerates, and larger particles at a wavelength of 800 nm [402]. 

This way, it is possible to estimate the degree of agglomeration of the Au NPs if imaging 

techniques such as TEM are included. A PPI of 1 was calculated for Au NPs formed in 

ethylene glycol, while for Au NPs produced in water and acetone, significantly higher PPIs 

of 7 and 15 were found. TEM measurements have shown that ns-LAL of Au in water and 

acetone leads to NPs with primary particle diameters around 10 nm [162,520], which is in 

good agreement with the hydrodynamic diameter determined by DLS in the present 

study (Figure 54c-e). For ethylene glycol, TEM measurements yielded primary particle 

diameters of about 10 nm as well [162], while in this study, hydrodynamic diameters of 

about 35 nm were measured by DLS. Combining the particle sizes from TEM and DLS with 

the PPI, it can be concluded that Au NPs tend to agglomerate in ethylene glycol, whereas 

they are more monodisperse in acetone and water.  

The high agglomeration propensity in ethylene glycol is unexpected from the first point of 

view since a lower particle mobility should enhance the colloidal particle stability [521]. 

However, this only applies if the NPs are evenly dispersed in the liquid. As mentioned above, 

the mixing of NPs in ethylene glycol is less effective than in water and acetone due to the 

slower flow velocities in the interface layer near the target surface and low NP diffusion 

coefficients. Consequently, the NPs are more concentrated towards the target surface (as 

deduced from Figure 46c and Figure 50d), which may increase the propensity of the NPs to 

agglomerate.  

Since scattering effects become more important as the colloidal stability decreases [92], the 

formation of agglomerates may also increase the colloid-induced shielding effect. To verify 

this assumption, the fraction of the laser fluence shielded by the colloids was measured (see 

appendix Figure 79a-c). This procedure allows the calculation of the laser fluence available 

for target ablation, as shown in Figure 55. Considering the attenuation of the laser intensity 

in the liquid and the laser light extinction by the colloid, the effective laser fluence available 

for target ablation is higher in water and acetone than in ethylene glycol. The effective laser 

fluence decreases steadily from 24.2 to 17.1 J/cm2 in acetone and from 23.1 to 11.7 J/cm2 in 

water. In contrast, it decreases exponentially from 23.4 to 4.5 J/cm2 in ethylene glycol, 

indicating that the contribution of agglomeration to colloid-induced shielding strongly 

increases with increasing NP mass concentration and liquid viscosity. Overall, up to 81% of 
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the laser fluence is shielded by the colloids in ethylene glycol, whereas it is 29% in acetone 

and 49% in water. 

 
Figure 55: Effective laser fluence available for target ablation as a function of the NP mass concentration.  

Summarizing the shielding effects induced by the persistent bubbles and NPs, one would 

expect the highest mass ablation rates for ns-LAL of Au in water, followed by acetone and 

ethylene glycol. Although the expectations for water can be confirmed, the trend for acetone 

and ethylene glycol is contradictory. Kanitz et al. stated that the ablation process alters at a 

stage after energy deposition [152]. They found that the ablation efficiency strongly 

correlates with the light intensity emitted by the plasma formed during the first few 

nanoseconds after a 35 fs laser pulse. Consequently, the highest ablation efficiencies were 

achieved in those liquids where the formed plasma had the strongest light intensity (water 

followed by acetone and toluene; ethylene glycol was not investigated). Choi et al. suggested 

that solvents with a low specific heat cool the plasma more effectively, affecting the 

formation of metastable nanomaterials and perhaps also the ablation yield [522]. Taking into 

account the specific heats of water (4.18 J/(g∙K)), acetone (2.16 J/(g∙K)), and ethylene glycol 

(2.5 J/(g∙K)) [500], their order would fit the trend in NP productivity. However, before an 

exact statement can be made about the liquid's influence on the cooling of the plasma, further 

experiments and modeling are necessary. Furthermore, the liquid's chemical reactivity 

during (the early phase) of LAL could be important, as discussed in the next section. 

Correlation of the NP-induced shielding effects and the mass ablation rate with the gas 

formation efficiency 

In the last section of this work, the gas formation pathway is discussed by linking the laser 

power used for ablation, the NP-induced shielding effects, and the gas formation and mass 

ablation rates to each other. For this purpose, the total specific gas volume was first 
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calculated by dividing the gas volume formation rate by the NP productivity and the total 

applied laser power, as shown in Figure 56a.  

 

Figure 56: Specific gas volume for ns-LAL of Au in water, acetone, and ethylene glycol (EG) depending on 

the NP mass concentration: (a) normalized to the total applied laser power and (b) normalized to the laser 

power available for bulk ablation. (c) Molar ratio of the amount of formed gas to the amount of ablated mol at 

a nanoparticle mass concentration of 200 mg/l.  

The results indicate that the total specific gas volume is slightly higher at low nanoparticle 

mass concentrations below 200 mg/l. In water, total specific gas volumes of 

0.01 cm3/(mg·W) were obtained, while in acetone and ethylene glycol, 20 times higher 

values were found (~0.2 cm3/(mg·W)). With increasing nanoparticle mass concentration, the 

total specific gas volume decreases by 40-50%, reaching values of 0.005 cm3/(mg·W) in 

water and ~0.15 cm3/(mg·W) in acetone and ethylene glycol.  

Note that the NPs shield the target from the incoming laser beam depending on their 

concentration in the liquid, thus reducing the laser fluence available for target 

ablation (compare Figure 55), which was not included in the calculations so far. Therefore, 

the NP productivity was correlated with the gas volume formations rates and the effective 

laser power available for target ablation, resulting in the specific gas volume (Figure 56b). 

The specific gas volumes are highest at the lowest NP mass concentrations, leading to values 

of 0.15±0.02 cm3/(mg∙W) in water, 0.22±0.02 cm3/(mg∙W) in acetone, and 

0.69±0.07 cm3/(mg∙W) in ethylene glycol. With increasing NP mass concentration, the 

specific gas volume decreases and shows a threshold-like behavior at NP mass 

concentrations around 200 mg/l. Above this threshold, the specific gas volume does not 

decrease as quickly as before. These findings are consistent with the results of chapter 4.1.2, 

where it was shown that above a specific NP mass concentration, the gas formation process 

is dominated by post-irradiation of NPs and the formation of nanobubbles while the bulk-

related specific gas volume remains rather constant. Consequently, gas formation cross-

effects induced by post-irradiation of NPs are also present under liquid flow conditions when 

high NP mass concentrations >200 mg/l are reached.   

b) c) a) 
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The specific gas volumes depend not only on the NP mass concentration but also on the type 

of liquid. To further emphasize this dependence, the molar gas volume formation rates were 

correlated with the molar NP productivity, as shown in Figure 56c, exemplarily for an NP 

mass concentration of 200 mg/l. It is evident that the gas formation process is 30 times more 

efficient in acetone and ethylene glycol than water. In a first approach, the differences in the 

gas formation efficiencies can be explained by considering the molecular bonds in the vapor 

phase, which are weaker for acetone and ethylene glycol than water. The decomposition of 

acetone proceeds by a unimolecular reaction and leads to methane and acetyl radicals, which 

recombine and decompose further to gas products like molecular hydrogen, methane, ethane, 

or carbon monoxide and dioxide [523-525]. The most important step is breaking the C-C 

bond (3.6 eV), which is significantly weaker than the O-H bond in water vapor (4.8 eV) 

[284]. Ethylene glycol behaves similarly, supported by the gas formation efficiencies, which 

are in the same order of magnitude as acetone. 

The proposed decomposition pathways are thermally, electron-, or photon-induced reactions 

triggered by the liquid's interaction with the laser-induced plasma [148]. However, chemical 

reactions between the target material and the liquid molecules may also be important for the 

decomposition of the liquid [288,497]. For ns-ablation of Au in ethylene glycol, the 

formation of persistent bubbles, consisting of molecular hydrogen and carbon monoxide as 

main decomposition products besides smaller amounts of carbon dioxide, methane, 

acetylene, ethylene, and ethane was confirmed by gas chromatographic measurements (see 

chapter 4.1.1). Evangelista et al. also reported the formation of these gas products when 

heating ethylene glycol in a metal tube to ~1400 K. They suggested that ethylene glycol is 

catalytically decomposed when the metal tube is coated with a catalytic material such as 

platinum [457]. Since gold is known for its catalytic properties [35,36], the decomposition 

of ethylene glycol (and acetone) during ns-LAL of Au may also have been caused by a 

catalytic process. Such reaction occurs most likely within the supercritical metal-liquid 

mixing region formed in the initial phase of LAL and should be further investigated in future 

experiments by varying the target material and liquid type.  

Conclusion 

Commonly, batch conditions are used for lab-scale LAL processing. However, depending 

on the ablation time and the liquid's viscosity, shielding effects induced by NPs and 

persistent bubbles increase steadily over time, leading to cross-effects that make 

fundamental investigations difficult. By performing ns-LAL of Au in liquids of different 

viscosities (water, acetone, and ethylene glycol) and applying a liquid flow above the target 
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surface, it was shown that the complexity of the time-dependent shielding effects can be 

significantly reduced, resulting in a steady-state with fixed individual contributions after 

0.5 to 4 seconds.  

It was demonstrated that shielding effects strongly depend on the liquid's viscosity and the 

interface layer that forms along the target surface under liquid flow conditions. By 

calculating dimensionless quantities (i.e., Reynolds, axial Peclet, and Schmidt number), it 

was shown that the flow in the interface layer is laminar and that the viscosity of the liquid 

controls the diffusion of NPs and persistent bubbles within this interface layer when low 

volumetric flow rates ≤20 ml/min are used.  

Linked with the highest gas volume formation rates of up to 60 cm3/h, it was demonstrated 

that the bubble population is the highest near the target surface in ethylene glycol, shielding 

up to 80% of the target surface. For ns-ablation in water, the gas volume formation rates are 

20 times lower. Accompanied by a lower diffusion-limitation, bubbles shield 15-20% of the 

target surface. Acetone represents a border case. Here, the gas volume formation rates are 

comparable to ethylene glycol, but the diffusion-limitation is the lowest. Consequently, the 

bubble shielding (40-50%) lies between water and ethylene glycol. 

Due to the low diffusivity in ethylene glycol, it is also more difficult for the NPs to cross the 

interface layer. Hence, high NP concentration gradients are built up close to the target 

surface, promoting the agglomeration of the NPs. Linked with the stability of the NPs and 

the formation of agglomerates, the colloid-induced shielding effects are the highest in 

ethylene glycol. As a result, the effective laser fluence available for bulk ablation decreases 

by 81%, compared to 50% in water and 30% in acetone, where lower agglomeration degrees 

were observed. Accordingly, low viscosity liquids with low gas formation rates are 

recommended in combination with high flow rates to achieve maximum productivity with 

the highest NP quality. 

Nevertheless, the clear solvent-molecular reason for the NP productivity differences within 

the individual liquids remains unclear. It was shown that during ns-LAL of Au in acetone 

and ethylene glycol, 30 times more gas is produced per ablated amount of substance, 

indicating the importance of chemical reactions for the ablation yield during the early phase 

of LAL. Analyzing the plasma characteristics and performing downstream gas 

chromatography analysis could help clarify the underlying mechanism.   
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4.2  LAL of redox-active materials in water applying multi-pulse and 

single pulse conditions 

The main objective of this chapter is to study the redox chemistry between the ablated bulk 

target, the formed NPs, and the liquid. For this purpose, a series of bulk materials 

characterized by different redox activities was ablated in water. In the first part of this 

chapter, the experiments were performed by applying laser pulses in the kHz range, while in 

the second part, single laser pulses were used. In this way, conclusions are drawn about the 

pathway, time, and place of water decomposition. Furthermore, the consequences for the 

ablation efficiency and the properties of the NPs are discussed.  

4.2.1  Determinating the role of redox-active materials during laser-induced water  

 decomposition 

Mark-Robert Kalus, Riskyanti Lanyumba, Nerea Lorenzo-Parodi, Maik A. Jochmann, 

Klaus Kerpen, Ulrich Hagemann, Torsten C. Schmidt, Stephan Barcikowski, and 

Bilal Gökce 

Published in: “Determining the role of redox-active materials during laser-induced water 

decomposition, Physical Chemistry Chemical Physics, 2019, 21, 18636-18651“ and 

“Correction, Physical Chemistry Chemical Physics, 2019, 21, 24239.” 

Abstract 

Laser ablation in liquids (LAL) produces nanomaterials with unique compositions ruled by 

chemical reactions with the liquid on different timescales. Identifying these chemical 

reactions and their time and place is of utmost importance to improve the ablations process 

regarding its efficiency and generate NPs with optimized properties.  

In this study, we demonstrate that redox reactions control the decomposition of water and 

the oxidation of NPs. By ablating seven different bulk materials (Au, Pt, Ag, Cu, Fe, Ti, and 

Al) in water, it is shown that more hydrogen gas is produced with increasing oxidation 

sensitivity of the ablated metals, resulting in gas formations rates of up to 390 cm3/h. The 

formation of these gases significantly shields the laser beam, leading to the lowest NP 

productivity for the ablation of Al. Furthermore, it is shown that hydrogen peroxide is 

formed during LAL, with Pt being the best catalyst for this reaction. The degree of NP 

surface oxidation is thus not only caused by redox reactions with water or dissolved oxygen 

species but also to a significant extent by the catalytic formation of hydrogen peroxide as for 

the first time evidenced in this work. 
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Introduction 

Designing new nanomaterials and making them accessible for applications such as catalysis 

[431,432], biomedicine [433,434], or optics [429,430] is an important task for every 

scientist. In this context, understanding how to control the properties of the nanomaterial 

that determine their functionality is one of the greatest challenges’ scientists are facing today.  

Nanomaterials can be synthesized by the wet-chemical route, in which additives are added 

to the solution of metals salts and reducing agents to control the NP growth [437,439]. 

However, ligand-coated surfaces are typically obtained after the synthesis, adversely 

affecting the surface-chemical activity of the NPs [439]. In this context, laser ablation in 

liquids (LAL) represents a promising alternative [76]. This method is scalable [116,117] and 

cost-effective [115], enabling the production of a wide range of different nanomaterials such 

as metals [77,79,80], alloys [442,443] or oxides [81,82] with high purity [88] on the gram-

scale [116,117]. Hence, laser-generated nanomaterials have attracted lots of interest and are 

used in applications such as biomedicine [109,442], catalysis [98,99,474-476], and 

3D printing [112,113]. 

LAL can be performed in water or organic liquids such as alkanes [90], alcohols [492], 

ketones [91], or even oils [521], leading to NPs with different compositions. For example, 

the formation of carbon nitrides was observed for LAL of carbon in ammonia, whereas 

graphitic shells around the NPs were often found after ablation in acetone [120,122]. 

Similarly, Choi et al. showed that during ablation in acetonitrile C and N atoms from the 

solvent are converted into an N-doped graphitic shell solidified around the NPs [365]. In 

contrast, ablation in water results in the oxidation of the NPs. As a rule of thumb, it is 

typically assumed that the extent of oxidation depends on the type and concentration of 

reactive oxygen species and increases with decreasing redox potential of the target 

material [98]. Accordingly, different surface oxidation degrees of 5-12% for Au NPs 

[379,380], 20-73% for Pt NPs [77,78,116], 71% for Pd NPs [342], 80-84% for Ag NPs 

[209], and 100% for Ni NPs [116] were experimentally measured.  

However, determining the time and place of these redox reactions and the type and 

concentration of reactive oxygen species remains a challenge. Lam et al. found for ns-

ablation of Al2O3 in water that Al and AlO species form after 100 ns. By carefully evaluating 

their density ratio, they concluded that after 2 µs, almost all Al atoms were oxidized, 

indicating that the ablated target material reacts with the liquid already on a very early 

timescale during LAL [81]. Conversely, Reich et al. found that the oxidation of Zn starts 

only after 20 ms, revealing that redox reactions also occur on a later timescale in the liquid 
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after the cavitation bubble collapse [135,378]. In this context, reactive oxygen species, such 

as dissolved oxygen, may lead to post-delayed oxidation of the NPs, as demonstrated by 

Marzun et al., who found less-oxidized Cu NPs in oxygen-free water [395]. Besides, 

hydrogen peroxide may form during LAL, as has already been demonstrated for laser 

fragmentation in liquids (LFL) [145-147,281]. Kumar et al. detected H and OH emission 

bands by plasma emission spectroscopy during ns-ablation of Ti in water [210], making 

hydrogen peroxide formation by laser-induced water dissociation likely. Nevertheless, direct 

experimental evidence for the formation of this highly reactive oxygen species during LAL 

has not yet been provided.   

Furthermore, permanent gases are formed during LAL providing a fingerprint of the 

underlying processes. Escobar-Alarcóna et al. found that molecular hydrogen and oxygen 

are produced during ns-ablation of Mg, Al, and Al-Mg alloys in water [288]. The formation 

of these permanent gases was also reported for ns-ablation of Au in water [162]. 

Nevertheless, it is unclear whether plasma-induced water dissociation or redox reactions 

between ablated matter and water molecules drive these permanent gases' formation. A 

correlation between the gas formation rates and the target materials' redox potential could 

help disentangle the underlying gas formation processes and clarify the mechanistic cascade 

of redox reactions but has not yet been performed. Such a correlation could also help explain 

the different material-specific ablation trends observed for ablation in water. Streubel et al. 

have shown that the NP productivity decreases in the series from Pt, Au, Ag, Al, Cu, and Ti 

for ps-LAL [116,117]. However, a precise explanation for this trend is still an open question 

but could be closely related to shielding effects induced by permanent gases (i.e., persistent 

bubbles). Although the general concepts of the negative impact of shielding phenomena on 

NP productivity have already been reported [162,479], a well-founded material study is still 

missing in the LAL community. 

This study is dedicated to ns-LAL of seven different redox-active materials (Au, Pt, Ag, Cu, 

Fe, Ti, and Al) in water to shed light on these evident knowledge gaps. The gas formation 

process was visualized and quantified using videography and the water displacement 

method. Furthermore, the gas composition was analyzed by gas chromatography. All 

experiments were performed in a liquid flow setup in order to reduce post-irradiation effects. 

Additionally, the hydrogen peroxide concentration was measured using the established DMP 

(2,9-dimethyl-1,10-phenanthroline) method [526,527]. The synthesized NPs were 

characterized by UV-Vis spectroscopy. X-ray photoelectron spectroscopy (XPS) was 

performed to determine the NP surface oxidation degree. The results were carefully 
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evaluated and correlated with the redox potential of the metals. This study's main objective 

was to gain a deeper understanding of the redox chemistry during LAL and explain the 

material-specific productivity trends, the decomposition of water, and the oxidation of NPs. 

Experimental section 

Materials 

All studies were performed in deionized Milli-Q water (18.2 MΩ∙ cm at 25 °C) using gold 

(99.99%, 10 x 10 x 1 mm, Allgemeine Gold), platinum (99.99%, 10 x 10 x 1 mm, Alfa 

Aesar), silver (99.99%, 10 x 10 x 1 mm GoodFellow), copper (99.99%, 10 x 10 x 0.5 mm, 

GoodFellow), iron (99.98%, 10 x 10 x 0.2 mm, GoodFellow), titanium (99.96%, 

10 x 10 x 0.2 mm, GoodFellow), and aluminium (99.0%, 10 x 10 x 1 mm, GoodFellow) 

substrates for ablation.  

The quantification of hydrogen peroxide was carried out using 2,9-dimethyl-1,10-

phenanthroline (DMP) purchased from Sigma Aldrich and dissolved in ethanol (99.9%, 

VWR Prolabo). Copper(II) sulfate pentahydrate (CuSO4∙5H2O, 99.99%, AppliChem) was 

used as oxidizing agent. Furthermore, disodium phosphate (Na2HPO4, ≥99.5%, Sigma 

Aldrich) and sodium dihydrogen phosphate (NaH2PO4, ≥99.0%, Sigma Aldrich) were used 

to prepare a buffer solution for pH adjustment. Hydrogen peroxide (30wt%) was used for 

calibration and purchased from AppliChem.  

Methods 

Laser ablation in liquids and quantification of the gas volume 

Laser ablation was performed with an Nd:YAG laser (IS400-1 L, Edgewave GmbH) at a 

pulse duration of 10 ns, a wavelength of 1064 nm, a repetition rate of 10 kHz, and a pulse 

energy of 8 mJ. The laser beam was focused on the target through an F-Theta lens with a 

focal length of 100 mm. The average spot diameter in ambient air was 60±4 µm 

corresponding to a laser fluence of 283 J/cm2. A galvanometric scanner (SCANcube10, 

Scanlab) was used for maximal target utilization. The laser beam was guided over the target 

surface with a scanning speed of 4 m/s according to a spiral pattern with an internal diameter 

of 6 mm. LAL was performed in a liquid flow chamber (2 x 2 x 0.6 cm) over an ablation 

time of 10 minutes at a volumetric flow rate of 300 ml/min. A schematic of the experimental 

setup is shown in Figure 57. 
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Figure 57: Experimental setup illustrating the individual work steps from LAL to post-processing of the 

colloids and gases. Reproduced from [497] with permission from the PCCP Owner Societies 

The ablated mass was determined gravimetrically by weighing the target with a 

microbalance (Pesa Waagen GmbH) before and after ablation. Additionally, the pH value of 

the colloids was measured using a pH electrode (PCE-PHD 1, PCE Instruments).  

The water displacement method was used to quantify the gas volume. A tube was 

hermetically connected to the outlet of the liquid flow chamber and guided in a graduated 

pipette filled with water. The tip of the graduated pipette was cut and sealed with a septum. 

The gases formed during laser ablation were continuously pumped through the connecting 

tube and transported into the graduated pipette, which resulted in the displacement of water.  

The amount of gas formed during LAL was derived from the amount of displaced water. 

Afterward, the gas was transferred via the septum into a syringe (Hamilton) and analyzed by 

gas chromatography. 

Imaging of the bubbles 

A videography system was used to record the bubble formation, as described in 

chapter 4.1.1. The shutter time of the camera (acA1600-60gm, Basler AG) was 10 ms, with 

an image being taken every 100 ms. In contrast to the LAL experiments, bubble imaging 
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was performed at an Nd:YAG laser (SpitLight DPSS250-100, InnoLas Laser GmbH), 

working with a pulse duration of 11 ns, a wavelength of 1064 nm, a repetition rate of 1 Hz, 

and a pulse energy of 10 mJ. A liquid flow chamber (2 x 2 x 0.6 cm) with integrated side-

observation windows was used for ablation, while a convex lens with a focal length of 

10 mm was used to focus the laser beam on the target substrate. 

Quantification of gas composition 

The composition of the gases generated during LAL was quantified by gas chromatography 

(GC). For this purpose, a gas chromatograph from Shimadzu (GC-2014) was used, equipped 

with an analytical line consisting of a split/splitless injection port and a thermal conductivity 

detector. GC of molecular hydrogen and oxygen was performed using a 50 m molecular 

sieve column (CP-Molsieve 5A, Agilent) with a diameter of 0.32 mm and a film thickness 

of 30 mm. Argon 5.0 from Air Liquide (Krefeld, Germany) was used as carrier gas.  

Gas sample volumes of 200 µl were manually injected with a 500 µl syringe (Hamilton, 

Bonaduz, Switzerland) at a temperature of 250 °C. The oven temperature was set to 40 °C 

and ramped to 90 °C at a heating rate of 10 °C/min. The column flow was 2.35 ml/min at a 

split ratio of 20. The thermal conductivity detector was working at a temperature of 100 °C, 

a current of 75 mA, and a sampling rate of 200 ms.  

The quantification of the gas composition was performed using different gas mixtures 

consisting of 0.01, 0.5, 5, and 100 mol% hydrogen, 20, 78, 95, and 100 mol% nitrogen, and 

0.01, 21, and 100 mol% oxygen. These were calibrated using the intensity at the peak 

maximum. Pure hydrogen was produced with a Hydrogen Generator (F-DGSi – Model WM-

H2, BGB Analytik), while the other gas mixtures were purchased from Air Liquide (Krefeld, 

Germany). The limit of quantification (LOQ) for the analyte gases was 0.1%. Data were 

acquired by the GC solution software (Shimadzu) and further processed by OriginPro 

(version 2018b). 

Quantification of hydrogen peroxide 

The concentration of hydrogen peroxide was determined spectrophotometrically using the 

DMP method [526,527]. This method exploits the reduction of copper(II) ions to copper(I) 

ions by hydrogen peroxide in the presence of 2,9-dimethyl-1,10-phenanthroline (DMP) 

according to the following reaction: 2𝐶𝑢2+ + 4𝐷𝑀𝑃 + 𝐻2𝑂2 → 2𝐶𝑢(𝐷𝑀𝑃)2+ + 𝑂2 + 2𝐻+ 

Cu(DMP)2
+ represents a bright yellow complex, which absorbs visible light at a wavelength 

of 454 nm. 
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For the general procedure, 1 g of DMP was dissolved in 100 ml ethanol. The DMP stock 

solution was stored in a brown bottle at a temperature of 4 °C in the fridge. Furthermore, a 

CuSO4∙5H2O solution was prepared in ultrapure water with a concentration of 0.01 M. Since 

the DMP method is sensitive to the pH value, a phosphate buffer solution was prepared from 

Na2HPO4 and NaH2PO4 with a concentration of 0.1 M. The pH value was adjusted to 7 with 

1 N H2SO4. 

For the measurement of hydrogen peroxide, 1 ml of the DMP solution, 1 ml of the 

CuSO4∙5H2O solution, 1 ml of the phosphate buffer solution, and 1 ml of the sample 

containing hydrogen peroxide were filled in a 10 ml volumetric flask, mixed, and filled up 

to 10 ml with ultrapure water. For the calibration, hydrogen peroxide was diluted in 

concentrations ranging from 1 up to 200 mM with ultrapure water as the blank. 

Subsequently, the sample's extinction at a wavelength of 454 nm (see appendix Figure 80a) 

was measured using UV-Vis spectroscopy (Thermo Scientific, Evolution 201). A calibration 

curve was obtained by plotting the extinction difference between the investigated sample at 

a defined hydrogen peroxide concentration and the blank sample (see appendix Figure 80b).  

For the determination of the hydrogen peroxide concentrations, the colloids were mixed with 

the reagents described before immediately after ablation. The unknown hydrogen peroxide 

concentration was calculated according to equation 12, considering the 

slope ε (0.0134 M-1∙cm-1) of the linear fit of the calibration curve, the difference in extinction 

between the sample and blank solution at 454 nm, and the sample volume V. ∆𝐸𝑥𝑡𝑖𝑛𝑐𝑡𝑖𝑜𝑛454𝑛𝑚 = 𝜀[𝐻2𝑂2] ∙ 𝑉 10⁄  (12) 
 

Oxidation state of nanoparticles 

The oxidation states of the laser-generated colloids were characterized by XPS (JEOL, JPS 

9010 TR). An Al anode, with the Kα line at 1486.6 eV, was used as a nonmonochromatic X-

ray source. Background correction was performed by applying the Shirley type, and the data 

were fitted using either a Gauss-Lorentz sum or the product formula, depending on peak 

symmetry. For the preparation of the samples, 1 mg of the produced colloids was deposited 

onto a silicon wafer and dried in an evacuated desiccator. After drying, the samples were 

directly transferred into the XPS chamber for further analysis. 
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Results and Discussion 

For LAL, a dependency of the NP productivity on the chosen material is a well-known 

phenomenon [116,117,209]. Figure 58a illustrates this relationship, depicting the 

NP productivity obtained for ns-LAL of Au, Pt, Ag, Cu, Fe, Ti, and Al targets at a volumetric 

flow rate of 300 ml/min and an uniform laser fluence of 283 J/cm2. 

 

Figure 58: (a) Mass-related, (b) volume-related, and (c) molar-related (specific) NP productivity obtained after 

ns-LAL of Au, Pt, Ag, Cu, Fe, Ti, and Al at a laser fluence of 283 J/cm2 and a volumetric flow rate of 

300 ml/min. Reproduced from [497] with permission from the PCCP Owner Societies. 

The NP productivity is the highest for ns-LAL of Au (1100±44 mg/h) and decreases 

continuously from Pt (880±53 mg/h), Ag (821±37 mg/h), Cu (475±25 mg/h), 

Fe (319±37 mg/h), Ti (189±14 mg/h) to Al (125±18 mg/h). By dividing the NP productivity 

by the laser power, the specific NP productivity was calculated (right y-axis of Figure 58a). 

The values range from 14±2 mg/(W∙h) for ns-LAL of Au to 1.5±0.2 mg/(W∙h) for ns-LAL 

of Al, following the same order as before. The productivity trends are consistent with the 

literature, as demonstrated for ns-LAL of Au, Pt, and Ag [209]. It must be noted that ps-

LAL trends are, in principle, comparable but also show some differences. For instance, in 

ps-LAL, Pt has a higher productivity than Au [116,117]. Since the onset of the plasma plume 

formation is typically in the range of 10 ps or lower [148], the laser pulse is still interacting 

with the plasma plume during ns-LAL, whereas this is not the case during ps-LAL. However, 

the electron-phonon coupling is different for Au compared to Pt [532], making a bigger 

difference for ultrashort-pulsed LAL than for ns-LAL. Both effects may influence the 

ablation efficiency depending on the choice of the target material. 

For further evaluation, the NP productivity was divided by the material density resulting in 

the volumetric NP productivity (Figure 58b). The values range from 42 to 78 mm3/h, which 

corresponds to specific volumetric NP productivities of 1.4 to 1.9 mm3/(W∙h). The 

volumetric NP productivity is the highest for Ag (78.2±3.5 mm3/h), followed by 

Au (57.2±2.3 mm3/h), Cu (53.2±2.8 mm3/h), Al (46.5±6.9 mm3/h), Ti (41.9±9.3 mm3/h), 

Pt (40.9±2.4 mm3/h), and Fe (40.5±4.7 mm3/h).  

a) b) c) 
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The molar NP productivity was calculated by dividing the NP productivity by the molar 

mass of the corresponding material (Figure 58c). The molar NP productivity is the highest 

for Ag (7.6±0.3 mmol/h). For Cu (7.5±0.4 mmol/h), the results are similar, followed by a 

steady decrease in the series of Fe (5.7±0.7 mmol/h), Au (5.6±0.2 mmol/h), 

Al (4.7±0.7 mmol/h), Pt (4.5±0.3 mmol/h), and Ti (3.9±0.3 mmol/h). Overall, the 

investigated seven target materials' mass-specific ablation rates differ by a factor of ~20. In 

contrast, the volume- and mole-specific ablation rates are much more similar and do not 

differ more than a factor of two. 

The NP productivity is influenced by a complex set of different physical and chemical 

parameters triggered by the laser-matter-liquid interaction. A plasma plume is formed in the 

initial stage [148], which induces the formation of a cavitation bubble filled with 

NPs [132,134,336,337]. After several hundred microseconds, the cavitation bubble 

collapses, releasing the NPs in the liquid and leaving stable, persistent bubbles [162] in the 

ablation zone. The cavitation bubble [116,117,418], persistent bubbles [162], and the 

NPs [92,309,408,479] induce shielding effects that lead to a decrease in NP productivity. 

Hence, a mere correlation of the NP productivity with the material properties cannot explain 

the observed NP productivity trends. The size of the cavitation bubble increases with 

increasing laser fluence [222,299,304]. Here, shielding effects can be avoided by optimizing 

the scanning strategy [116,117,418]. Since the laser fluence and the scanning strategy were 

kept constant during the experiments, the focus is on the effects of shielding effects induced 

by NPs and persistent bubbles. 

Starting from the NP shielding, the ablated NPs in the liquid influence the effective laser 

fluence available for target ablation to varying degrees depending on their properties and 

mass concentration. The higher the NP mass concentration and the closer the operating 

laser's wavelength is to the SPR (Surface Plasmon Resonance) of the ablated NP, the higher 

the NPs shielding [92,309,408,479]. Generally, the NP shielding can be significantly 

reduced by applying a liquid flow [116], but this is at the expense of a reduced NP mass 

concentration. Additionally, it is difficult to avoid complete interaction of the laser with the 

NPs, especially when working with high repetition rates, which are necessary for high 

NP productivity. At a repetition rate of 10 kHz used in the experiments, about 1400 pulses 

interact with the NPs at a volumetric flow rate of 300 ml/min. Hence, it is important to 

consider both the NP mass concentration and the individual NP shielding capacity. 

Therefore, the NP mass concentration was calculated, as shown in Figure 59a. 
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Figure 59: (a) NP mass concentration in mg/l. (b) Calculated extinction coefficients at a wavelength of 

1064 nm. (c) Laser fluence on the target surface and laser fluence shielded by the NPs. Reproduced from [497] 

with permission from the PCCP Owner Societies. 

The NP mass concentration decreases from 61±2.5 to 6.9±1.1 mg/l from Au to Al, consistent 

with the NP productivity decrease. The shielding capacity of the NPs can be estimated by 

calculating the molar extinction coefficient ε of the corresponding colloids (Figure 59b). The 

molar extinction coefficient directly reflects how strongly the colloids attenuate light at a 

given wavelength and provides information about the shielding capacity (absorption, 

reflection, and scattering) of the NPs as a function of their properties (material, 

concentration, and size). For this purpose, the extinction E of the colloids at a wavelength of 

1064 nm used for ablation was measured by UV-Vis spectroscopy. Considering the mass 

concentration ß of the colloids, the molar mass M of the material, the path length d of the 

cuvette, and the dilution factor f, the molar extinction coefficient was calculated according 

to equation 13. 𝜀1064𝑛𝑚 = 𝐸(1064𝑛𝑚)ß 𝑀⁄ ∙ 𝑑 ∙ 𝑓  
(13) 

 

For metals sensitive to oxidation (Cu, Fe, Ti, and Al), the molar mass of their oxidic 

counterpart (Cu2O, Fe3O4, TiO2, and Al2O3) was used for the calculations since these NPs 

are usually oxidized in water. The molar extinction coefficient is highest for Au, decreases 

from Ag, Pt, and Cu to Al, and is lowest for Cu.  

Note that this method is only an approximation since the energy used for ablation is much 

higher than the light intensity emitted by the light source of a commercial 

UV-Vis spectrometer. Hence, cross-effects such as fragmentation of the NPs can occur 

during LAL [136], which are not considered by this simplified method. For verifying this 

method's validity, the colloids were filled in an optically transparent glass cell, and the laser 

power shielded by the NPs was measured with a power meter at laser fluences analogous to 

ablation (Figure 59c). The results are comparable to the calculated molar extinction 

a) b) c) 
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coefficients of the different colloids. The largest amount of laser fluence is shielded by 

Au NPs (30%), followed by Ag (24%) and Pt (18%). The shielding effect of more oxidation-

sensitive materials decreases from 17% to 12% in the series from Cu to Al. In summary, the 

NP-induced shielding effect reduces the laser fluence available for target ablation. However, 

the observed trends do not match the material-specific productivity trends from Figure 58. 

For instance, the NP-induced shielding effect is highest for Au, so that one would expect the 

lowest NP productivity for the ablation of this material.    

In the following, the focus is on the shielding effect induced by persistent bubbles. 

Chapter 4.1.1 showed that these bubbles shield up to 65% of the liquid-cross section, thus 

reducing the NP productivity [162]. Since the formation of persistent bubbles may be related 

to the target material type (i.e., redox potential), their characterization and quantification 

could explain the material-dependent productivity trends. For this purpose, the formation of 

persistent bubbles produced during ablation of the individual target materials was recorded 

with a camera system, as shown in Figure 60a. 

 

Figure 60: (a) Snapshots of persistent bubbles produced during ns-LAL of Au, Pt, Ag, Cu, Fe, Ti, and Al in 

water after a delay time of 100 ms. (b) Total cross-sectional area of all persistent microbubbles. (c) Total gas 

volume in cm3 and mmol (we assumed an ideal gas with 22.4 l/mol) produced per hour. The gas volume was 

normalized to ablated mass (see insert). Reproduced from [497] with permission from the PCCP Owner 

Societies. 

Note that with the camera setup used, it was not possible to record a full bubble cycle without 

time interruption, which means that a new picture was recorded with a new set of bubbles 

for each chosen delay time. Due to the bubbles' high ascend speed and the camera 

b) c) 

a) 
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limitations [162], it was difficult to capture all bubbles in one image independent of time 

and obtain accurate information about the maximum bubble generation time. By carefully 

evaluating the recordings, it was found that a delay time of 100 ms is well suited for the 

experiments. On the one hand, the collapse of the cavitation bubble (with lifetimes from 

micro- to milliseconds) has ended after this time delay. On the other hand, a good 

compromise between the bubbles' detachment from the target surface and their ascent to the 

liquid surface with the highest reproducible bubble population is ensured at this time delay. 

The quantitative gas volume measurements (independent from any restrictions) support 

these findings as the same trends were found for the different materials (Figure 60c). 

The taken images indicate that the formation of persistent bubbles depends on the target 

material choice. The amount and size of bubbles increase during ablation from Au to Al. The 

ablation of Au leads to the formation of persistent bubbles with diameters about 20±10 µm. 

In contrast, the ablation of Al produces much larger persistent bubbles with diameters of 

10 to 700 µm (detailed information about the bubble sizes are given in the appendix 

Figure 81a-c).  

The cross-sectional area of all bubbles was calculated to account for the bubble 

shielding (Figure 60b). It is lowest for ns-LAL of Au (0.04±0.01 mm2) and 

Pt (0.03±0.01 mm2), increases for Ag (0.08±0.01 mm2), Cu (0.1±0.01 mm2), and 

Fe (0.18±0.03 mm2) and is the largest for Ti (0.9±0.2 mm2) and Al (1.32±0.11 mm2). 

Assuming that the bubbles are statistically distributed in the liquid so that the bubble-cross 

sectional area in the xy plane is the same as in the xz plane, 1-7% of the liquid-cross section 

is covered with persistent bubbles during ns-LAL of Au, Pt, Ag, Cu, and Fe. In contrast, it 

is about 27% and 39% during ns-LAL of Ti and Al. Note that the images were acquired for 

a single laser pulse with a repetition rate of 1 Hz. From this, it can be assumed that the 

shielding effect should be even larger during long-term ablation with repetition rates in the 

kHz regime used for the present productivity studies. For example, it was shown that long-

term ablation of Au with a repetition rate of 15 kHz and a laser fluence of 27 J/cm2 leads to 

a bubble-induced shielding of the liquid cross-section of 25-33% [162]. 

For further evaluation, the total gas volume formation rates were calculated. This can be 

done considering the recorded images, resulting in values of 0.03±0.01 cm3/h for ns-LAL of 

Au and 41.1±5.5 cm3/h for ns-LAL of Al (see appendix Figure 82). However, the low 

temporal and lateral resolution of the camera system makes it difficult to visualize and 

quantify all bubbles. Therefore, the total gas volume was determined quantitatively with the 

water displacement method described in the experimental section. The gas volumes 
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produced after ten minutes of ablation were extrapolated to one hour and plotted as gas 

volume formation rates in Figure 60c. For ns-LAL of Au, a gas volume formation rate of 

20±2 cm3/h was calculated, while for ns-LAL of Pt, a half as high value of 10±2 cm3/h was 

obtained. The gas volume formation rate increases from 30±3 cm3/h to extraordinarily high 

values of up to 91.3±18.2 cm3/h, 176±8 cm3/h, and 390.3±34.2 cm3/h in the series from Ag 

to Al. For the molar gas volume formation rates, the trend is the same. It was assumed that 

the gases behave like an ideal gas with a molar volume of 22.414 l mol/1 under standard 

conditions. This way, molar gas volume formation rates between 0.4±0.1 mmol/h for Pt and 

17.41±1.5 mmol/h for Al were calculated.  

For further evaluation, the gas volumes were normalized to the amount of ablated mass (see 

insert Figure 60c). The results demonstrate that during ns-LAL of Au, only 0.02±0.01 cm3 

gas is produced per mg ablated NPs, whereas for ns-LAL of Al (3.11±0.74 cm3/mg), the 

value is 150 times higher. Hence, it seems reasonable to conclude that the gas formation 

process negatively influences the NP productivity. 

Explaining how the ablated materials influence the gas formation process during LAL in 

water is still an open question. Since target materials with different redox potentials were 

ablated, the redox chemistry between the target material and water likely plays an important 

role. For this reason, the composition of the gases was determined by gas chromatography. 

The representative chromatograms are displayed in Figure 61a. As evident in the gas 

chromatograms, the analyzed gases consist of molecular hydrogen, oxygen, and nitrogen. 

Note that the hydrogen and oxygen peaks overlap (see appendix Figure 83). For this reason, 

the peaks were deconvoluted computationally and fitted with a Gaussian function. The 

measured gas types are consistent with the findings from chapter 4.1.1. There, it was 

concluded that air is inadvertently captured along with the produced gases explaining 

nitrogen peaks' presence.  

The chromatograms indicate that the amount of molecular hydrogen, nitrogen, and oxygen, 

correlates with the target material type. Except for Pt, which represents a special case due to 

its catalytic activity (discussed in more detail later), the peak intensity of the hydrogen peaks 

increases from Au to Al. In contrast, the peak intensity of the nitrogen and oxygen peaks 

increases in reverse order. Consequently, oxygen and nitrogen concentration is highest for 

Au and decreases towards Al, whereas the trend is the opposite for hydrogen. 
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Figure 61: (a) Computationally deconvoluted and Gaussian fitted gas chromatograms obtained after analyzing 

gases produced during ns-LAL of Au, Pt, Ag, Cu, Fe, Ti, and Al. (b) Absolute permanent gas mol fraction 

(H2-, O2- and N2-concentration) depending on the ablated material. (c) Molar gas volume formation rate 

obtained after air correction. (d) Molar hydrogen and oxygen gas volume formation rates as a function of the 

standard electrode potential E0 of the ablated materials. For Fe, the standard potential for the oxidation to Fe2+ 

(E0 = -0.45 V, indicated as solid circle) and Fe3+ (E0 = -0.04 V, indicated as dotted circle) were considered. 

Reproduced from [497] with permission from the PCCP Owner Societies. 

In the following, the concentration of the molecular species contained in the gases generated 

during ns-ablation of the different target materials in water was determined 

in mol% (Figure 61b). For ns-LAL of Au, the gases consist of 18±1 mol% hydrogen 

(triplicate injections determine the error). For ns-LAL of Pt, the hydrogen concentration is 

slightly lower (15±1 mol%). However, its value increases from Ag (20±2 mol%) to 

Cu (34±1 mol%). In contrast, the hydrogen concentrations are significantly higher for the 

gases produced during ns-ablation of Fe (53.2±2.7 mol%), Ti (61±4 mol%), and 

Al (67.9±7.5 mol%). The concentration of molecular nitrogen is highest for the gases 

obtained during ns-ablation of Au (53±2 mol %), Pt (57±1 mol%), and Ag (52±6 mol%) and 

decreases from Fe (34.9±1.5 mol%) and Cu (34±1 mol%) to Ti (28±7 mol%) and 

Al (24.1±2.4 mol%). 

Quantifying the concentration of molecular oxygen is complicated because air is present in 

the analyzed gases. For this reason, the oxygen concentration was corrected by taking into 

a) 

c) d) 

b) 
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account the ratio of the oxygen and nitrogen peak from pure air (indicated as hatched form 

in Figure 61b). The oxygen concentrations are in the same order of magnitude for the gases 

produced during ns-LAL of Au, Pt, Ag, and Cu, ranging from 13 up to 16 mol%. In contrast, 

it decreases to 4±1 mol% from Fe to Al. Neglecting air and considering the molar gas volume 

formation rates from Figure 60c, 0.16±0.01 mmol/h molecular hydrogen and 

0.13±0.01 mmol/h molecular oxygen is produced during ns-ablation of Au in water. In 

contrast, these values increase drastically in the series from Au to Al leading to molecular 

hydrogen and oxygen formation rates of 2.17±0.02 mmol/h and 0.24±0.01 mmol/h for ns-

LAL of Fe, 4.81±0.01 mmol/h and 0.43±0.02 mmol/h for ns-LAL of Ti, as well as 

11.82±0.05 mmol/h and 0.69±0.01 mmol/h for ns-LAL of Al (Figure 61c). 

The different molecular hydrogen formation rates can be explained by considering the redox 

potential of the different target materials. The standard electrode potential of Fe (Fe3+ + 3e- 

 Fe, E0 = -0.037 V; Fe2+ + 2e-  Fe, E0 = -0.447 V), Ti (TiO2+ + 2H+ + 4e-  Ti + H2O, 

E0 = -0.86 V) and Al (Al3+ + 3e-  Al, E0 = -1.662 V) lies below that of hydrogen (2H+ + 2e- 

 H2, E
0 = 0 V) in the electrochemical series (Figure 61d) [284]. Therefore, Fe, Ti and Al 

can directly react with water, forming iron oxide, titanium dioxide or aluminum oxide as 

well as molecular hydrogen. 

The molecular oxygen formation rates are higher for Ti and Al than for the other materials. 

Note that the metals can react exothermically with water, releasing additional heat into the 

liquid. This way, the liquid's degassing could be promoted, probably explaining the larger 

quantities of molecular oxygen formed during ns-LAL of Ti an Al. For the reaction between 

Ti and water, the reaction enthalpy is 372 kJ/mol [284]. The reaction between Al and water 

is even more exothermic (-818 kJ/mol) [284]. Hence, the degassing effect should be highest 

for ns-LAL of Al in water, as confirmed by the air-corrected molecular oxygen formation 

rates. For the reaction of Fe with water (considering the reaction to the corresponding iron 

oxides FeO, Fe2O3, and Fe3O4), the reaction enthalpy is 10-40 kJ/mol [284]. Thus, the 

reaction is endothermic, and the molecular oxygen formation rate decreases to values 

comparable to those observed for ns-LAL of less oxidation-sensitive materials. 

For further evaluation, the hydrogen formation rates expected from the stoichiometry of the 

metals' reaction with water were calculated considering the molar NP productivity from 

Figure 58c. For the reaction of Ti with water, the theoretical gas formation rate is 176 cm3/h, 

which agrees well with the experimentally measured gas formation rates (compare 

Figure 60c). Generally, the reaction with water can take place inside the cavitation 

bubble [378] or directly on the bulk target [288] and NPs [135] after the bubble collapse. 
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Since oxidation-sensitive metal NPs are already oxidized during the first few 

microseconds [81], the probability is high that the reaction is mainly driven by the bulk target 

reactivity, as supported by Figure 60a. The reaction does not start directly because the 

surface of the oxidation-sensitive metals is passivated and protected by an oxide layer. 

However, as soon as the first laser pulse with a penetration depth of 2 µm [528] interacts 

with the target, the native oxide layer, which typically has a thickness of 5-10 nm [529], is 

removed, and the reaction can proceed. The hydrogen formation rates decrease drastically 

with increasing redox potential and reach saturation for Pt and Au. The direct reaction route 

of the metals with water is unlikely for metals, which are listed above hydrogen in the 

electrochemical series. However, at very high temperatures, the overall reaction can become 

exergonic according to the Gibbs-Helmholtz equation and the thermodynamic 

expectations [284]. For Cu, a temperature of about 1300 K is necessary to induce redox 

reactions with water to form Cu2O. For Au, Pt, and Ag, even higher temperatures in the 

range of 2600-3200 K are required. Since a plasma with temperatures of 4000–6000 K is 

formed in the initial stage after the laser impact [148], the target is heated sufficiently for a 

very short time. The decreasing hydrogen gas formation rates (for metals with standard 

electrode potentials E0 ≥0 V) could be explained by the thermodynamic probability of this 

reaction's occurrence as a function of the target material temperature. 

In addition to redox reactions, other reaction paths must also be considered. Especially the 

molecular oxygen formation rates, which are independent of the redox potentials and 

relatively constant for all materials (compare Figure 61d), cannot be explained in this way. 

In this context, Barmina et al. suggested that the decomposition of water is triggered by the 

laser-induced breakdown of the liquid and electron-impact reactions [145-147,281]. They 

observed different H2:O2 ratio during ns-laser fragmentation of Au [281]. For this reason, 

the H2:O2 ratios were calculated considering the molar gas formation rates, as shown in 

Figure 62a. For ns-LAL of Au, the H2:O2 ratio is 1.2±0.1, similar to the value of 1.4 

(indicated as a dotted line) found in the studies of Barmina et al. for ns-LFL of Au NPs [145-

147]. The H2:O2 ratios differs from the results observed in chapter 4.1.1, where an H2:O2 

ratio of 1.8 (indicated as a dotted line) was determined for ns-LAL of Au in a stationary 

liquid. The differences can be attributed to the 10-fold higher laser fluence used in the present 

study. In this context, Barmina et al. showed that the H2:O2 ratio depends on the applied laser 

fluence and explained this trend by a variation of the electronic temperature in the 

plasma [145-147,281].  
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Figure 62: (a) H2/O2 ratio depending on the ablated material compared to the values known from the literature. 

(b) H2O2 concentration and the molar H2O2 formation rate (insert) obtained for ns-LAL of Au, Pt, Ag, Cu, Fe, 

Ti, and Al in water according to the DMP method. (c) Influence of NPs on the stability of H2O2. H2O2 (100 µM) 

was added to the colloids after ablation. (d) Ratio of molar gas formation rates (including H2O2) to NP molar 

productivity. Reproduced from [497] with permission from the PCCP Owner Societies. 

By comparing the different materials, the H2:O2 ratio decreases slightly for Pt (1.1±0.1), 

while it increases steadily from Ag (1.4±0.2) to Cu (2.1±0.1) finally leading to 

extraordinarily high values for Fe (9.1±0.6), Ti (11.1±2.3), and Al (17.1±3.5). At this point, 

it is difficult to distinguish whether the different H2:O2 ratios are due to the redox chemical 

effects or the laser-induced breakdown of the liquid. At least for ns-LAL of Au and Pt, where 

redox reactions with water are unlikely, it can be expected that the laser-induced breakdown 

of the liquid mainly drives the formation of molecular hydrogen and oxygen. This 

assumption is further supported by the saturation of the corresponding gas formation rates 

observed in Figure 61d, which indicate that the gas formation rates are rather independent 

of the redox potential of the target materials. 

In addition to molecular hydrogen and oxygen, byproducts such as OH radicals can be 

formed during, as already evidenced for LFL [145,281]. Kumar et al. have detected H and 

OH emission bands during ns-LAL of Ti in water [210], making these radial species' 

occurrence during LAL likely. OH radicals can recombine and form H2O2 as stable products. 

In order to check whether H2O2 is formed during LAL, the H2O2 concentration in the colloids 

a) b) 

c) d) 
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was measured after ablation (Figure 62b) using the DMP method described in the 

experimental section. The results demonstrate that the hydrogen peroxide concentration is 

highest in the Pt colloids (185±26 µM) followed by the Cu colloids (50±12 µM). In contrast, 

the hydrogen peroxide concentrations are comparable with about 15 µM in Fe, Ti, and Al 

colloids, while they are lowest in the Au (2.5±1 µM) and Ag (1.3±0.5 µM) colloids. 

Note that the temperature, pH value, or impurities in the liquid affect the stability of 

hydrogen peroxide [530,531]. The experiments were performed in a liquid flow setup with 

high flow rates so that the bulk temperature increase is low [214], and temperature effects 

are negligible. Furthermore, no specific trend was found regarding the pH value of the 

colloids (the pH values ranged from 5.5 up to 6.5; see appendix Figure 84). Since pH values 

are comparable for all materials, they are also neglected. Finally, the decomposition of 

hydrogen peroxide can be triggered by reagents with a catalytic effect. It is well-known that 

metallic, ionic, and oxide species from Au, Pt, Ag, Cu, Fe, Ti, and Al can catalytically 

decompose hydrogen peroxide [532-540]. A defined amount of H2O2 (100 µM) was added 

to the colloids after ablation to account for this effect. Then the hydrogen peroxide 

concentration was measured again (Figure 62c). It is evident that Pt NPs have only a minor 

influence on the decomposition of hydrogen peroxide, as the H2O2 concentration has only 

decreased by about 10% from 100 µM to 89±15 µM. In contrast, the influence of Au, Ag, 

Fe, Ti, and Al NPs is larger as the hydrogen peroxide concentration decreased by 25-40%. 

Cu NPs have the largest effect leading to a decrease of the hydrogen peroxide concentration 

by 50%. However, even considering the nanomaterial-induced decomposition of hydrogen 

peroxide, this would not significantly change the overall results, and the general order would 

remain the same (i.e., the hydrogen peroxide concentration remains highest in Pt colloids).  

Note that LFL of NPs may also contribute to the decomposition of water and hydrogen 

peroxide formation. In this context, Barmina et al. found hydrogen peroxide concentrations 

of 200 µM for LFL of Au NPs using a laser fluence of 90 J/cm2 [145-147]. These 

concentrations are 100 times higher than the concentrations found for ns-LAL of Au. In the 

same study, a dependence of the hydrogen peroxide concentration on the NP mass 

concentration was observed, which was explained by an increased probability of laser-

induced breakdown when reaching a critical NP concentration [281]. Even though LFL 

effects cannot be completely excluded, it is expected that they are of minor importance for 

the present study since a specific mass concentration threshold of 150-200 mg/l was found 

in chapter 4.1.2 and 4.1.3, above which LFL effects dominate the decomposition of water. 

The maximum NP mass concentration determined in this study is 2.5 times lower than this 
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mass concentration threshold (compare Figure 58a). Hence, it seems reasonable to conclude 

that under the experimental conditions used in this study, LAL effects are more relevant for 

the decomposition of water than LFL effects.  

For further discussion, the hydrogen peroxide formation rates were calculated (see insert in 

Figure 62b). For ns-LAL of Au, the hydrogen peroxide formation rate is 0.05±0.01 mmol/h. 

It is even lower for Ag (0.02±0.01 mmol/h) but increases to values around 0.3±0.1 mmol/h 

for Fe, Ti, and Al. For Cu (0.9±0.2 mmol/h), the H2O2 formation rate increase further and 

reaches its maximum for Pt (3.3±0.5 mmol/h). This trend becomes even clearer when the 

molar formations rates are related to the different materials' molar NP productivity, as 

demonstrated in Figure 62d. Two aspects are remarkable: Firstly, the formation of molecular 

hydrogen due to redox reactions with water is dominant during ns-LAL of Fe, Ti, and Al. 

Secondly, the formation of hydrogen peroxide is dominant during ns-LAL of Pt. The latter 

is not surprising since Pt represents one of the most catalytically active elements for the 

oxygen reduction reaction (ORR). During ORR, hydrogen peroxide can be formed by a two-

photon path where the standard electrode potential is lower than for the four-electron path 

leading to molecular oxygen [284].  𝑂2 + 2𝐻+ + 2𝑒− → 𝐻2𝑂2𝑤𝑖𝑡ℎ𝐸0 = 0.68𝑉                                

  𝑂2 + 4𝐻+ + 4𝑒− → 2𝐻2𝑂𝑤𝑖𝑡ℎ𝐸0 = 1.23𝑉                                

Since molecular hydrogen, oxygen, and hydrogen peroxide are formed during LAL, their 

formation is correlated with the properties of the NPs in the last part of this work. For this 

purpose, the oxidation degree of the NPs was measured using XPS. For Au NPs (Figure 63a), 

the oxidation states were evaluated by analyzing the 4f orbitals at around 85 eV [380]. Here, 

the dominant features are the 4f7/2 and 4f5/2 peaks of elemental Au, which account for about 

93.5% of the corresponding signal. For evaluating the oxidized Au species, a constant spin-

orbit splitting of 3.67 eV was considered [380]. Values of 5% single oxidized Au+ and 1.5% 

Au3+ species were obtained, giving a total value of 6.5% oxidized surface atoms. This 

oxidation degree is in good agreement with the values found in XPS studies performed by 

Merk et al. They calculated a total value of 5% oxidized surface atoms for Au NPs generated 

by ns-LAL in water [380]. 

By considering a spin-orbit splitting of 3.4 eV for pure Pt [116], the 4f7/2 and 4f5/2 peaks at 

70.2 eV and 73.6 eV yielded a value of 70% non-oxidized Pt, with Pt2+ contributing 30% to 

the total signal (Figure 63b). This oxidation degree is comparable to the values found by 

Streubel et al., who calculated a total oxidation degree of 37% for Pt NPs produced by ps-

LAL in water [116]. 
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Figure 63: (a-e) XPS spectrum of laser-generated Au, Pt, Ag, Cu, and Ti NPs. (f) Summary of the total 

concentration of non-oxidized and oxidized surface states. Reproduced from [497] with permission from the 

PCCP Owner Societies. 

The XPS spectrum of Ag NPs (Figure 63c) was evaluated by analyzing the Ag 3d peak at 

367 eV, considering a spin-orbit coupling of 6 eV. By fitting the two components of metallic 

Ag at 368.5 eV and oxidized Ag+ at 367.8 eV, a concentration of 85% metallic Ag and 

15% Ag+ was found. X-ray diffraction studies from Kohsakowski et al. support these results, 

showing that crystalline Ag NPs are the dominant species after LAL [209]. 

a) b) 

c) d) 

e) f) 
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The XPS curve-fitting of Cu NPs (Figure 63d) was performed by analyzing the Cu 2p peaks 

at 935 eV, considering a spin-orbit coupling of 19.75 eV. Furthermore, the Cu 2p signal 

shake-ups around 940 eV were used to distinguish the different Cu oxidation states [541]. 

Hints were found that only elemental copper and copper hydroxide (Cu(OH)2) species in 

concentrations of 44 % and 56% are present on the NP surface (see appendix Figure 85 for 

more details). For further evaluation, the Cu colloids were measured by UV/vis spectroscopy 

(see appendix Figure 86). In accordance with the literature, a broad peak between 600 nm 

and 700 nm is observed, which can be attributed to Cu(OH)2 [542,543]. Surprisingly, the 

UV/vis spectrum reveals no information about the existence of elemental copper. However, 

it cannot be excluded that the presence of Cu(OH)2 on the NP surface masks its SPR signal. 

Since the splitting-values for Ti vary with its chemical state, a spin-orbit coupling of 6.05 eV 

for pure Ti and 5.72 eV for Ti4+ was assumed for fitting the Ti 2p 

spectrum (Figure 63e) [544]. Fitting the Ti 2p3/2 metal peak at 453.7 eV resulted in a 

concentration of 0.8% metallic Ti, while fitting the Ti2+ peak at 455.81 eV led to a 

concentration of 1.5% Ti2+. Concentrations of 7% Ti3+ and 90.6% Ti4+ were found by fitting 

their peaks at 457.1 eV and 458.51 eV. Hence, Ti4+ is the dominant oxidized species, which 

is not unexpected as it is the most stable oxidation state for Ti. TiO2 NPs are also often found 

after LAL [384,545]. 

Figure 63f summarizes the results and shows that the oxidation degree is lowest for laser-

generated Au NPs (6.5 %), followed by Ag NPs (15 %). In contrast, the oxidation degree 

increases for Pt NPs (30%) and Cu NPs (44 %) and is highest for Ti NPs (99.2 %).  

Note that the information depth of XPS is mainly determined by the penetration depth and 

the mean free path of the photoelectrons in the solid. For the materials used, the mean free 

path follows the order Pt < Au < Ag < Cu < Ti and ranges from 1.8 nm to 3.2 nm (considering 

an excitation energy of 1486.6 eV used for XPS) [541]. The typical size distributions 

obtained after LAL range from 3 to 200 nm. Consequently, XPS cannot provide information 

about the ‘‘inner oxidation state’’ of the NPs and considers only surface oxidation of the 

NPs within a depth of a few nm. De Giacomo et al. found that TiO molecules form as 

intermediate species after ~100 ns during ns-LAL of Ti in water [387], underlining the 

importance of early redox reactions of metals with reactive oxygen species in the initial 

plasma phase of LAL. From their studies, it can be concluded that Ti NPs are more or less 

fully oxidized, as one would also expect from the redox potential of Ti. For Au, Ag, Pt, and 

Cu NPs, the situation is more complicated because their oxides decompose at temperatures 

of a few 1000 K, present during this early timescales (compare chapter 2.2.5 and 2.5.2). Gold 
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oxide (Au2O3) already decomposes at temperatures around 430 K, while the decomposition 

of silver oxide (Ag2O) and platinum oxide (PtO2) is initiated at temperatures above 470 K 

and 1220 K [388]. Copper oxide such as CuO decomposes at 1270 K, while Cu2O is more 

stable decomposing at 2073 K [388]. Therefore, the metal oxides' thermodynamic stability 

at high temperatures probably determines the degree of NP surface oxidation during the 

initial plasma phase and should be further investigated in future studies.  

The NPs can continue to react within the cavitation bubble or in the liquid-phase after the 

bubble collapse. Reich et al. investigated the temporal evolution of Zn oxidation during ns-

LAL in water using online-X-ray absorption spectroscopy. They observed time-delayed 

oxidation processes, which start after 20 ms, supporting the thesis of liquid-phase redox 

reactions [135]. Redox reactions within the liquid-phase can be initiated by the interaction 

of the target material with liquid molecules (as discussed for Figure 61) or oxygen species 

dissolved or formed by LAL in the liquid (e.g., molecular oxygen and hydrogen peroxide). 

Whether the redox reaction takes place or not depends on the position of the metals and the 

reactive oxygen species in the electrochemical series and can be estimated by calculating the 

standard Gibbs free enthalpy (ΔG0) according to equation 14. ∆𝐺0 = −𝑛𝐹𝐸0 (14)  

Here, n represents the number of electrons involved in the redox reaction, E0 the standard 

electrode potential of the metals and reactive oxygen species, and F the Faraday constant 

(96485 C/mol). A redox reaction is favored if ΔG0 is negative and is not favored if ΔG0 is 

positive. The redox potentials were calculated considering an average pH of 6 measured for 

the different colloids (see appendix Figure 84). The results of these calculations are 

summarized in Table 4. The calculations show that redox reactions between Au and Pt and 

molecular oxygen are unlikely (ΔG0 > 0) but can occur spontaneously with Ag, Cu, and Ti 

(ΔG0 < 0). For redox reactions with hydrogen peroxide, a positive standard Gibbs free 

enthalpy was only calculated in the case of Au. For all other materials, the standard Gibbs 

free enthalpy is negative. Therefore, Au NPs are neither oxidized by molecular oxygen nor 

by hydrogen peroxide. In contrast, Ag, Cu, and Ti can be oxidized by these reactive oxygen 

species so that time-delayed oxidation processes of these materials in the liquid-phase could 

be relevant.  
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Table 4: Calculation of the standard Gibbs free enthalpy for redox reactions between the metals used in this 

study and molecular oxygen or hydrogen peroxide at a pH of 6 [284]. 

  O2 + 4H+ +4e- ↔ 2H2O  

E0 = 0.88 V (pH 6) 

H2O2 + 2H+ + 2e- ↔ 2H2O 

E0 = 1.41 V (pH 6) 

Half-reaction E0 [V] ΔG° [kJ/mol] 
 

ΔG° [kJ/mol] 
Au3+ + 3e- ↔ Au 1.52 186 33 

Au+ + e- ↔ Au 1.83 92 41 

Pt2+ + 2e- ↔ Pt 1.19 61 -42 

Ag+ + e- ↔ Ag 0.79 -7 -59 

Cu+ + e- ↔ Cu 0.52 -34 -85 

Cu2+ + 2e- ↔ Cu 0.34 -103 -205 

Ti2+ + 2e- ↔ Ti -1.63 -484 -586 

Ti3+ + 3e- ↔ Ti -1.21 -604 -757 

TiO2+ + 2H+ + 4e- → Ti + H2O -0.88 -746 -951 

Pt NPs represent a special case since a higher NP surface oxidation degree was found for 

them than for Ag NP, which is unexpected at first glance given these metals' standard 

electrode potential. However, the hydrogen peroxide formation rates are 165 times higher 

for Pt than for Ag. Hence, hydrogen peroxide formation during LAL probably takes place 

directly on the NP surface, which could explain the high surface oxidation degrees for laser-

generated Pt NPs. Therefore, the catalytic mechanism of hydrogen peroxide formation 

during LAL should be further investigated in future studies.   

Conclusion 

Laser ablation in liquids is an emerging field driven by NP application prospects. The 

composition of the laser-generated NPs, which determines their functionality, is controlled 

by chemical reactions between the target material and the liquid on different timescales. 

Identifying these chemical reactions and their time and place is of utmost importance to 

optimize the ablation process regarding its efficiency and produce NPs with enhanced 

properties. In particular, a more fundamental understanding of the redox phenomena that 

occur during ablation in water is required to understand the critical steps that control the 

yield and oxidation of NPs. Knowledge of these processes is important since the oxidation 

of the NPs strongly influences their stability and utilization in catalysis applications. 

However, the redox chemistry between the target and the liquid has rarely been investigated 

systematically, although the produced amount and type of permanent gases give a fingerprint 

of the underlying process.  

In this study on seven materials (Au, Pt, Ag, Cu, Fe, Ti, and Al), it was shown that the gas 

formation rate, as well as the gas composition, is driven by redox reactions between the 

target materials and water. It was demonstrated that ablation of less-noble metals like Al in 



Results and Discussion 

142 

water leads to a massive gas evolution with formation rates of up to 390 cm3/h. It was found 

that the type of these gases strongly correlates with the redox potential of the target materials, 

leading to a significant increase in the hydrogen concentration for the ablation of very 

oxidation-sensitive metals. Such high hydrogen formation rates constitute not only a 

potential problem for process safety measures but also attenuates the NP productivity, 

making LAL of Al most inefficient. Single laser pulse experiments could be interesting for 

future studies to study the ablation process decoupled from any gas formation cross-effects.  

For the ablation of less oxidation-sensitive metals like Au and Pt, it was shown that the 

formation of permanent gases is mostly independent of the redox chemistry and likely driven 

by the laser-induced dissociation of water. Furthermore, it was demonstrated that hydrogen 

peroxide is formed besides molecular hydrogen and oxygen during LAL with Pt representing 

the best catalyst, resulting in H2O2 formation rates up to 165 times higher than for the other 

materials used in this study. Hence, LAL represents a powerful tool for simultaneously 

generating NPs and hydrogen (LAL of Ti or Al) or hydrogen peroxide (LAL of Pt). Since 

unexpectedly (considering the Nernst equation) high surface oxidation states were found for 

laser-generated Pt NPs, the catalytic formation of hydrogen peroxide probably determines 

the surface oxidation states of the final NPs and should be further investigated in future 

studies.  

4.2.2  How the physicochemical properties of the bulk material affect the mass balance 

and bubble dynamics during single pulse nanosecond laser ablation in water 

Mark-Robert Kalus, Stephan Barcikowski, and Bilal Gökce 

This chapter was published in modified form under a different title after the final submission 

of the dissertation. The corresponding publication published by the Wiley-VCH GmbH and 

licensed under the terms of the Creative Commons Attribution‐Non Commercial License 

can be found in the following source: 

“How the Physicochemical Properties of the Bulk Material Affect the Ablation Crater 

Profile, Mass Balance, and Bubble Dynamics During Single-Pulse, Nanosecond Laser 

Ablation in Water, 2021, Chemistry - A European Journal, 27, 5978-5991.” 

Abstract 

Understanding the key steps that drive the laser-based synthesis of colloids in liquids is a 

prerequisite for learning how to optimize the ablation process in terms of the NP output and 

functional design of the nanomaterials. Since these key steps occur on a very early timescale, 

many theoretical and fundamental studies focus on cavitation bubble formation using single-
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pulse ablation conditions. However, the ablation efficiency and NP properties are typically 

investigated under prolonged ablation conditions with repetition rates in the kHz regime. 

Linking both is difficult due to limitations induced by gas formation cross-effects, which 

occur on longer timescales and depend on the target materials' oxidation-sensitivity.  

Therefore, this study investigates the ablation and cavitation bubble dynamics under 

nanosecond single laser pulse conditions for six different bulk materials (Au, Ag, Cu, Fe, Ti, 

and Al), characterized by different physicochemical properties and redox activities. It is 

demonstrated that the outcome of the single-pulse ablation of these metals is different from 

that observed for continuous laser ablation. The thermal and chemical properties of the 

corresponding bulk materials not only favor the formation of spot sizes with larger spatial 

dimensions but also lead to the highest molar ablation efficiencies for low melting materials 

such as Al. Furthermore, the concept of the cavitation bubble growth linked with the 

oxidation sensitivity of the ablated material is discussed. With this, experimental hints are 

provided that intensive chemical reactions occur during the very early timescale of ablation 

and significantly after the bubble collapse. 

Introduction 

The phenomenon of cavitation is of great importance not only due to its substantial damage 

potential for hydraulic machines [546-548], its utility for high-pressure homogenizer in the 

food industry [549,550], or its ability to induce sonochemical reactions for water purification 

[551-553]. Cavitation effects also play an important role in the field of liquid-assisted laser 

applications, e.g., medical laser applications [554,555], laser-micromachining [217,498,556] 

or laser ablation in liquids (LAL) [76]. In the latter case, ultrashort laser pulses are focused 

onto a bulk target immersed in a liquid enabling the cost-effective [115] production of 

colloids on the gram-scale [116,117] from a wide range of different material classes such as 

metals [77,79,80], oxides [81,82,377] or alloys [442,557-560] in different liquids 

[90,91,492,521] with a high purity [88] promising for application fields such as biomedicine 

[109,442], catalysis [98,99,475,561] or 3D printing [112,113,493,562]. 

Generally, LAL is characterized by different competing physical and chemical parameters 

determined by the interaction between the laser, the target, and the liquid. After the laser 

pulse interacts with the bulk target, a high-temperature plasma is generated containing a high 

density of free electrons and ablated matter [148]. This plasma interacts with the surrounding 

liquid inducing its phase transition and the formation of an expanding cavitation bubble 

[222,299,304]. The elucidation of the cavitation bubble's role in the formation of the NPs is 

one of the main topics in LAL. A better understanding would allow a more precise control 
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of the ablation conditions and thus enable the optimization of the particle properties such as 

size and composition.  

Small-angle X-ray scattering (SAXS) measurements indicated that the cavitation bubble is 

homogenously filled with primary NPs [134,336,337] while solid, crystalline, secondary 

particles were detected at the bubble front [338]. For ultrashort pulse durations at high 

effective laser fluences, the secondary particles likely originate from metal Rayleigh 

instabilities of the molten layer, which induce the formation of nanodroplets by thin layer 

disintegration and jetting from the molten target material [130]. Zhigilei et al. have recently 

extended their atomistic simulations to ns-pulses to explain the wide distribution for longer 

laser pulse durations (as opposed to ultrashort pulses, for which bimodality is often 

observed) and have defined three different NP formation regimes and pathways [131]. Their 

simulations have further indicated that the liquid in the region between the molten material 

and the bulk liquid transforms into a supercritical state forming a mixing region containing 

supercritical water and target vapor, which serves as the initiator for the formation of the 

cavitation bubble [131,204]. Unfortunately, these simulations have so far not considered 

chemical reactions between the liquid molecules and the ablated matter. Therefore, 

theoretical simulations typically assume that the cavitation bubble consists mainly of solvent 

molecules (target atoms:solvent molecules ≈ 1:20) [289].  

However, chemical reactions likely take place within the cavitation bubble cavity, as 

supported by Qiang et al., who observed that the cavitation bubble size increases from Cu to 

Ti to Al [390]. Furthermore, Reich et al. measured the relative content of unoxidized zinc 

species during the cavitation bubble evolution for ns-LAL of Zn in water using X-ray 

absorption spectroscopy [378]. They have shown that during LAL not only nanoparticles but 

also reactive Zn atoms are formed in the early cavitation bubble stage. The authors observed 

that the content of the reactive species dropped during bubble expansion and cooling of the 

interior, but only disappeared with the bubble collapse indicating that reactive atomic or 

atom cluster species (which are likely to act as particle growth precursors) are present in the 

cavitation bubble. These observations are supported by Letzel et al., who observed that the 

addition of small amounts of sodium chloride leads to a size quenching of the NPs, which 

already occurs within the cavitation bubble [132]. The same in-situ quenching within the 

cavitation bubble was observed for small organic molecules, whereas this was not the case 

for macromolecular ligands [404].  

However, the time regime of the rebound/collapse of the bubble must also be considered but 

is often neglected as most studies focus on the primary cavitation bubble cycle. Within this 
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context, several studies have demonstrated that water is decomposed during LAL resulting 

in the formation of molecular hydrogen, oxygen, and hydrogen peroxide [145-

147,162,281,479,497]. The individual formation rates of these decomposition products 

depend strongly on the type of the ablated material. The ablation of catalytically active 

materials (e.g., Pt) in water leads to high hydrogen peroxide formation rates. In contrast, the 

ablation of oxidation-sensitive materials in water produces large amounts of molecular 

hydrogen [497]. The redox chemistry between the target material and water affects not only 

the NP productivity during long-term ablation but also the oxidation degree of the final NPs, 

as also theoretically predicted by Reichenberger et al. [98,497]. However, all these 

experiments were performed for multi-pulse laser ablation with repetition rates in the kHz 

regime. Hence, cavitation bubbles [116,117], persistent bubbles [162,479,497] or 

NPs [92,309,408,479,497] formed during LAL induce cross-effects. Although strategies 

have been developed to overcome these limitations (e.g., by optimizing the scanning strategy 

[116,117] and applying liquid flow setups [116,308]), such cross-effects cannot be 

completely avoided.  

Additionally, incubation effects can occur during multi-pulse laser ablation, influencing the 

cavitation bubble size and ablation yield depending on the number of applied laser pulses, 

the target material type, and the chosen laser parameters [282,283]. In detail, increasing the 

number of laser pulses from 1 to 30 at low fluences leads to a steady increase in cavitation 

bubble volume [282]. In contrast, the cavitation bubble volume and the NP mass 

concentration within the bubble decrease exponentially when the number of laser pulses 

exceeds 100 [283]. Knowing the concentration of ablated mass within the cavitation bubble 

volume for a single laser pulse would allow better adjustment of simulation experiments and 

calibration of in-situ SAXS and WAXS (wide-angle X-ray scattering) studies.  

Therefore, the overall question is how the physicochemical properties of the target material 

and its chemical reactivity with the liquid environment influence the ablation process 

decoupled from any cross-effects. This study sheds light on these knowledge gaps by 

investigating the cavitation bubble formation and ablation efficiency for single-pulse 

nanosecond LAL (SP-ns-LAL) of six different materials (Au, Ag, Cu, Fe, Ti, and Al) in 

water. In the first part of this work, the so-produced ablation craters are characterized by 

confocal 3D and scanning electron microscopy concerning their spot diameter, ablation 

depth, volume, and surface morphology. In the second part, the cavitation bubble dynamics 

are evaluated depending on the oxidation sensitivity of the ablated target material. In the 

third part, the amount of ablated matter is correlated to the cavitation bubble dynamics. A 
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comprehensive mechanistic picture summarizing the physical and chemical parameters 

important for the ablation process during LAL completes this study. 

Experimental section       

Materials 

SP-ns-LAL experiments were performed using gold (99.99%, 10 x 10 x 1 mm, Allgemeine 

Gold), silver (99.99%, 10 x 10 x 1 mm, GoodFellow), copper (99.99%, 10 x 10 x 0.5 mm, 

GoodFellow), iron (99.98%, 10 x 10 x 0.2 mm, GoodFellow), titanium (99.96%, 

10 x 10 x 0.2 mm, GoodFellow) and aluminum (99.0%, 10 x 10 x 1mm, GoodFellow) 

substrates for ablation. The experiments were performed in deionized Milli-Q water 

(18.2 MΩ∙cm at 25 °C). 

Methods 

Single-pulse nanosecond laser ablation in liquids (SP-ns-LAL) 

SP-ns-LAL was performed in a custom-designed ablation flow chamber (h: 7 mm, 

w: 20 mm, l: 30 mm) made of acrylonitrile butadiene styrene (ABS). The internal volume of 

the chamber was 4.2 cm3. Furthermore, side observation windows made of float glass were 

integrated into the chamber for the cross-sectional imaging of the cavitation bubbles. Float 

glass with a thickness of 1.1 mm was also used as an entrance window for the laser beam.The 

inlet of the ablation chamber was connected via a tube to a syringe pump, which delivered a 

constant volumetric flow rate of 5 ml/min. The time interval between each laser shot was set 

to 3 minutes to ensure complete fluid exchange in the ablation flow chamber. This way, 

screening effects induced by the interaction of the laser beam with pre-existing NPs [497] or 

persistent microbubbles [162,497] were avoided. 

The ablation targets were ground with abrasive paper to remove the native oxide layer that 

forms on the highly oxidation-sensitive metals' surfaces. Afterward, the ablation targets were 

ultrasonically rinsed with ethanol for 10 minutes, dried with argon, and fixed in the ablation 

chamber using a double-sided adhesive tape. The liquid level in the ablation chamber 

without the ablation target was 6 mm.  

For SP-ns-LAL, an Nd:YAG laser (Innolas, Spitlight DPSS250-100) was used, operating 

with a pulse duration of 9 ns, a wavelength of 1064 nm, and a pulse energy of 30 mJ. The 

laser beam with a raw beam diameter d0 of 3 mm was focused on the ablation target through 

a lens with a focal length of 75 mm, which was screwed onto an optical positioning system. 

The laser fluence was varied by adjusting the working distance between the ablation target 

and the focusing lens from -10 mm to 3 mm, as displayed in Figure 64a and b. A 

negative/positive working distance corresponds to the focus placed into the liquid/behind the 
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target. At a working distance of zero, the focal plane is on the ablation target. The spot 

diameter was determined by confocal 3D microscopy (Nanofocus) for each working distance 

and material to calculate the effective laser fluence (Figure 64a). Additionally, the theoretical 

spot size was calculated considering the laser beam's refraction at the air-glass-water 

interface (see Table 8 in the appendix for more details). The incident and effective laser 

fluence was then calculated by dividing the applied pulse energy by the calculated/measured 

spot area, as shown in Figure 64b. The laser beam was directed to a power meter via a 50/50 

beam splitter placed between laser and lens to control the pulse energy. Hence, the initial 

pulse energy of 30 mJ was halved, and a pulse energy of 15 mJ was directed towards the 

ablation chamber. The pulse energy was further corrected from 15 mJ to 11.9 mJ considering 

the laser beam's absorption at the lens, the ablation window, and the liquid layer above the 

target. Thus the effective laser fluences ranged from 21 to 72 J/cm2 depending on the target 

material and the working distance between the lens and the ablation target (Figure 64c).  

 

Figure 64: (a) Incident and effective spot diameter and (b) laser fluence as a function of the focus position. 

(c) Effective laser fluence in the focus position.   

Furthermore, the crater depth and volume were determined by confocal 3D microscopy, 

which allowed the ablation craters' characterization with high lateral and depth resolution of 

several nanometers. The target surface morphology was measured by scanning electron 

microscopy (Phillips, XL20). The entire experimental setup and procedure is summarized in 

Figure 65. 

a) b) 

c) 
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Figure 65: Experimental setup for cross-sectional imaging of cavitation bubbles formed during SP-ns-LAL of 

Au, Ag, Cu, Fe, Ti, and Al in a liquid flow chamber. The target materials were characterized by confocal 3D 

and scanning electron microscopy directly after ablation. 

Imaging of the cavitation bubbles  

A videography system with a minimum delay time of 53 µs was used to image the cavitation 

bubbles [283]. With each laser shot, the ablation chamber was moved perpendicular to the 

laser beam so that the next laser pulse could hit a non-ablated part of the target surface. The 

cavitation bubble's lifetime was recorded by varying the delay time in steps of 10 µs. By 

keeping the delay time constant at 80 µs, cavitation bubble images were recorded by varying 

the working distance between the lens and the ablation target. The cavitation bubble size 

(diameter and height) was determined using ImageJ (version 1.51s), while the cavitation 

bubble volume was calculated by assuming a hemispherical bubble geometry (at maximum 

bubble size). 

Results and discussion 

Characterization of the ablation craters depending on the physicochemical properties of 

the target materials and the laser fluence  

During ns-LAL of metals in water, the ablation efficiency is affected by the formation of 

persistent bubbles, whose formation rates strongly depend on the redox potential of the target 

material [497]. Thus, for batch-wise, multiple-pulse ns-LAL in water, the lowest 

NP productivities are often obtained for very oxidation-sensitive (thereby persistent-bubble-

formation intensive) materials such as Ti or Al [117,497]. Furthermore, shielding effects 

induced by the NPs reduce ablation efficiency [92,309,479,497]. In this context, the question 
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arises how the ablation process proceeds if no shielding cross-effects are present, and just 

the interaction between the laser pulse and the target material in the liquid environment is 

considered. For this purpose, a single laser pulse with an incident pulse energy of 11.9 mJ 

(this value refers to the corrected incident pulse energy described in the experimental 

section) was focused on a bulk target immersed in water. Au, Ag, Cu, Fe, Ti, and Al were 

selected as bulk materials, covering a wide range of physicochemical properties and redox 

activities. Consequently, different effective spot sizes were obtained and characterized by 

confocal 3D microscopy, as displayed in Figure 66a for an exemplary incident laser fluence 

of 166 J/cm2. It is evident that the effective spot size strongly depends on the choice of the 

ablated material. Spot diameters are largest for Fe, Ti, and Al ranging from 300 to 400 µm, 

whereas it is approximately half for Au, Ag, and Cu. Also, the ablation depth depends on the 

target material, as illustrated in Figure 66b. SP-ns-LAL of Al yields deepest crater structures 

with an ablation depth of 9 µm followed by Ag (4 µm), Au (3 µm), Cu and Ti (2 µm), and 

Fe (1 µm).  

 

Figure 66: (a) Confocal 3D microscopy images obtained after SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in 

water at an incident laser fluence of 166 J/cm2. (b) Line scans of these ablation craters. The minimum of the 

ablation profiles was normalized to the zero position. (c-e) Crater depth, spot diameter, and corresponding 

aspect ratio (crater depth divided by the spot diameter) as a function of the incident laser fluence.  

Since the ablation rate and the ablation depth depend strongly on the incident laser 

fluence [116,117], the experiments were repeated for a broad range of incident laser fluences 

between 21 and 313 J/cm2 (Figure 66c-e). The ablation craters are deepest after SP-ns-LAL 

a) 

b) 

c) 

d) 

e) 
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of Al, whereby the ablation depth increases with increasing incident laser fluence from 

3.1 µm to 9 µm until a threshold fluence of 166 J/cm2 is reached. A further increase in the 

incident laser fluence has no further influence on the ablation depth. Also, for Au (0.8 to 

2.2 µm), Ag (0.9 to 4.6 µm), and Cu (0.8 to 2.7 µm), the ablation depth increases with 

increasing incident laser fluence and saturates above a threshold fluence of 166 J/cm2. The 

reason for the ablation depth saturation could be attributed to the laser intensities of 

2-3.5∙1010 W/cm2, which are reached in the fluence regime >166 J/cm2 and possibly promote 

the optical breakdown of the liquid. In this context, Docchio et al. found threshold values of 

3∙1010 W/cm2 for the optical breakdown in pure water under focusing conditions comparable 

to the present study [563]. Besides, plasma shielding of the laser beam and increased heat-

conduction losses may limit the maximal ablation-effective fluence, as suggested by 

Nolte et al. [207].    

In contrast to Au, Ag, Cu, and Al, the ablation depth changes only slightly for Fe and Ti. 

Note that the determination of the crater depth for these metals was difficult due to the 

formation of melting edges, whose height depended strongly on the applied laser fluence 

(see appendix Figure 87). For this reason, the horizontal along the target surface was used 

as a reference line, resulting in ablation depths of 0.7 to 1 µm for Fe and 1.7 to 2 µm for Ti. 

Ouyang et al. observed similar melting edges after ns-LAL of Ti alloys in water accompanied 

by the formation of waves and cracks on the target surface. They stated that the low thermal 

conductivity of the ablated metal favors the formation of this surface morphology [391]. 

Considering the spot diameters from Figure 66d, they decrease steadily with increasing 

incident fluence due to the tighter focusing of the laser beam. Furthermore, the lateral 

dimensions of the spot diameters are several times larger than the ablation depth. 

Consequently, the aspect ratios (crater depth divided by spot diameter) are very low and 

range from 0.001 to 0.04, following the trend Fe < Ti < Ag < Ag < Cu << Au < Al as shown 

in Figure 66e.  

For further discussion, the dependence of the ablation depth on the incident laser fluence 

was evaluated. Generally, two different ablation regimes are distinguished in ultrashort LAL, 

characterized by a logarithmic dependence of the ablation depth on the laser 

fluence [207,564-566]. At low laser fluences, the ablation rate is determined by the optical 

penetration depth δopt (see equation 15). In contrast, the electron thermal diffusion length δdiff 

dominates the transfer of laser energy into the target substrate at high laser fluences, 

according to equation 16. 
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ℎ = 𝛿𝑜𝑝𝑡 ∙ 𝑙𝑛 ( 𝐹𝐹𝑡ℎ)𝛿𝑜𝑝𝑡 ≫  𝛿𝑑𝑖𝑓𝑓 (15) 

ℎ = 𝛿𝑑𝑖𝑓𝑓 ∙ 𝑙𝑛 ( 𝐹𝐹𝑡ℎ)𝛿𝑜𝑝𝑡 ≪  𝛿𝑑𝑖𝑓𝑓 (16) 

Experimentally it was also observed that the energy penetration depth depends strongly on 

the pulse duration, so that heat conduction effects are of great importance when ablating the 

target with ns-pulses [207]. Therefore, it is useful to generalize the logarithmic relation by 

introducing an effective penetration depth δeff, according to equation 17. 

ℎ = 𝛿𝑒𝑓𝑓 ∙ 𝑙𝑛 ( 𝐹𝐹𝑡ℎ) (17) 

Fitting to the experimental data points in Figure 66c allows calculating δeff by the slope of 

the linear fits (the fits are shown in the appendix in Figure 88). Furthermore, the ablation 

threshold fluence Fth can be derived from the intersection of the linear fit with the x-axis. 

Note that linear regression was performed for incident laser fluences up to 166 J/cm2, while 

higher laser fluences were neglected due to saturation of the ablation depth. The results of 

the calculation of the effective penetration depth and the ablation threshold fluence are 

summarized in Table 5. The experimental results are supplemented by the theoretical values 

of the optical penetration depth (δopt), the thermal diffusion length (Lth), as well as the 

ablation (Fth,theor) and damage (Fd,theor) threshold fluence, which are discussed in detail below. 

Table 5: Optical penetration depth (δopt), thermal diffusion length (δdiff), effective penetration depth (δeff), and 

ablation (Fth) and damage fluence threshold (Fd) as a function of the target material.  

 δopt [µm] Lth [µm] δeff,exp [µm] Fth,theor [J/cm2] Fth,exp [J/cm2] Fd,theor [J/cm2] 

Au 0.011 1.52 1.52±0.06 3.31 2.31±0.13 0.39 

Ag 0.011 1.77 3.44±0.26 2.93 1.46±0.08 0.41 

Cu 0.012 1.45 1.84±0.13 2.62 2.44±0.19 0.53 

Fe 0.021 0.64 0.33±0.08 1.23 0.36±0.71 0.34 

Ti 0.021 0.41 0.27±0.08 1.35 0.01±2.04 0.16 

Al 0.009 1.33 5.35±0.39 2.58 1.91±0.18 0.21 

The material-related trend of the effective penetration depth is in line with the order of the 

ablation depth determined for SP-ns-LAL of the different target materials (see Figure 66c). 

The effective penetration depth is several orders of magnitude larger than the optical 

penetration depth, which was calculated considering the material-dependent absorption 

coefficients at 1064 nm (see Table 5 in the appendix). This large difference is expected for 

ns-LAL since, compared to ultrashort laser pulses, the pulse duration for ns-laser pulses is 
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significantly longer than the characteristic electron-phonon-relaxation times [118,526]. 

Hence, a local thermal equilibrium between the electronic and the lattice system can be 

assumed. In this case, Lambert-Beer's law no longer applies since the thermal diffusion 

length far exceeds the optical penetration depth, and heat conduction is no longer negligible. 

For a more detailed evaluation, the thermal diffusion lengths were calculated according to 

equation 18 [567]. 

𝐿𝑡ℎ = √2𝜅𝜏𝑐𝑝,𝑠  (18) 

Here, κ represents the thermal conductivity, τ the laser pulse duration, and cp,s the specific 

heat capacity of the ablated material (values are listed in Table 9 in the appendix). For Au, 

the calculated thermal diffusion length and the effective penetration depth agree very well. 

Also, for Cu, Fe, and Ti, the values match well within one order of magnitude. However, 

larger deviations become visible for Ag and especially for Al. In the latter case, the effective 

penetration depth is four times higher than the thermal diffusion length, indicating that other 

effects contribute to the energy transfer into the target system. Likely exothermic redox 

reactions between the target material and water lead to additional energy release, further 

affecting the ablation process on a timescale later than the laser-matter interaction regime, 

as discussed later in more detail. 

Regarding the experimentally determined ablation threshold fluences, comparable values 

around 1-2 J/cm2 were found for Au, Ag, Cu, and Al (see Table 5). For Fe and Ti, the ablation 

threshold fluences are significantly reduced. However, note that the R-squared values (see 

Figure 88 in the appendix) indicate an inaccuracy of the linear regression for these metals. 

Hence, the errors are several times larger than the calculated ablation thresholds, so that the 

results for Fe and Ti have to be handled with caution.  

From the theoretical point of view, the ablation threshold fluence is controlled by the target 

materials' optical and physicochemical properties. For ns-ablation, the ablation threshold can 

be estimated according to equation 19, considering the energy ΔU required to heat, melt, and 

vaporize the target material, the thermal diffusion length Lth and the reflectivity R of the 

target materials [568]. 𝐹𝑡ℎ = ∆𝑈𝐿𝑡ℎ ∙ (1 − 𝑅)   (19) 

While the target materials' reflectivity was measured experimentally (see Figure 89 in the 

appendix), ΔU can be approximated by multiplying the heat of melting and vaporization by 

the material density (the material parameters are listed in Table 9 in the appendix). The 
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magnitude of the theoretical threshold fluences agrees well with the experimental value (see 

Table 5), further supported by the literature. For example, for ns-LAL of Au in water, an 

ablation fluence threshold of 3.7 J/cm2 was calculated [422]. 

For the discussion of the different material-dependent trends related to the ablation depth 

and the spot diameter during SP-ns-LAL, the interaction of the laser pulse with the target 

material and the liquid (as well as secondary, post-laser-pulse target ablation) must be taken 

into account. Since materials with different melting and vaporization temperatures were 

studied, the resulting surface morphologies differ significantly.  

Figure 67 shows exemplary SEM images of the ablation spots produced by SP-ns-LAL of 

Au, Ag, Cu, Fe, Ti, and Al in water at a laser fluence of 166 J/cm2.  

 

Figure 67: SEM images of ablation spots produced by SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in water at 

a laser fluence of 166 J/cm2. The insets show the surface morphology at higher magnifications. 

At this point, it has to be emphasized that the surface roughness of the pristine bulk targets 

is not the same for all target materials, affecting their reflectivity and, consequently, the 

fluence ablation threshold [569]. For example, the surface roughness of the pristine Au or 

Ag bulk surface appears to be higher than that of the pristine Cu or Fe targets when looking 

at the SEM images, which is confirmed by the reflectivity of the corresponding bulk 

materials (see appendix Figure 89). Therefore, it is expected that the ablation efficiency is 

slightly reduced for those materials (Cu, Fe) that are characterized by a higher reflectivity 

(about 20% higher for Cu and Fe compared to Au, Ag, Ti, and Al). However, recent studies 

have shown that the bulk material's reflectivity is of minor importance when the target is 
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ablated with laser fluences far above the ablation threshold [282,570]. Since the incident 

laser fluence of 166 J/cm2 used for ablation is several times higher than the ablation threshold 

(see Table 5), it is concluded that differences in surface roughness can be neglected for the 

discussion of the SEM images. Nevertheless, the surface roughness is important concerning 

incubation effects at lower incident laser fluences, discussed in more detail in the cavitation 

bubble section of this work. 

When comparing the ablation craters formed on the different bulk materials, large 

differences in the resulting surface morphology become apparent. In the case of Au, Ag, and 

Cu, wavy structures on the ablated metal surface indicate that the melting of the target 

surface is accompanied by some kind of hydrodynamic instability [130]. Molten structures 

are also visible on the ablated Al surface. These are more dominant than on the other metals' 

surfaces and were pushed away from the center to the periphery of the ablation spot before 

solidification. This pushing effect is even more pronounced on the ablated Fe and Ti 

surfaces, resulting in melting edges (also visible on the confocal 3D images in Figure 66b) 

that are predominantly localized at the periphery of the ablation crater. While the high 

melting tendency for SP-ns-LAL of Al can partly be explained by its low melting 

point (933 K) [284], the formation of the melting edges on the ablated Ti and Fe surfaces is 

probably attributed to the low thermal diffusivity of these metals. The impact of the recoil 

pressure induced by the cavitation bubble likely further intensifies this effect [391,571].  

Another interesting feature becomes visible when one takes a closer look at the melt's 

microstructure (see inserts in Figure 67). The formation of a porous structure with different 

degrees of micro-cavities can be observed. The number of these micro-cavities is quite low 

for Au, Ag, and Cu but increases significantly for Fe and Al. In contrast, no micro-cavities 

are visible on the ablated Ti surface. It is often reported that the micro-cavities originate from 

phase explosion (besides spallation) of the target material [356,391,572]. It is further 

speculated that homogeneous bubble nucleation occurs when the melt's temperature rises to 

a value of 0.8-0.9 of the metal's critical thermodynamic temperature Tc. In this case, the hot 

molten layer is penetrated by the supercritical water, and hydrodynamic disintegration of 

this layer into NPs takes place [131]. Afterward, the liquid layer is pushed back to the target 

surface. Different values were reported for the critical thermodynamic temperature of the 

metals used in this study. For example, a Tc of 7400 K was found for Au [573], while it is 

6700 K for Al [574]. For Ti, the Tc of 11790 K [575] is far higher compared to the other 

metals, consistent with the lowest degree of micro-cavities. 
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Note that for water, the critical thermodynamic temperature is 647 K [284]. According to 

Starinskiy et al., the damage threshold for melting is balanced by the vaporization 

temperature of water and the metal melting temperature [422,423]. For the ablation of metals 

with high melting points, water vaporization starts before target melting, and for the ablation 

of metals with low melting points, it is the opposite. Therefore, it is expected that the damage 

threshold is higher for the ablation of high melting metals since the formed vapor-liquid 

interface shields the incoming laser beam [422,423]. The ablation depths were plotted 

against the different materials' melting temperatures for evaluating this 

relationship (Figure 68a). Although the melting point of Al (933 K [284]) is relatively far 

away from the Tc of water, a good correlation between the ablation depths and the melting 

temperatures of the corresponding materials can be observed.  

 

Figure 68: (a) Ablation depth as a function of the bulk materials' melting points. The critical thermodynamic 

temperature of water is marked with an arrow. (b) Double logarithmic plot of the effective laser fluence against 

the incident laser fluence. Linear regression of the data obtained for incident laser fluences below (solid lines) 

and above (dashed lines) 75 J/cm2 are included. In the insert, the ratio of the slopes of the fits >75 J/cm2 to 

<75 J/cm2 is plotted. (c) Ratio of the effective to incident laser fluence. The ratios were calculated for a 

fixed incident laser fluence of 38 and 166 J/cm2. (d) Effective spot diameter obtained at an incident 

laser fluence of 166 J/cm2 as a function of the calculated material-specific damage thresholds. The fit is used 

to guide the eye. 

a) b) 

c) d) 
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In the following, the material-specific trend of the measured spot diameters is discussed in 

more detail. Since the measured and theoretically calculated spot diameters differ (compare 

Figure 64), the incident and effective laser fluence also differ, as demonstrated in Figure 68b. 

The incident laser fluence is calculated by dividing the applied pulse energy by the target 

area illuminated by the laser beam. Considering a pulse energy of 11.9 mJ and the theoretical 

spot sizes (which are material-independent), the incident laser fluences range from 21 to 

313 J/cm2. In contrast, the effective laser fluences were calculated by considering the 

effective spot size after ablation. Since the largest spot sizes were obtained for Ti, the 

effective laser fluences are smallest for this metal (11±1 to 26±3 J/cm2). In contrast, the 

smallest spot sizes were measured for Ag so that the effective laser fluences are highest for 

this metal (41±4 to 92±22 J/cm2). The effective laser fluences of the other metals lie between 

those of Ag and Ti, following the order Ti<Al<Fe<Au<Cu<Ag.  

It is worth mentioning that the deviation between the incident and effective laser fluence is 

smaller below an incident laser fluence of 75 J/cm2 but increases above this value. This trend 

is particularly pronounced for Au, Ag, and Cu, as indicated by the ratio of the slope of the 

linear fits between these two fluence regimes in the insert of Figure 68b. This observation is 

further confirmed by looking at the ratio of effective to incident laser fluence calculated for 

a fixed incident laser fluence of 38 and 166 J/cm2 in Figure 68c. At an incident laser fluence 

of 38 J/cm2, the ratio is 1.00±0.06 for Ag and decreases from Cu (0.75±0.09), Au (0.6±0.1), 

Fe (0.39±0.03), Ti (0.28±0.02) to Al (0.31±0.05). At a fixed incident laser fluence of 

166 J/cm2, the ratio of the effective to incident laser fluence is 2-3 times lower. This trend 

can be associated with a less efficient coupling of laser energy into the target system. At 

higher laser fluences, plasma shielding effects become more relevant. In this context, 

Reich et al. determined a fluence threshold at around 50 J/cm2 for ns-LAL of Ag, which is 

in good agreement with the fluence threshold found in the present study [304].  

Nevertheless, it remains unclear how the effective spot diameters are connected with the 

target materials' physicochemical properties. For a first assessment, the spatial fluence 

distribution F(x) is considered, which is given by equation 20, assuming a Gaussian beam 

(the M2 value of the used laser is 2 and delivers TEM00 mode). 

𝐹(𝑥) = 𝐹0 ∙ exp(−𝑥2𝑤𝑜2 )   (20) 

Here, x represents the distance from the beam center, F0 the peak fluence at the beam center, 

while ω0 is defined as the 1/e2 beam radius of the distribution. The laser fluence is the highest 
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in the beam center but decreases exponentially with increasing distance, as outlined in the 

insert of Figure 68b. The fluence falls below the ablation threshold at a certain distance from 

the beam center, where the impact of target annealing, modification, and melting increases. 

Taking into account the thermal diffusion length Lth (from Table 5), the melting 

temperature Tm, the specific heat capacity cp,s s well as the density ρ of the different bulk 

materials (from Table 9 in the appendix) and the ambient temperature T0 (298 K), the 

material-specific damage threshold Fd,m for melting can be calculated according to 

equation 21 [567].  𝐹𝑑,𝑚 = 𝑐𝑝,𝑠 ∙ 𝜌 ∙ (𝑇𝑚 − 𝑇0) ∙ 𝐿𝑡ℎ   (21) 

In Figure 68d, the calculated damage thresholds (also summarized in Table 5) were plotted 

against the measured spot diameters at an exemplary incident laser fluence of 166 J/cm2. The 

values correlate very well, indicating that the effective spot size (and thus the effective laser 

fluence) is determined by the laser-induced melting of the target surface depending on the 

ablated materials' thermal properties. 

Characterization of the cavitation bubble dynamics  

As predicted by MD simulations, the hot molten layer that forms in the initial phase after 

laser-matter interaction strongly interacts with the liquid, resulting in an expanding low-

density metal-water mixing region, which serves as the precursor for the formation of the 

cavitation bubble [131,204]. Although this mixing region offers suitable conditions for 

chemical reactions, these have not yet been considered in the MD simulations. Such 

chemical reactions include redox reactions that can take place between the molten material 

and supercritical water, further affecting the evolution of the cavitation bubble. Therefore, 

the influence of the redox potential of the target materials on the cavitation bubble evolution 

is investigated in the following. Generally, the lifetime and the size of the cavitation bubble 

strongly depend on the applied pulse energy [222,299,304] and the focusing 

conditions [304]. However, for the first bubble expansion phase, it was found that the bubble 

maximum is always located at the same time delay of 80 µs regardless of the applied laser 

fluence and target material (see appendix Figure 90a). Therefore, a constant time delay of 

80 µs was chosen for all further experiments. Figure 69a shows pictures of the maximum 

cavitation bubble volumes recorded during SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al.  
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Figure 69: (a) Pictures of cavitation bubbles produced during SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in 

water at an incident laser fluence of 313 J/cm2. Each picture was recorded at a constant time delay of 80 µs 

after the laser impact. (b) Maximum cavitation bubble volume depending on the target material and the incident 

laser fluence. (c) Maximum cavitation bubble volume as a function of the standard electrode potential of the 

ablated material. 

The cavitation bubbles produced on the different materials exhibit a quasi-hemispherical 

shape at its maximum expansion with a sharp interface to the liquid phase. The cavitation 

bubbles' sizes are comparable for Au, Ag, Cu, Fe, and Ti and are characterized by heights 

and diameters of 1.6 mm and 3.2 mm, respectively. However, for Al, the cavitation bubble 

is much bigger, reflected in an enlargement in bubble height and diameter by 200 µm 

(indicated by red-dashed, horizontal line). The bubble volume was calculated, considering 

the cavitation bubble height and diameter (Figure 69b). Analogous to the ablation depth 

(compare Figure 66c), the bubble volume increases with increasing incident laser fluence 

but saturates and approaches constant values of about 8 mm3 at laser fluences above 

166 J/cm2. 

Interestingly, there is no clear trend in bubble volume for incident laser fluences below 

63 J/cm2 for all materials except Al. In this low-fluence regime, the bubble volumes are 

smallest for Ag and Cu, followed by Ti, Fe, and Au. This trend is probably due to the impact 

of incubation effects [568]. Reich et al. reported that such incubation effects are more 

important in the low-fluence regime, where the cavitation bubble size increases significantly 

during the first few laser pulses. They explained the findings by a suppressed target 

reflectivity and a more efficient coupling of laser energy into the target system [282]. In the 

high-fluence regime, incubation effects are of minor importance. Hence, the target 

a) 

b) c) 
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reflectivity or roughness of the pristine target surface seems to be less-relevant in the high-

fluence regime where the cavitation bubble volumes are comparable for all materials 

except Al. This theory is further supported by Bevanides et al., who showed that the 

reflectivity drops significantly during ns-ablation when the laser fluence is much higher than 

the ablation threshold [570]. 

In contrast to the other materials, the bubble volumes are consistently the largest for Al 

regardless of the incident laser fluence. In the low-fluence regime, the maximum bubble 

volume is almost twice as large compared to the other metals. With increasing incident laser 

fluence, the differences decrease, but the LAL-induced cavitation bubble on Al is still 20% 

bigger. In chapter 4.2.1, it was shown that the hydrogen gas formation rate increases strongly 

with increasing oxidation sensitivity of the ablated material [497]. Possibly, not only the 

formation of persistent bubbles is influenced by the oxidation-sensitivity of the ablated 

material, but also the formation of the initial cavitation bubble explaining the larger bubble 

volumes for Al. In this context, Tamura et al. found that a thin vapor layer (stated as the birth 

of the cavitation bubble) forms around the plasma boundary already during the first few tens 

of nanoseconds after laser-matter interaction, indicating a strong interaction of the plasma 

with the liquid [154]. Lam et al. showed that during ns-LAL of Al2O3 in water, Al atoms are 

oxidized after 2 µs [81]. Thus the possibility of early redox reactions between the target 

material and water molecules would be given.  

For further evaluation, the maximum cavitation bubble volumes were plotted as a function 

of the target materials' standard electrode potential in Figure 69c. For Au, Ag, Cu, Fe, and 

Ti, the cavitation bubble volume slightly increases with decreasing standard electrode 

potential. However, considering the standard deviation, it is concluded that the cavitation 

bubble volume is less affected by the oxidation sensitivity of these metals. The higher 

cavitation bubble volume of 9.8±0.8 mm3 for Al, on the other hand, qualitatively agrees with 

the expectations of the redox chemistry. However, concerning the far higher molar ablation 

yield for Al (factor 12, see Figure 71a as will be discussed later) as well as factor 20 higher 

mole-specific gas formation volume compared to Au [497], this cavitation bubble volume is 

still far smaller as expected indicating that secondary effects contribute to both part ablation 

and gas formation at longer timescales.  

Since the biggest difference in the cavitation bubble evolution was observed for Al, this 

material is discussed in more detail using Au as oxidation-inert reference material. For this 

purpose, the whole cavitation bubble cycle was recorded for both metals, as illustrated in 

Figure 70a. The development of the cavitation bubble can be subdivided into four stages 
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[222,299]. In the first stage, the liquid undergoes phase transition inducing the formation of 

an expanding cavitation bubble. After reaching a stationary point with maximum size, the 

cavitation bubble begins to shrink and finally collapses. If enough energy is stored within 

the first cavitation bubble, one or more cavitation bubble rebounds are observed (second and 

third stage). Finally, all collapses and, in particular, the final collapse lead to the formation 

of persistent bubbles (fourth stage).  

By comparing the cavitation bubble's temporal evolution, it becomes apparent that the 

maximum cavitation bubble volume for Al is significantly larger than for Au, as discussed 

before. This observation applies not only to the maximum cavitation bubble volume but also 

to the entire first bubble cycle. Besides, the lifetime of the first cavitation bubble is longer 

for Al (~200 µs) than for Au (~180 µs), which is indicated by the red (for Au) and purple 

(for Al) colored vertical lines in Figure 70b, and further supported by the theoretically 

calculated bubble lifetimes (see Table 10 in the appendix).  

 

Figure 70: (a) Temporal evolution of the cavitation bubble on gold (upper picture series) and aluminum target 

(lower picture series) immersed in water at an incident laser fluence of 313 J/cm2. (b) Temporal evolution of 

the cavitation bubble volume and (c) calculation of the bubble symmetry (hemispherical = 1.0) as a function 

of time. Au = red squares, Al = purple circles. 

In the second stage (= first rebound), a secondary cavitation bubble is formed, which lasts 

longer and is larger for Al (350 µs and 1.6 mm3) than for Au (330 µs and 1.2 mm3), as 

expected from the bigger first bubble. However, a larger difference becomes apparent when 

a) 

b) c) 
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looking at the third stage, which cannot be explained by Rayleigh–Plesset- or Gilmore-like 

bubble rebound behavior [296] and indicates strongly non-adiabatic conditions. For Au, only 

a small third cavitation bubble (2nd rebound) is formed, collapsing after 390 µs and 

characterized by a maximal bubble volume of 0.3 mm3. The cavitation bubble formed on the 

Al surface is three times larger (1.1 mm3) and lasts significantly longer (510 µs), indicating 

that another process contributes to the bubble rebound extent. 

In this context, the ratio of the individual cavitation bubble lifetimes Tosc is interesting as it 

represents an expression for the vigor of the bubble collapse. The ratio increases with 

increasing collapse pressure and damping induced by the acoustic transient or shockwave 

emission. The Tosc1/Tosc2 ratio is larger for Al (1.45) than for Au (1.22). The difference cannot 

be understood if water vapor is assumed to be the main bubble content. However, it is known 

from SAXS measurements that the LAL-induced cavitation bubbles contain ablated 

matter [132,134,336,337]. Additionally, water is decomposed during LAL, and a large 

quantity of permanent gases is formed depending on the oxidation-sensitivity of the ablated 

material [497]. Thus it is likely that the cavitation bubble also consists of permanent gases 

besides ablated matter and water vapor. More non-condensable bubble content then leads to 

a stronger cushioning of the collapse and less damping by shockwave emission.  

After the final bubble collapse, persistent bubbles (indicated as dotted red and purple line) 

are formed. The amount of these bubbles is significantly larger for Al than for Au, which 

can be explained by the high redox affinity of Al to water (compare chapter 4.2.1). 

Considering that such redox reactions are exothermic, they likely contribute to the energy 

transfer into the bubble rebound and/or additional formation of (permanent) gas, leading to 

a larger bubble rebound volume and lifetime. 

The picture frames further indicate that the cavitation bubbles deviate from the ideal 

hemispherical shape. This deviation is particularly pronounced during the second rebound 

event on the Al surface. The bubble symmetry was calculated to evaluate this symmetry 

deviation in more detail (Figure 70c). It is defined by the ratio of bubble height to bubble 

radius considering a hemispherical bubble geometry. Accordingly, a symmetry factor of 1 is 

associated with an ideal hemisphere. The bubble symmetry is ideal for both materials during 

the maximum expansion phase but decreases as the first rebound event approaches. The 

decrease of the bubble symmetry is larger for Au than for Al. However, its value increases 

again at the beginning of the first rebound stage, followed by a steady decrease until the 

second rebound is reached. During the third stage, the bubble symmetries for Au and Al are 

completely different. In the case of Au, the bubble symmetry increases until an almost 



Results and Discussion 

162 

hemispherical bubble is reached, whereas the bubble symmetry fluctuates for Al (visible as 

bumpy structures in Figure 70a). This change in symmetry is probably due to the strong 

reactivity of Al with the water (vapor) phase and the stronger cushioning of the bubble 

induced by the formation of less-condensable permanent gases. 

Correlation of the amount of ablated matter with the cavitation bubble properties  

Since the ablated matter and its reactivity with water seem important for the cavitation 

bubble dynamics, the volumetric, mass, and molar ablation efficiencies were determined by 

confocal 3D microscopy. The results are summarized as stacked bar charts in Figure 71a-c.  

 

Figure 71: (a-c) Stacked chart summarizing the volumetric, mass, molar ablation efficiency measured by 

confocal 3D microscopy for SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in water. (d) Bubble-internal molar 

concentration depending on the incident laser fluence. 

 

The volumetric ablation efficiency is the highest for Al. It increases almost linearly from 

1.7±0.7∙105 to 3.5±0.5∙105 µm3/pulse (error bars are not included in the diagram) until an 

incident laser fluence of 166 J/cm2 is reached. A further increase of the incident laser fluence 

is accompanied by saturation of the volumetric ablation efficiency. For Au (0.2±0.1∙105 to 

0.3±0.1∙105 µm3/pulse), Ag (0.14±0.1∙105 to 0.8±0.1∙105 µm3/pulse), and Cu (0.1±0.0∙105 to 

0.4±0.1∙105 µm3/pulse), the volumetric ablation efficiency shows the same dependence on 

the incident laser fluence but is in total up to ten times lower than for Al. In contrast, the 

general trend for Fe (0.3±0.0∙105 to 0.1±0.0∙105 µm3/pulse) and Ti (0.8±0.1∙105 to 

0.4±0.1∙105 µm3/pulse) is the opposite. The ablated volumes are highest at low incident laser 

fluences and decrease steadily with increasing incident laser fluence. This trend can be 

a) 

b) 

c) 

d) 
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attributed to the formation of melting edges (see Figure 87 in the appendix), which do not 

contribute to the ablated volume.   

For further evaluation, the volumetric ablation efficiencies were divided by the material 

density resulting in the mass ablation efficiency (Figure 71b). These are highest for Ag and 

Al (~1 µg/pulse) and decrease to 0.1-0.5 µg/pulse for Au, Cu, Fe, and Ti. Thus, the mass 

ablation efficiency does not correlate with the redox potential of the ablated material under 

SP-ns-LAL conditions, as was observed for continuous ns-LAL of the same metals with 

repetition rates in the kHz range (see chapter 4.2.1). The different trends can be explained 

by the fact that the formation of persistent bubbles starts after several hundred microseconds 

(see Figure 70). Hence, their influence on the first laser pulse is negligible so that the ablation 

yield in SP-LAL is not affected by gas formation cross-effects.  

However, it has been shown that the redox chemistry between the ablated matter and the 

water phase might be important for cavitation bubble dynamics. Since such redox reactions 

are typically balanced by the reaction stoichiometry of the involved redox pair (metal and 

water), the molar ablation efficiency was calculated by dividing the mass ablation 

efficiency by the corresponding material's molar mass (see Figure 71c). The molar ablation 

efficiencies are highest for Al (35 nmol/pulse) and decrease to 2-8 nmol/pulse for Ag, Ti, 

Cu, Fe, and Au. 

In the next step, the molar ablation efficiency was related to cavitation bubble volume, 

resulting in the bubble-internal molar concentration (Figure 71d). Note that the presented 

concentration values are the nominal bubble-internal concentrations assuming that the target 

mass derived from the crater volume measurements is present in total in the first bubble. 

This ideal situation is not the case in particular for redox-active targets, as discussed later, 

and calculation of this ideal value intends to demonstrate the deviance from this “ideal” 

behavior. For Au, the bubble-internal molar concentration is about 0.3 nmol/mm3 and 

remains rather constant over the entire fluence range. For Ag, Cu, and Al, it increases with 

increasing laser fluence, resulting in maximum concentrations of 1 nmol/mm3, 

0.6 nmol/mm3, and 3.5 nmol/mm3, respectively. For Fe and Ti, the trend is the opposite, so 

that the bubble-internal molar concentrations of 1-2 nmol/mm3 are highest in the low-fluence 

regime. Overall, the nominal concentration of ablated matter (if the laser pulse causes the 

whole crater volume) of Al is more than a factor of ten higher than for Au.  

Considering the literature findings, Letzel et al. determined a bubble-internal molar 

concentration of 3.7 nmol/mm3 for SP-ns-LAL of Ag in water at an effective laser fluence 

of 14.5 J/cm2 [283]. In contrast, in the present study, a ten times lower concentration of 
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0.4 nmol/mm3 was determined at a comparable incident laser fluence of 21 J/cm2, 

unexpected at first sight. However, note that Letzel et al. ablated the target with ten pulses 

or more to obtain accurate ablation results and extrapolated these values to one pulse. Hence, 

incubation effects may be responsible for the differences in the bubble-internal molar 

concentrations. 

For further discussion, the molar gas amount in the cavitation bubble was calculated for Au 

and Al as reference materials to assess the influence of redox reactions within the bubble 

cavity. For this purpose, a model proposed by Lam et al. was applied, whose validity was 

confirmed during the first cavitation bubbly cycle for low viscosity liquids, excluding 

surface tension and viscosity effects [289]. Considering the temporal evolution of the 

primary cavitation bubble radii for Au and Al (derived from Figure 70b), the bubble pressure 

was determined by solving the Rayleigh–Plesset equation (see appendix on page 224 for 

more details). The results of this calculation are shown in Figure 72a 

 

Figure 72: (a) Bubble pressure as a function of time obtained for SP-ns-LAL of Au and Al in water at an 

incident laser fluence of 313 J/cm2. For the calculations, water vapor (γ = 1.33) was assumed as bubble content. 

(b) Instantaneous bubble temperature derived from the isentropic relation for an ideal gas. (c) Molar gas amount 

inside the bubble, assuming that the bubble is composed of water vapor (γ = 1.33) or oxygen and hydrogen 

molecules (γ = 1.4). (d) Ratio of the molar gas amounts contained in the cavitation bubble to the amount of 

ablated mol. 

Note that a 4th order polynomial regression (see appendix Figure 91) was performed to 

obtain the bubble radii for times <50 µs since the minimum time delay of the camera system 

was too low to capture the data points in this time regime. The instantaneous temperature 

a) 

b) 

c) 

d) 
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TB(t) of the bubble (Figure 72b) is then derived from the isentropic relation of an ideal gas, 

according to equation 22, taking into account the bubble pressure.   𝑇𝐵(𝑡)𝑇0 = ( 𝑃𝑃0)𝛾−1𝛾
 (22) 

 

The solvent critical temperature Tc of water (= 647 K) was used as the upper limit for the 

initial temperature T0. Furthermore, the adiabatic constant γ was adjusted to considers the 

type of gas (γ = 1.33 for water vapor and γ = 1.4 for molecular hydrogen and oxygen [500]). 

Assuming that water vapor is the main bubble content, the pressure and temperature levels 

are about 1 bar and 300 K at the maximum bubble expansion stage, thus in good agreement 

with the values found in the literature [242,289].  

With the knowledge of the temperature and pressure conditions in the bubble, it is possible 

to calculate the molar gas amount. Assuming that the ideal gas law holds, the cavitation 

bubbles produced on Au and Al contain 335 and 385 nmol water vapor, 

respectively (Figure 72c). Changing the interior bubble content to molecular hydrogen and 

oxygen would not significantly change the bubble pressure. However, it would lead to a 

decrease in the bubble temperature by 40 K (see Figure 92 in the appendix) accompanied by 

a slight increase of the molar gas amount by 14%. Overall, the molar gas amounts (assuming 

water vapor) are about 1.5 times higher than the amounts found by Lam et al. (~220 nmol), 

which is not unexpected since their cavitation bubbles were ~40% smaller [289].  

Note that the molar amount of water vapor increases drastically by 600 times when a real 

gas is assumed (see Figure 93 in the appendix). This increase dramatically increases the 

liquid molecules' kinetic availability, making redox reactions with the ablated matter even 

more likely. In contrast, the molar gas amount of molecular hydrogen and oxygen does not 

change much compared to the ideal case, attributed to the low intermolecular forces between 

these gas molecules.  

Assuming that the total amount of ablated mol Al (35 nmol at an incident laser fluence of 

313 J/cm2) reacts with water, ~50 nmol molecular hydrogen is expected to be formed. A 

comparison of this value with the gas volume of 1.6 mm3 obtained by subtracting the 

experimentally found cavitation bubble volume for Al (9.8 mm3) from that of Au (8.2 mm3) 

would support the theory of early redox reactions. However, two points are disregarded. 

Firstly, the redox potential is temperature-dependent, so that already simple calculation of 

the temperature-dependent Nernst equation predicts oxidation of gold (i.e., if the 

overpotential is taken into account) [98]. Secondly, the assumption that the total mass is 

ablated within the laser pulse and plume time regime is probably incorrect, particularly for 
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(exothermic) redox-active target materials. The latter point is further supported by 

considering the molar ratio of the amount of gas in the first cavitation bubble to the amount 

of ablated matter (Figure 72d). This molar ratio would predict that the contribution of Au to 

the gas volume of the primary cavitation bubble is ten times higher than that of Al, which is 

unrealistic from the viewpoint of the redox chemistry and the assumption that the ablated 

mass (from Figure 71a) is completely present in the first bubble. Therefore, exothermic 

reactions at the target surface likely contribute to the ablation of additional material that 

affects the cavitation bubble dynamics on a timescale later than the primary cavitation bubble 

regime. This assumption is supported by Reich et al., who have shown that the oxidation of 

Zn atoms present in the liquid sets in at time delay after the collapse of the first cavitation 

bubble [135].  

For a more detailed discussion, the exothermic character of the redox reaction of the metals 

with water was investigated. This reaction can induce the release of additional heat, which 

amount can be approximated by taking into account the corresponding reaction enthalpy 

[284,500] and the molar amount of ablated matter, as demonstrated in Table 6. 

Table 6: Calculation of the amount of heat formed during the reaction of water and ablated matter at 

an incident laser fluence of 313 J/cm2 [284,500]. 

material reaction enthalpy [kJ/mol] amount of ablated mol [nmol]  energy [mJ]  

Au 845 2.8±0.2 2.39±0.17 

Ag 255 8.8±1.6 2.24±0.41 

Cu 123 5.2±0.2 0.64±0.02 

Fe 20 2.2±1.4 0.04±0.02 

Ti -372 5.5±0.5 -2.04±0.18 

Al -818 35.1±9.1 -28.69±7.44 

For less-oxidation-sensitive metals such as Au, Ag, Cu, and Fe, the redox reaction with water 

is endothermic but becomes exothermic for Ti and Al. Related to the initial pulse energy of 

11.9 mJ, this means that the exothermic redox reaction of Ti and Al with water generates 

17 and 240% additional energy, respectively. These strong non-adiabatic exothermic 

conditions probably influence not only the ablation yield on a timescale later than the laser 

pulse and plume time regime but also the cavitation bubble rebound and the formation of 

persistent bubbles.   

Mechanistic picture summarizing the physical and chemical processes during LAL 

The mechanistic picture displayed in Figure 73 summarizes the chemical and physical 

processes that occur within the different temporal stages during ablation in water and 
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determine the ablation yield, the vaporization and decomposition of the liquid, the cavitation 

bubble dynamics, and the formation of persistent bubbles and NPs.  

Based on the laser pulse interaction with the target material (panel 1), the pulse duration is 

important because it determines the rate and spatial extent of the deposition of laser energy 

into the target material [207,576]. While for ultrashort pulses (fs-ps), the deposition of laser 

energy takes place within the range of the optical penetration depth of the target material 

[207], for longer laser pulses (≥ns), deeper parts of the target material are affected by heat 

conduction [419,577]. In a liquid environment, the effective energy penetration depth might 

be even higher than expected for ablation in air since exothermic reactions between 

oxidation-sensitive metals and water induce the release of additional energy that penetrates 

the target and affects the ablation yield, probably on a timescale later than the laser pulse 

and plume time regime.  

After deposition of laser energy onto the substrate, the target material is converted into a hot 

dense plasma [148]. The plasma not only limits the ablation yield since plasma shielding 

effects increase with increasing pulse duration and laser fluence [207]. It is also discussed 

that the plasma might be responsible for the decomposition of the liquid [154,210].  

 

Figure 73: Scheme of the physical and chemical processes occurring during laser-matter interaction (1), 

ablation (2), evolution (3), and rebound (4) of the cavitation bubble as well as the dispersion (5) of persistent 

bubbles and NPs within the liquid. 

The ablation process (panel 2) is driven by the strong interaction of the ablation plume with 

the liquid, which is rapidly heated to supercritical conditions resulting in the formation of an 
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expanding low-density metal-water mixing region [130,131]. This region provides suitable 

conditions for the nucleation and growth of small NPs as well as chemical reactions. Besides, 

the hot metal layer formed at the interface to the liquid is affected by hydrodynamic 

instabilities that lead to the formation of larger NPs, which are ejected directly beyond the 

cavitation bubble into the bulk liquid for ultrashort pulses durations [130] or remain within 

the cavitation bubble for longer pulse durations in the sub-nanosecond range [131]. In the 

latter case, larger NPs are also formed by spinodal decomposition of the expanding metal 

layer and coalescence of smaller NPs.  

Even though the oxidation of the target surface and NPs is a commonly observed 

phenomenon [378,383,391,497], the time and place of oxidation are controversially 

discussed. Since reactive oxygen species are formed within the plasma [210,497], it is not 

unlikely that the NPs are oxidized within the low-density metal-water mixing region, which 

further expands, leading to the evolution of the cavitation bubble (panel 3). The cavitation 

bubble, which contact angle with the target surface strongly depends on the liquid 

viscosity [306], acts as a confinement for the particle mass. Its interior consists mainly of 

solvent molecules [235,289]. However, permanent gases such as molecular hydrogen and 

oxygen formed by early plasma-liquid [148] or redox reactions within the low-density water-

metal mixing region are also likely present, as indicated within this study.  

The NPs contained in the cavitation bubble are subject to even further reactions, as 

confirmed by the quenching of the NP size by anions observed during in-situ SAXS 

measurements [132]. Furthermore, non-oxidized Zn species were identified by X-ray 

absorption spectroscopy [378], whose concentration decreases during the bubble's expansion 

and cooling and finally disappears after the bubble collapse, whereupon oxidation processes 

begin to dominate [135]. Nevertheless, it is unclear to what extent the NPs in the cavitation 

bubble result from the ablated mass within the laser pulse and plume time regime since hints 

were found in this study that redox-active materials may react exothermally with water, 

resulting in an additional energy release, which probably leads to further material expulsion 

on a later timescale. Such strong, non-adiabatic conditions not only favor a larger second 

cavitation bubble rebound as for the first time demonstrated in this study (panel 4), which 

cannot be explained by the Rayleigh-Plesset [289] and Gilmore-like rebound [296] behavior, 

for which adiabatic conditions are assumed. Also, the formation of a large amount of 

persistent bubbles consisting of molecular hydrogen and oxygen near the target surface is 

promoted (panel 5), determining NP productivity during continuous LAL [162,497]. Note 

that the NPs are confined to a small volume during the bubble compression so that the 



Results and Discussion 

169 

probability for agglomeration and aggregation increases [134]. After the final cavitation 

bubble collapse, the NPs are dispersed in the liquid, where they further grow [578] and 

oxidize [135,378,497] on the long-timescale.  

In summary, all these physical and chemical processes discussed in this section demonstrate 

that the redox chemistry between the target material and the liquid is crucial for the ablation 

yield, cavitation bubble dynamics, and the formation of permanent gases on both the short- 

and the long-timescale. In particular, the exothermic character of these redox reactions in 

correlation with the physicochemical properties of the target materials (e.g., melting point 

and thermal diffusivity) is of high relevance for evaluating the LAL-induced ablation 

dynamics and should be further investigated in future studies.    

Conclusion 

The synthesis of colloids by laser ablation in liquids can be performed with a huge variety 

of different material classes. Since different physical and chemical properties characterize 

these materials, the outcome of the interplay between the laser, the bulk material, and the 

liquid is very complex. Laser ablation of oxidation-sensitive materials in water, e.g., induces 

the decomposition of water, further influencing the ablation process in terms of ablation 

efficiency, cavitation, and oxidation of the NPs. Such cross-effects are not only a nuisance 

for the upscaling of the process but also for fundamental investigations. Therefore, single-

pulse ablation conditions are required to link the ablation yield to cavitation dynamics, 

disentangled from any post-irradiation effects. 

By performing single-pulse nanosecond laser ablation of six different bulk materials (Au, 

Ag, Cu, Fe, Ti, and Al) in water, it was demonstrated that the ablation characteristics are 

determined by the bulk material's thermal properties, melting points, and redox potential. It 

was shown that the effective spot sizes vary significantly, resulting in spot sizes twice as 

large for poor thermal conductors like Fe and Ti, compared to good thermal conductors such 

as Au, Ag, and Cu. Consequently, the deviation from the effective and theoretically 

calculated incident laser fluence is largest for Ti and Fe with a factor of 5-8. For Au, Ag, and 

Cu, it was shown the deviations are smaller in the low fluence regime (factor 0-2) but 

increase significantly in the high fluence regime (factor 3-5) due to an increasing importance 

of plasma shielding effects. Single-pulse ablation of low melting, chemically reactive 

materials such as Al constitutes a border case that leads to large spot sizes, deepest crater 

structures, and thus highest ablation yields. These results are completely different from those 

observed for continuous laser ablation, where the formation of persistent bubbles determines 

the ablation efficiency on the long-timescale, making kHz-LAL of Al very ineffective. 
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Furthermore, in this study, hints were found that exothermic redox reactions between the 

target material and water are important for the cavitation bubble's volume and dynamics. It 

was shown that compared to oxidation-resistant target materials such as Au, 20% larger 

cavitation bubbles are formed on highly oxidation-sensitive materials such as Al. The 

difference in bubble volumes indicates that the cavitation bubble probably contains 

molecular hydrogen (and oxygen) in addition to water vapor. The formation of such non-

condensable permanent gases combined with the exothermic redox reaction character 

influences the cavitation bubble dynamics, leading to a prolonged oscillation cycle and 

rebounds that are far larger than expected for adiabatic conditions. Therefore, target energy 

transfer (exothermic reaction) and permanent gas formation near the target surface need to 

be considered as key effects that contribute to both the reaction of the liquid with the target 

material and the ablated yield. As the chemical environment inside the cavitation bubble is 

important for NP growth, determining its gas composition besides the nanomaterial's 

localization could be interesting for future experiments. 
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5. Summary and Conclusion  

As laser and nanotechnology have become one of the key technologies in today’s life, 

seeking solutions to modern world problems is one of the greatest challenges scientists are 

facing today. Nowadays, Laser Ablation in Liquids (LAL) has been developed into a 

groundbreaking technology [76] opening access to an enormous number of functional 

nanomaterials [77,79,85,377,442] promising for application fields such as catalysis 

[98,99,475], biomedicine [109,442], optics [101,103,104], and additive manufacturing [112-

114]. However, for the successful application of this method or its products to the final 

market, two essential criteria must be met: Firstly, the production of sufficient quantities of 

nanomaterials at an economic scale has to be guaranteed. Secondly, the reproducibility and 

functionality of the nanomaterial for the corresponding application needs to be ensured.  

Even though NP production on a gram-per-hour scale has already been successfully 

demonstrated with high-power laser systems [116,117], there is still plenty of potential for 

further growth to make LAL even more economical and thus more attractive. One of the 

main objectives is developing new strategies to increase NP productivity and reproducibility 

based on optimizing working parameters independent of the investment costs, i.e., laser 

output power. Another challenge is understanding the behavior of redox-active materials 

during LAL, characterized by a stronger chemical reactivity with the liquid environment 

than noble metals commonly used as reference materials. Both issues require precise 

knowledge about the physical and chemical processes that take place during LAL. These 

processes encompass the laser beam's interaction with the bulk target inducing the formation 

of a cavitation bubble filled with NPs and chemical reactions with the liquid leading to 

permanent gas products. Disentanglement is required by precise experimental design that 

allows to discriminate between NP and gas formation cross effects.  

Furthermore, a link is demanded between the common lab-scale batch LAL processing at 

multiple pulses (often in the kHz regime) [162,521], liquid flow conditions [116,308], and 

single-pulse events [282,283]. The present thesis dealt with these challenges following the 

overall goal of gaining insights into liquid decomposition pathways induced by RLAL 

depending on the liquid's reactivity with the target material and linking these findings to the 

productivity and composition of the NPs. The main results are highlighted in Figure 74.  
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Figure 74: Schematic summary of the main results obtained in this study highlighting the impact of persistent 

microbubbles and NPs on the ablation yield during batch processing and liquid flow conditions for continuous 

LAL as well as single-pulse conditions. 

In this context, a new type of bubbles, so-called persistent bubbles, was introduced, which 

are formed directly after the collapse of the cavitation bubble and have hardly been 

investigated so far. In contrast to cavitation bubbles, the persistent bubbles are characterized 
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by significantly longer lifetimes in the range of milliseconds to seconds. Therefore, they 

represent a permanent scattering source for the laser beam that reduces the laser fluence 

available for bulk ablation. Bubble shielding was demonstrated to be particularly important 

for LAL in highly viscous liquids during batch processing with the quite common vertical 

beam guidance geometry. It was shown that the dwell time of the bubbles increases with 

increasing liquid viscosity. Consequently, the bubbles quickly accumulate within the liquid 

and shield up to 65% of the liquid cross-section. As a result, NP productivity decreases 

dramatically with increasing liquid viscosity. 

The productivity-limiting influence of the persistent bubbles can be reduced by taking 

advantage of the buoyancy force acting on the bubbles in the liquid and ablating the bulk 

target in a vertical beam guidance direction. This effect can be further enhanced by applying 

a liquid flow along the target surface. This way, it was shown that NP productivity increases 

by about 100% when the flow rate increases from 1 to 20 ml/min. However, under liquid 

flow conditions, an interface layer forms along the target surface, limiting the diffusion of 

persistent bubbles and NPs within the liquid depending on its viscosity. In this context, it 

was shown that persistent bubbles shield up to 80% of the target surface in ethylene glycol 

during ns-ablation of Au, while it is only 50% in acetone and 15-20% in water. Hence, ns-

ablation of Au is most efficient in water. Furthermore, it was demonstrated that diffusion-

limitation affects colloidal stability, resulting in the highest NP agglomeration degrees in 

high-viscous ethylene glycol. 

In contrast to bulk target-LAL and the related formation of persistent bubbles, the laser 

beam's interaction with NPs induces the formation of nanobubbles [278,428]. The formation 

of nanobubbles depends on the laser wavelength [278], the pulse duration [579], the 

plasmonic properties of the nanomaterial (absorption cross-section) [92,279] as well as the 

applied laser fluence [426,580]. For ps-LAL as a quite sensitive method to optical 

breakdown in liquids, a specific NP mass concentration threshold was identified, below 

which the decomposition of the liquid is ruled by LAL and the formation of persistent 

bubbles. However, when this threshold is exceeded, it could be shown that more laser energy 

is effectively coupled into the NPs and transferred into the formation of nanobubbles. It was 

concluded that with increasing NP mass concentration, the statistical distance between the 

NPs decreases, and thus the probability of aggregation of the nanobubbles increases. 

Therefore, a precise differentiation between LAL as the basic method for the production of 

the NPs and laser fragmentation in liquids (LFL) [136], which often occurs as a concomitant 
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to LAL that affects the NP size, is necessary to evaluate the pathways of liquid 

decomposition during laser synthesis of colloids (LSC).   

Although the field of reactive laser ablation in liquids (RLAL) is vividly emerging, 

particularly in the field of catalysis, making benefit of galvanic replacement 

reactions [97,362], the microscopic mechanism that triggers the decomposition of the liquid 

is still not fully understood. In this thesis, first case studies showed that ns-ablation of Au in 

water leads to the formation of molecular hydrogen, oxygen, and hydrogen peroxide 

attributed to the splitting of water. For ns-ablation of Au in ethylene glycol, molecular 

hydrogen and carbon monoxide were found as the main products besides smaller amounts 

of carbon dioxide, methane, acetylene, ethylene, and ethane.  

Furthermore, it was shown that for ns-ablation of Au in ethylene glycol and acetone, 30 times 

more gas is produced per ablated amount of metal than in water. The differences in the gas 

formation efficiencies might be attributed to the molecular bonds in the vapor phase, which 

are weaker in acetone and ethylene glycol (e.g., C-H, C-O, C-C, C-N) than the O-H bond in 

water vapor. Accordingly, the molecular bonds in acetone and ethylene glycol are more 

easily broken so that numerous radicals and dimerization products can be formed during 

RLAL in the vapor phase. However, catalytic reactions need to be considered as well. In this 

context, a H2:CO ratio of 1.7 (this value refers to the gas concentrations in mol%) was found 

for the LAL-induced decomposition of ethylene glycol, which is closer to the ratio proposed 

for the catalytic decomposition of ethylene glycol (H2:CO ratio ~3) than that expected for 

the thermally induced decomposition of this liquid (H2:CO ratio ~1) [457].  

Validation that catalytic reactions are important during LAL was provided in this work by 

detecting hydrogen peroxide. By ablating a systematic series of seven different metals in 

water, by far, the highest hydrogen peroxide formation rates were detected for ns-LAL of Pt, 

which is one of the most catalytically active elements for the oxygen reduction reaction 

(ORR) [581,582]. Such catalytic reactions may also influence the NP surface oxidation 

degree. In this context, unexpectedly high NP surface oxidation degrees of 30% were found 

for laser-generated Pt NPs, which, in contrast to the experimentally determined surface 

oxidation degrees of Au NPs (6.5 %), Ag NPs (15 %), Cu NPs (44 %), and Ti NPs (99.2 %), 

do not match the theoretical expectations according to the Nernst equation. This deviating 

oxidation behavior clearly illustrates the high potential for the occurrence of chemical 

reactions during RLAL, which in the case of Pt, is determined by its (catalytic) reactivity 

and the formation of hydrogen peroxide. 
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Moreover, it was demonstrated that water decomposition is strongly related to the ablated 

target material's oxidation sensitivity. Less noble metals such as Cu, Fe, Ti, or Al were shown 

to be oxidized more easily by water, leading to a strong increase of the gas formation rate to 

390 cm3/h. It was evidenced that the increase in the gas formations rates is related to the 

formation of molecular hydrogen, whose formation rate correlates directly with the standard 

electrode potential of the ablated target materials. As a result, the bubble-induced shielding 

also increases with decreasing redox potential of the target materials, resulting in a decrease 

in ablation efficiency from Au to Al. Thus these findings provide the first clue to explain the 

different, material-specific ablation rates for continuous LAL. 

In contrast, different ablation trends were observed for single-pulse ns-LAL of a redox series 

of the same target materials, allowing for the first time quantifying the ablation yield 

disentangled from any shielding cross-effects. It was shown that the spot size, ablation depth, 

and thus ablation yield are controlled by the thermal properties, melting points, and energy 

transfer (exothermic reaction) near the target surface. As a result, the highest ablation 

efficiencies were found for ns-LAL of Al under single-pulse conditions. Furthermore, larger 

cavitation bubbles and prolonged oscillation cycles were observed for the single-pulse 

ablation of this very oxidation-sensitive metal, providing the first experimental evidence that 

redox reactions occur very early during LAL. It was concluded that the cavitation bubble 

probably contains permanent gases (e.g., molecular hydrogen and oxygen) in addition to 

solvent molecules and that the exothermic reaction enthalpy and permanent gas formation 

near the target surface contribute to cavitation bubble dynamics, resulting in larger bubble 

rebound volumes.  

In summary, this thesis highlighted that understanding the physical and chemical processes 

that take place on different timescales during LAL is essential to produce NPs in maximum 

yield and with defined properties. In this context, it was pointed out that the reactivity 

between the target material and the liquid during RLAL plays a critical role for the 

decomposition of the liquid and, thus, the cavitation bubble dynamics, ablation yield, and 

NPs properties. 
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6. Outlook  

Despite the significant progress that has been made in this work leading to a deeper 

understanding of the fundamental processes induced by the complex interplay between the 

laser, target material, and the liquid, there are still open aspects that need to be discovered. 

Starting with the decomposition of the liquid, it is indisputable that the liquid in contact with 

the plasma represents a rich source of reactive species. First indications were collected 

regarding the pathways in which the decomposition of the liquid proceeds. Nevertheless, the 

details behind the microscopic mechanism are not yet understood. Even though hydrogen 

peroxide formation has been demonstrated during LAL, various studies have indicated that 

other highly reactive species, such as solvated electrons and free radicals, are also involved 

in the mechanistic cascade of the decomposition process [148]. Therefore, future studies 

should focus on developing methodologies for identifying and quantifying these reactive 

species to explain the liquid decomposition mechanism in more detail. New types of 

measurements with high temporal and spatial resolution, such as laser-induced fluorescence 

or absorption spectroscopy, could help gain more experimental certainty about the different 

species formed during LAL. Furthermore, isotopic labeling of the liquid molecules before 

LAL coupled with gas chromatography-mass spectrometry could represent a promising tool. 

This way, the role, origin, and reaction mechanisms of short-lived species in plasma-liquid 

chemistry could be studied by characterizing the liquid molecules (e.g., LAL in isotope-

labeled organic liquids) or the gaseous products after LAL using downstream gas 

chromatography-mass spectrometry.  

Furthermore, the chemical reactivity between NPs and the reactive environment remains an 

important aspect influencing the colloids' composition and stability. Since the ignition of the 

plasma sets the starting point for the mechanistic cascade of NP formation, clarifying the 

origin of the reactive species, either from the target or the liquid, is of utmost interest. 

Moreover, it is important to understand the transport mechanisms between the plasma and 

the cavitation bubble, determining the liquid- and gas-phase chemistry, and influencing the 

NP composition. Identifying the time and place for chemical reactions should be one of the 

main tasks for further investigations. For example, the sequence of oxidation and absorption 

should be resolved to understand the chemical reactions at the NP surface and elucidate the 

role and interplay of salts, electrolytes, ligands, and oxidative species. 

Since the cavitation bubble contains NPs [132-134], its theoretical modeling represents an 

important future task. New models such as the Gilmore model [296] should be considered 

in addition to the commonly used Rayleigh-Plesset model [315] to more accurately describe 
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the bubble dynamics after the rebound/collapse event. Note that these models assume 

adiabatic conditions [235,289], which is obviously not the case for LAL of highly redox-

active materials, as indicated by the large bubble rebound volumes. Therefore, the 

exothermal reaction enthalpy contribution to the bubble rebound volume should be 

considered in future studies. Moreover, computer-simulated approaches such as the volume-

of-fluid (VOF) and continuum surface force model (CSF) are promising since they can 

simulate the evolutions and spatial distributions of the liquid pressure, velocity, and 

temperature during the evolution of the cavitation bubble [583].  

Besides, the composition of the cavitation bubble should be clarified, as it determines the 

conditions for the growth of the NPs. First preliminary tests could be based on the 

(degassing) of the liquid. This experiment could also help clarify the role of dissolved 

molecular oxygen in the decomposition of water and the oxidation of NPs. Again, isotype 

labeling of either the gas (e.g., molecular oxygen) or the liquid (e.g., LAL in D2O) could be 

a helpful tool.  

Since the reduction of shielding effects induced by persistent bubbles and NPs represents a 

non-investment, cost-effective method to increase NP productivity, optimizing the ablation 

chamber's flow geometry is another important task for the future. The main objective should 

be to ensure the most efficient removal of persistent bubbles and NPs from the ablation area 

to maximize the reproducibility and scalability of LAL. This requires optimizing the flow 

geometry by minimizing concentration and laser fluence gradients, especially of the 

interface layer above the target. Process engineering elements such as the simulation of flow 

profiles by computational fluid dynamics methods (CFD) could help in this context.  

Moreover, a more sophisticated understanding of the ablation dynamics is needed to 

maximize NP productivity and enable better control of NP properties, particularly for highly 

(exothermic) redox-active materials. Molecular dynamic simulations have proven to be a 

promising tool [130,131,203] and could be further extended to include chemical reactions, 

as their high importance has been evidenced within this thesis. 
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8.  Appendix  

8.1  Supplementary results for the performed experimental studies  

This supporting information provides additional information on the laser-induced persistent 

bubbles study. The mass-weighted particle size distributions are shown in Figure 75. 

 
Figure 75: (a-e) Mass-weighted size histograms and representative TEM images of Au NPs synthesized in 

ethyl acetate, water, ethylene glycol, diethylene glycol, and triethylene glycol. Reprinted from [162] with 

permission from the PCCP Owner Societies. 

 

a) 

c) 

e) 

d) 

b) 
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Figure 76 demonstrates that even a single laser pulse leads to persistent bubbles of two 

different sizes. An average bubble diameter of 27±6 µm was found for the smaller fraction 

and 296±7 µm for the larger fraction.  

 

Figure 76: Formation of persistent bubbles after the impact of a single laser pulse on an Au target immersed 

in isopropanol. Reprinted from [162] with permission from the PCCP Owner Societies. 

Table 7 summarizes the most important liquid properties: 

Table 7: Physical parameters of the liquids at a temperature and pressure of 293.15 K and 1 atm [500]. 

 EtAc H2O EG DEG TEG 

viscosity [mPa∙s] 0.44 1.00 20.81 36.80 48.10 

surface tension [N/m] 0.024 0.073 0.048 0.048 0.045 

vapor pressure [hPa] 98.3 23.4 0.053 0.008 0.003 

boiling point [K] 350 373 470 517 564 

density [g∙cm-3] 0.894 0.998 1.1 1.12 1.12 
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Figure 77a shows that the colloid temperature increases to 85 °C, depending on the ablation 

time, which corresponds to a liquid volume expansion of 0.17 cm3 or 8% (Figure 77b). 

 

Figure 77: (a) Colloid temperature increase measured with a thermocouple integrated into the ablation vessel 

(see insert) as a function of ablation time. (b) Temperature-dependent liquid volume expansion. Reprinted 

from [479]. 

Figure 78a shows a UV-Vis spectrum of Ag NPs produced in water after an ablation time of 

one minute. The NP mass concentration is 150 mg/l. Figure 78b displays the change of an 

already pre-ablated Ag target's reflectivity depending on the incident laser fluence for an 

ablation time of one minute. The reflectivity is reduced to 3% at high fluences. 

 
Figure 78: (a) UV-Vis spectrum of Ag colloids produced at processing times of one minute in water, resulting 

in NP mass concentrations of 150 mg/l. (b) Change of the reflectivity of a pre-ablated Ag-target depending on 

the laser fluence and one minute ablation time, equivalent to 6x106 number of pulses. Reprinted from [479]. 

   

 

 

 

a) b) 

a) b) 
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Figure 79a-c shows the fraction of laser fluence shielded by the colloidal NPs generated by 

liquid flow-assisted ns-LAL of Au in water (a), acetone (b), and ethylene glycol (c). The 

values are plotted as a function of NP mass concentration. 

 

Figure 79: Laser fluence shielded by colloidal NPs generated during liquid flow-assisted ns-LAL of Au in 

water (a), acetone (b), and ethylene glycol (c) as a function of NP mass concentration. 

Figure 80a summarizes the UV/Vis spectra of the DMP-solutions treated with different 

hydrogen peroxide concentrations (0-200 µM). The extinction values at a wavelength of 

454 nm were extracted from the UV/vis spectra and subtracted from the blank value (without 

hydrogen peroxide). A calibration plot was obtained by plotting the results against the added 

hydrogen peroxide concentration, as illustrated in Figure 80b.  

  

Figure 80: (a) UV-Vis spectra of DMP-solutions treated with H2O2 concentrations of 0-200 uM. 

(b) Calibration diagrams for the determination of the H2O2 concentration. Reproduced from [497] with 

permission from the PCCP Owner Societies. 

 

a) b) 

b) a) c) 
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Figure 81a-c summarizes the average bubble diameter, cross-sectional area, and volume of 

persistent bubbles formed during ns-ablation of Au, Ag, Cu, Fe, Ti, and Al in water. 

  

Figure 81: (a-c) Average bubble diameter, cross-sectional area, and volume of persistent microbubbles 

produced during LAL of Au, Pt, Ag, Cu, Fe, Ti, and Al in water. Reproduced from [497] with permission from 

the PCCP Owner Societies. 

In Figure 82a, the total volume of all persistent bubbles is shown. The gas volume formation 

was calculated by dividing the total volume of the persistent bubbles by the delay 

time (18 ms) used to record the images and extrapolating the results to one hour 

(Figure 82b).  

            
Figure 82: (a) Total volume of all persistent bubbles and (b) the corresponding gas volume formation rate 

calculated based on the recording time. Reproduced from [497] with permission from the PCCP Owner 

Societies. 

Figure 83 shows an exemplary raw gas chromatogram from which the gas species formed 

during ns-LAL of Pt in water can be identified. Analogous raw gas chromatograms with 

different peak intensities were obtained for ns-LAL of Au, Ag, Cu, Fe, Ti, and Al in water. 

A baseline correction was performed for all gas chromatograms, followed by a mathematical 

deconvolution and subsequent fitting of the individual peaks with a Gaussian function. 

a) b) c) 

a) b) 
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Figure 83: Exemplary raw gas chromatogram of gases produced during ns-LAL of Pt in water. Reproduced 

from [497] with permission from the PCCP Owner Societies. 

Figure 84 shows the pH values of the Au, Pt, Ag, Cu, Fe, Ti, and Al colloids measured 

directly after ablation. No specific material-dependent trend is visible. 

 

Figure 84: Measured pH values of the colloids after ablation. Reproduced from [497] with permission from 

the PCCP Owner Societies. 

The XPS measurements of Cu NPs produced by ns-ablation in water gave hints that only 

elemental copper and copper hydroxide (Cu(OH)2) species are present on the NP surface. 

This hypothesis can be justified as follows: Firstly, the shake-ups in the Cu2p signal around 

940 eV are very similar to those expected for the Cu(OH)2 or CuO. The latter can be 

excluded, considering the Cu2p peak shape since the left flank at 945 eV is stronger than the 

right flank at 940 eV, indicating that Cu(OH)2 is the major species. This conclusion is 

supported by CuO's oxygen binding energy, which is typically located at 530 eV or below. 

For Cu(OH)2, it is located at 531 eV and thus closer to the measured values (Figure 85a). 
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Secondly, the oxygen intensity (taking into account the carbon-oxygen intensities) 

corresponds to a Cu:O ratio of 1:2, indicating that Cu(OH)2 is formed. Thirdly, from the 

literature, it is known that Cu2O shows barely visible shake-ups. Concluding, Cu2O cannot 

be responsible for the intensities greater than 933eV. The Cu2p intensity at 932eV then 

indicates either elemental Cu or Cu2O. However, a small unidentified amount of oxygen 

remains, which corresponds well to the Cu intensity at 932 eV and a Cu:O ratio of 2:1. The 

lack of intensity for the oxygen fit at binding energies of 533-534 eV is probably attributed 

to the attachment of carbonaceous O-bonds to the NP surface (Figure 85b). 

  

Figure 85: XPS oxygen (a) and carbon (b) peak of Cu NPs produced by laser ablation in water. Reproduced 

from [497] with permission from the PCCP Owner Societies. 

Figure 86 displays the UV-Vis spectrum of laser-generated Cu colloids in water. The peak 

between 600 nm up to 700 nm can be assigned to the presence of Cu(OH)2. 

 

Figure 86: UV-Vis spectrum of Cu colloids produced at a laser fluence of 283 J/cm2 and a volumetric flow 

rate of 300 ml/min. Reproduced from [497] with permission from the PCCP Owner Societies. 

a) b) 
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For the theoretical calculation of the spot size d of a Gaussian beam along its propagation 

direction, equation 22 can be used. 

𝑑(𝑥) = 𝑑𝑓 ∙ √1 + ( 𝑥𝑧𝑅)2
 (23) 

 

Here, df refers to the focused laser beam's initial spot size in air, whereas zR is defined as the 

Rayleigh length in air. The latter can be calculated according to equation 24, with λ as the 

wavelength of the used laser.    

𝑧𝑅 = 𝜋 ∙ (𝑑𝑓/2)2𝜆  
(24) 

 

The focal diameter df is derived from equation 25, where fl represents the focal length of the 

used lens, d0 the raw beam diameter d0 and M2 the beam quality factor.   

𝑑𝑓 = 4 ∙ 𝜆 ∙ 𝑓𝑙𝜋 ∙ 𝑑0 ∙ 𝑀2 (25) 

 

The laser beam was guided through an optical system consisting of a lens and an air-glass-

water interface. Therefore, the spot size was corrected by considering refraction at these 

interfaces according to Snell´s law (equation 26) and trigonometric functions. The 

corrections were performed by considering the thickness of the ablation window dw and the 

liquid height hl above the target. 𝑛1 ∙ sin(𝛼1) = 𝑛2 ∙ sin(𝛼2) (26) 
 

Considering the laser wavelength used for ablation, n1 and n2 represent the refractive index 

of the first medium (air or glass) and the second medium (glass or water). In contrast, α1 

defines the incident angle on the first medium for which the divergence φ of the laser beam 

was considered, and α2 the refractive angle. The values used for the calculation of the 

different parameters can be found in Table 8: 
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Table 8: Values of the laser, the optics, and the air-glass-liquid interface used for the theoretical calculation of 

spatial dimensions of the laser beam along its propagation direction x. 

parameter value reference 

Laser (Innolas, Spitlight DPSS250-100) 

λ 1064 nm specifications 

φ 0.5 mrad specifications 

d0 3 mm measured 

M2 2 specifications 

optics 

fl 75 mm specifications 

ambient air 

n1 1.00027 [584] 

ablation window 

n2 1.513 specifications 

dw 1.1 mm measured 

liquid 

n3 1.326 [584] 

hl 6 mmi measured 

Figure 87a and b show exemplary line scans of the ablation craters determined by confocal 

3D microscopy produced by SP-ns-LAL of Fe and Ti at incident laser fluences of 25, 84, 

and 166 J/cm2 (effective fluences: 13±1, 20±2, and 29±2 J/cm2 for SP-ns-LAL of Fe as well 

as 9±1, 13±1, and 17±1 J/cm2 for SP-ns-LAL of Ti). Figure 87c summarizes the melting 

edges' height as a function of the incident laser fluences used for ablation.  

 
Figure 87: Exemplary crater profiles for SP-ns-LAL of Fe (a) and Ti (b) at incident laser fluences of 25, 84, 

and 166 J/cm2. (c) Height of the melting edge depending on the incident laser fluence. 

 

 

 

 

                                                 
i This value was corrected by considering the thickness of the target 

a) b) c) 
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Figure 88 shows the linear regression used to determine the effective energy penetration 

depth (by the slope of the linear fit) and the ablation threshold fluence (by the intersection 

of the linear fit with the x-axis) for SP-ns-LAL of Au, Ag, Cu, Fe, Ti, and Al.  

 

 

Figure 88: Ablation depth as a function of the incident laser fluence and the corresponding linear fits used to 

determine the effective energy penetration depth and the ablation threshold fluence for SP-ns-LAL of Au, Ag, 

Cu, Fe, Ti, and Al. 

Table 9 summarizes the different material properties used to calculate the ablation threshold, 

thermal diffusion length, optical penetration depth, and material-specific damage threshold.  

Table 9: Physical and optical properties of Au, Ag, Cu, Fe, Ti, and Al [284,500,585]. 

 Tm  

[K] 

cp,s  

[J/(K∙g)] 

κ  
[W/(m∙K)] 

δ 

[cm2/s] 
Hm 

[J/g] 

Hv 

[J/g] 

α 

[cm-1] 

Rtheo 

[-] 

Rexp 

[-] 

Au 1337 0.128 317 1.27 64 1675 877913 0.991 0.35 

Ag 1235 0.235 429 1.74 105 2364 916963 0.987 0.36 

Cu 1357 0.385 401 1.16 206 4721 855237 0.976 0.59 

Fe 1811 0.449 80 0.23 247 6214 471909 0.641 0.62 

Ti 1943 0.523 22 0.09 391 9548 473420 0.615 0.27 

Al 933 0.897 237 0.98 397 10859 1092201 0.952 0.36 
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Figure 89 displays the targets' reflectivity before ablation, indicating that about 20% less 

energy is applied to Cu and Fe targets. The reflectivity was measured in air by monitoring 

the laser power reflected from the target surface at an incident angle of 45°.  

 

Figure 89: Reflectivity measured at 1064 nm for the non-ablated target materials. 

Figure 90a displays the cavitation bubble cycle as a function of the time delay for SP-ns-

LAL of Au in water. The diagram shows that the maximum of the first bubble is always 

around 80 µs regardless of the applied laser fluence. For SP-ns-LAL of Ag, Cu, Fe, and Ti, 

the bubble maximum is also located around a time delay of 80 µs as demonstrated in 

Figure 90b. 

 

Figure 90: (a) Cavitation bubble volume depending on time delay determined for SP-ns-LAL of Au in water 

at an incident laser fluence of 21 and 313 J/cm2. (b) Temporal evolution of the cavitation bubble volume as a 

function of the delay time after laser impact for SP-ns-LAL of Ag, Cu, Fe, and Ti at an incident laser fluence 

of 313 J/cm2. 

 

 

 

 

 

 

a) b) 
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The theoretical cavitation bubble lifetime Tosc can be calculated according to 

equation 27 [586]. 

𝑇𝑜𝑠𝑐 = 𝑅𝑚𝑎𝑥 ∙ 0.915 ∙ √ 𝑃0𝑃0 − 𝑃𝑣 (27) 

 

Here, Rmax is the radius of the cavitation bubble at its maximum expansion stage, and P0 is 

the hydrostatic pressure (= 1 bar). For the vapor pressure Pv typically, a value of 2339 Pa at 

293 K is applied, assuming water vapor inside the cavitation bubble [284]. The 

experimentally and theoretically determined bubble lifetimes are summarized in Table 10. 

Table 10: Theoretical and experimental cavitation bubble lifetime. 

Material Tosc by theory [µs] Tosc by experiment [µs] 

Au 145 183 

Ag 146 173 

Cu 146 173 

Fe 147 183 

Ti 147 193 

Al 154 203 

A procedure published by Lam et al. was used to calculate the time-dependent cavitation 

bubble pressure and temperature. They provided an analytical solution of the Rayleigh-

Plesset equation while neglecting the liquid's surface tension and viscosity [289]. Following 

their procedure, the bubble pressure can be calculated according to equation 28. 

𝑃𝐵(𝑡) = (1 − 𝛾) {𝑃𝑙 + 3𝜌2 (�̇�2 − 𝐶1𝑅3)} (28) 
 

Here, R represents the bubble radius, γ the adiabatic exponent (= 1.33 for water and 1.4 for 

molecular hydrogen and oxygen), Pl the surrounding liquid pressure (= 1 bar), ρ the liquid 

density (= 0.998 g/cm3), and C1 the integration constant, which was calculated according to 

equation 29. 

𝐶1 = 2𝑅𝑚𝑎𝑥33(𝛾 − 1) (𝛾𝑃𝑙𝜌 + 𝑅𝑚𝑎𝑥�̈�𝑚𝑎𝑥) (29) 
 

The effective bubble radius R was derived from the cavitation bubble volume and fitted by 

a 4th order polynomial as a function of time, as displayed in Figure 91. 
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Figure 91: Temporal evolution of the effective radius of the primary cavitation bubble obtained after ns-SP-

LAL of Au and Al in water at an incident laser fluence of 313 J/cm2. The dotted lines are the corresponding 

polynomial fits.  

Figure 92 shows the bubble pressure and temperature's temporal evolution, assuming that 

the bubble is completely composed of molecular hydrogen and oxygen.   

 

Figure 92: (a) Bubble pressure as a function of time for SP-ns-LAL of Au and Al in water at an incident laser 

fluence of 313 J/cm2 assuming molecular hydrogen and oxygen (γ = 1.4) as bubble content. (b) Instantaneous 

bubble temperature derived from the isentropic relation for an ideal gas. 

For a real gas, the molar gas amount can be calculated according to the van der Waals 

equation. 

(𝑃 + 𝑛2𝑎𝑉2 ) (𝑉 − 𝑛𝑏) = 𝑛𝑅𝑇 (30) 
 

Here, V is the gas volume, R the universal gas constant, T the temperature, and P the 

pressure. The constants a and b consider the intermolecular forces between the gas molecules 



Appendix  

226 

and their finite molecular size. The values for water, molecular hydrogen, and oxygen are 

listed in Table 11. 

Table 11: Van der Waals constants for water, molecular hydrogen, and oxygen [587]. 

Material a [L2bar/mol2] b [L/mol] 

H2O 5.536 0.03049 

H2 0.2476 0.02661 

O2 1.382 0.03186 

Figure 93 summarizes the molar gas amounts calculated by the van der Waals equation, 

assuming that the cavitation bubble is composed of water vapor, molecular hydrogen, or 

oxygen. The bubble pressure and temperature were set to 1 bar and 300 K.  

 

Figure 93: Molar gas amount calculated by the van der Waals equation assuming water vapor, molecular 

hydrogen, or oxygen as bubble content. A bubble pressure and temperature of 1 bar and 300 K were used for 

the calculations. 
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8.2   List of abbreviations and physical constants 

List of abbreviations 

2TM two-temperature model 

ABS acrylonitrile butadiene styrene 

CNT classical nucleation theory 

CSF continuum surface force model 

DEG 

 
diethylene glycol 

DLS dynamic light scattering 

DMP 

 

2,9-dimethyl-1,10-phenanthroline 

EG ethylene glycol 

GC gas chromatography 

IPD interparticle distance 

LAL laser ablation in liquid 

LFL 

 
laser fragmentation in liquids 

LIB laser-induced breakdown 

LML laser melting in liquids 

LOQ limit of quantification 

LPL laser photoexcitation in liquids 

LSC laser synthesis of colloids 

LTE local thermodynamic equilibrium 

MD molecular dynamics 

NP NP 

ORR oxygen reduction reaction 

PDI polydispersity index 

PPI 

 
primary particle index 

PTFE polytetrafluoroethylene 

SAXS small-angle x-ray scattering 

SEM scanning electron microscopy 

SP single pulse 

SPR surface plasmon resonance 

TCD thermal conductivity detector 

TEG triethylene glycol 

TEM transmission electron microscopy 

UV ultraviolet 

Vis visible 

VOF volume-of-fluid model 

XAS x-ray absorption spectroscopy 

XPS x-ray photoelectron spectroscopy 
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List of physical parameters and variables 

Symbol Description SI Unit 

α absorption coefficient m-1 

ß mass concentration  g/l 

γ thermal expansion coefficient K-1 

γe-ph electron-phonon coupling factor - 

δ optical penetration depth m 

ε molar extinction coefficient L/(mol·m) 

η dynamic viscosity Pa∙s 

 φ divergence of the laser beam rad 

Θ contact angle ° 

κ thermal conductivity W/(m·K) 

λ laser wavelength m ν kinematic viscosity m2/s ρ density  g/m3 

σabs absorption cross-section m2 

σ surface tension N/m 

σ2 variance - 

τ laser pulse duration s 

Φ laser fluence J/cm2 

ω0 1/e2 beam radius m 

A surface absorptivity - 

c0 speed of sound m/s 

ce specific heat of electrons 

 
J/(K·g) 

cph specific heat of phonons J/(K·g) 

cp,s specific heat capacity J/(K·g) 

D diffusion coefficient m2/s 

df focal diameter of laser beam m 

E extinction - 

E0 pulse energy J 

E0 standard electrode potential V 

F Faraday constant C/mol 

f dilution factor - 

fl focal length m 

G0 gibbs energy J/mol 

F0 peak fluence at beam center J/cm2 

FA buoyancy force N 

Fcp contact pressure force N 
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Symbol Description Unit 

Fd,m damage threshold for melting N 

Fd drag force N 

FG gravitational force N 

Fhyd hydrodynamic forces N 

Fi inertia forces N 

Fs surface tension force N 

Fsl shear lift force N 

Hm specific heat of melting J/g 

Hv specific heat of evaporation J/g 

kB Boltzmann constant (= 1.38·10-23) J/K 

Lth thermal diffusion length m 

NA Avogadro number (= 6.022·1023) mol-1 

n+ number of charged particles - 

ne number of free electrons - 

ni refractive index - 

M molar mass g/mol 

p0 hydrostatic pressure Pa 

pv vapor pressure Pa 

R reflectivity - 

Re Reynolds number 

 
- 

Rhyd hydrodynamic radius  

Tc thermodynamic critical temperature K 

Te electronic temperature K 

Texc excitation temperature K 

Tm melting temperature K 

Tosc ratio of cavitation bubble times - 

Tph phonon temperature  K 

Tplanck Planck temperature K 

Trot rotational temperature K 

Tvib vibrational temperature K 

ΔT temperature change K 

V volume m3 

v0 flow velocity m/s 

xc expected value of the log-normal fit m 

zR rayleigh length m  
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8.3   List of figures 

Figure 1:  Schematic of the laser ablation process at different timescales: typical energy 

dissipation pathways and phase transformations following the excitation of a 

target material by ultrashort laser pulses in a vacuum. It is differentiated 

between metals and semiconductors or dielectrics. It should be noted that 

according to the pulse energy, different pathways are followed from the 

absorption of the photons to the matter ablation from the target. A (few) 

picosecond LAL is considered to be similar to fs-LAL. Reprinted with 

permission from [150]. Copyright 2016 Cambridge University Press. ................ 5 

Figure 2:  Schematics of the laser ablation process at different timescales: The time frame 

gives insight into the different characteristic times of the main physical process 

in laser ablation in liquid-phase for femtosecond and nanosecond laser pulses: 

energy transfer from the laser-excited electron gas to the lattice (a few ps), 

phase transition of the target (above 100 ps), plasma lifetime (a few μs), and 

bubble lifetime (a few hundreds of microseconds). Reprinted with permission 

from [148]. Copyright 2019 IOP Publishing. ....................................................... 6 

Figure 3:  Schematics of the energy transfer process for LAL: (a) Typical transient 

temperatures for the electrons of the target (Te also noted Telectron) and the 

lattice (Tph also noted Tphonon), calculated with the two-temperature model here 

for Ru as the substrate metal. The parameters of the used laser pulse were 120 

fs and 50 mJ/cm2 at 800 nm center wavelength. Reprinted with permission 

from [184]. Copyright 2006 American Chemical Society. (b) Schematic 

diagram of the interaction at a target-surface adsorbate interface after 

femtosecond-laser-excitation. The femtosecond-laser radiation excites the 

target’s electrons, which then equilibrates with the lattice within the 
characteristic electron-phonon coupling time. Interactions with the adsorbate 

molecules can be driven either by electronic coupling or by lattice phonons. 

Reprinted with permission from [185]. Copyright 2002 World Scientific 

Publishing. .......................................................................................................... 10 

Figure 4:  Molecular dynamics simulations to simulate the ablation process of silver in 

vacuum and under liquid confinement of water at different fluence regimes: 

(a) Molecular dynamics simulations of the spallation regime in vacuum (left) 

and water (right). This regime corresponds to fluences close to the ablation 

threshold. In this simulation, the absorbed fluence was set to 0.15 J/cm2. (b) 

Molecular dynamics simulations of the phase explosion regime in vacuum 

(left) and liquid (right). This regime corresponds to fluences much larger than 

the ablation threshold. In this simulation, the absorbed fluence was set to 

0.4 J/cm2. Adapted with permission from [204]. Copyright 2017 American 

Chemical Society. ............................................................................................... 12 

Figure 5:  Fluence dependence of the ablation rate for ultrashort-pulsed LAL: (a) specific 

ps-laser ablation rate of a copper target in water as a function of the applied 

laser fluence for different repetition rates of 1.2, 2.7, and 10.1 MHz. Reprinted 

with permission from [117]. Copyright 2016 OSA Publishing. (b) Specific fs-

laser ablation rate of an iron target as a function of applied fluence for the 

different liquids water, methanol, ethanol, acetone, and toluene. Reprinted 

with permission from [152]. Copyright 2017 Springer Nature. ......................... 15 



Appendix 

231 

Figure 6:  Schematic of fs- (a) and ns-LAL (b). In contrast to fs-LAL, the plasma plume 

interacts with the laser beam resulting in further plasma excitation (and plasma 

shielding). The arrows indicate the direction of energy flow, which for fs-LAL 

results from the target surface towards the bulk liquid. In contrast, for ns-LAL, 

the laser-plasma interaction leads to an energy deposition farther away from 

the target. Reprinted with permission from [148]. Copyright 2019 IOP 

Publishing. .......................................................................................................... 18 

Figure 7:  Plasma formation and appearance during LAL at different timescales: 

(a) Plasma imaging for different pressures during ns-LAL of Ag in water. 

Reprinted with permission from [236]. Copyright 2017 John Wiley & Sons. 

(b) Plasma imaging for different fluences during fs-LAL of Fe in water. 

Reprinted with permission from [152]. Copyright 2017 Springer Nature. (c) 

Plasma and shadow imaging display the cavitation bubble boundary for 

different laser pulse durations with a time delay of the maximum pulse 

intensity. The upper, middle and lower images were taken for laser pulse 

durations of 19, 50, and 100 ns. For a laser pulse duration of 19 ns, the plasma 

exceeds the boundary of the cavitation bubble. For the 50 ns pulse, the plasma 

boundary coincides with the cavitation bubble boundary, and for the 100 ns 

pulse, the cavitation bubble boundary exceeds the plasma boundary. Reprinted 

with permission from [154]. Copyright 2015 AIP Publishing. ........................... 19 

Figure 8:  Emission spectra from LAL. (a) Emission profiles were acquired for different 

pulse durations at a gate delay of 600 ns for LAL of Cu in water. The upper 

image shows the emission profile for a pulse duration of 19 ns, the middle 

image for 50 ns, and the lower image for 100 ns. Reprinted with permission 

from [154]. Copyright 2015 AIP Publishing. (b) Emission profile from LAL 

of boron-nitride in benzene showing the broad continuous background 

emission (fitted by a Planck plot in dashed lines) and emission lines from a 

boron ion and C2 as well as CN diatomic molecules. Reprinted with permission 

from [239]. Copyright 2000 AIP Publishing. (c) Emission spectra from a 

titanium plasma induced by LAL in water showing different titanium emission 

lines (upper image), titanium, and Hα (middle image) as well as OH band 

emission formed due to dissociation of water (lower image). Reprinted with 

permission from [210]. Copyright 2000 AIP Publishing. ................................... 22 

Figure 9:  (a) Electron density measured by different groups for plasma-induced 

breakdown of a solid target in liquid-phase. The electron densities were 

obtained by evaluating Stark broadening (denoted as Stark) or the continuous 

background emission (denoted as BG) for LAL of the indicated target 

materials. The values were obtained from the references: i) [239], ii) [81], iii) 

[249], iv) [243], v) [227], vi) [244], vii) [236]. The colored area serves as 

visual guidance. (b) Classification of LAL-induced plasmas compared to other 

plasma discharges adapted from [254]. Reprinted with permission from [148]. 

Copyright 2019 IOP Publishing. ......................................................................... 24 
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Figure 10: Temperature measurements by different groups and experimental methods for 

the nascent plasma induced by liquid-phase laser ablation. The plasma 

temperatures were measured by fitting a Planck-like plot Tplanck, evaluating the 

excitation temperature of atoms Texc, or by evaluating rovibrational density 

distributions Trot and Tvib for LAL of the indicated target materials. The values 

were extracted from the references: i) [81], ii) [81], iii) [239], iv) [245], v) 

[241], vi) [242], vii) [238], viii) [238], b-ix) [235], x [227], xi) [244], xii) 

[236]. The colored areas serve as visual guidance according to the different 

temperatures. Reprinted with permission from [148]. Copyright 2019 IOP 

Publishing. .......................................................................................................... 26 

Figure 11: Schematic of the possible reaction pathways occurring at the plasma-liquid 

interface. Reprinted with permission from [229]. Copyright 2016 IOP 

Publishing. .......................................................................................................... 29 

Figure 12: (a) Exemplary images of optical breakdowns observed when working with 

different NP concentrations. (b) Dependence of the generation ratio rates of 

molecular hydrogen, oxygen, and hydrogen peroxide on the NP concentration 

during laser-induced breakdown in colloidal solutions. Reprinted with 

permission from [281]. Copyright 2016 IOP Publishing.................................... 30 

Figure 13: Temporal evolution of the cavitation bubble dynamics from the first bubble's 

growth to persistent, daughter microbubbles. (a) Schematic time sequence of 

the main events occurring during LAL. Adapted with permission from [238]. 

Copyright 2015 Elsevier. (b), (e)-(i) Shadowgraph images showing the 

temporal evolution of the cavitation bubble after the interaction of a single 

laser pulse with a Ti target immersed in water. Reprinted with permission 

from [298]. Copyright 2009 The Japan Society of Applied Physics. Plasma 

emission images (c) and shadowgraph images (d) for ns-LAL of a Cu target in 

water (30 ns pulse; gate time 5 ns) indicating the formation of a thin vapor film 

around the plasma boundary. Adapted with permission from [154]. Copyright 

2015 AIP Publishing. .......................................................................................... 34 

Figure 14: Properties of the cavitation bubble. (a) Stroboscopic videography (left column) 

and x-ray radiography (right column) images of the cavitation bubble 

evolution induced by ns-LAL of Ag in water as a function of delay time after 

laser irradiation. The formation of a rim (white arrows) and the depression of 

the liquid (red arrow) can be observed. After the first (delay time of 203 μs) 
and second rebound (delay time of 309 μs), asymmetric shape deviations from 
the initial quasi-hemispherically cavitation bubble are visible. Reprinted with 

permission from [133]. Copyright 2017 Elsevier. (b) Colloid extinction 

representing the mass concentration after 150 laser shots and bubble volumes 

produced by ns-LAL of a flat (right y-axis) and wire (left y-axis) Ag target 

depending on the applied laser fluence. Reprinted with permission from [304]. 

Copyright 2017 John Wiley and Sons. (c) Appearance of satellite 

microbubbles around the cavitation bubble after single-laser pulse (2 ps) 

irradiation of a Au target. Reprinted with permission from [130]. Published by 

The Royal Society of Chemistry. ........................................................................ 35 
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Figure 15: Comparison between the experimental and theoretical results for modeling the 

cavitation bubble dynamics: (a) Modeling based on Rayleigh–Plesset. 

Reprinted with permission from [315]. Copyright 2010 The Japan Society of 

Applied Physics. (b) Modeling based on Gilmore. Reprinted with permission 

from [296]. Copyright 2019 Cambridge University Press. Numerical modeling 

of the temperature (c) and the pressure (d) based on the Keller–Miksis 

formulation as a function of time and liquid pressure. Reprinted with 

permission from [316]. Copyright 2011 American Chemical Society. .............. 38 

Figure 16: (a) First principle calculation from Lam et al. regarding the temperature-

dependent evolution of AlO. Reprinted with permission from [352]. Copyright 

2015 American Chemical Society. (b) 3D representation of the molecular 

dynamics simulation from Shih et al. 3000 ps after the laser beam impact 

showing the generation of NPs from a thin Ag film within the liquid 

environment. Reprinted with permission from [203]. Copyright 2015 Elsevier.

 ............................................................................................................................. 42 

Figure 17: Molecular dynamics simulation of the ablation of bulk Ag from Shih et al. 

including the temporal evolution of the temperature of three selected NPs 

generated by droplet jetting. Reprinted from [130]. Published by The Royal 

Society of Chemistry. .......................................................................................... 43 

Figure 18: Mechanistic picture illustrating the participating reactions driving the final 

composition of metal NPs during fs-ablation in acetone on the different 

timescales. Adapted from [372]. Copyright 2018 by the authors. ...................... 45 

Figure 19: (a) Mechanistic picture displaying the different stages, where reactive oxygen 

species could encounter the target species inducing their oxidation. Reprinted 

from [377]. (b) Time-resolved evolution of reactive Zn species and ZnO 

derived from in-situ X-ray measurements. The upper, middle and lower 

diagrams correspond to different measuring positions within the cavitation 

bubble. Reprinted from [378]. Published by The Royal Society of Chemistry. . 46 

Figure 20: Effect of dissolved anions on NP properties measured inside the cavitation 

bubble by SAXS measurements. (a) Experimental setup for the time-resolved 

SAXS measurements. (b) Particle diameters measured in SAXS during ns-

LAL of silver in pure water (blue symbols) and aqueous NaCl solutions (red 

symbols) for different delay times and heights (0.5 mm; 1 mm) above the 

target, indicating that size quenching happens inside the cavitation bubble. (c) 

Volume ratio of large and primary particle fraction dependent on the delay 

time and height above target in pure water and aqueous NaCl solution. 

Reprinted with permission from [132]. Copyright 2017 American Chemical 

Society. ................................................................................................................ 50 

Figure 21: Economic comparison of the method of LAL and wet-chemical reduction 

considering the manufacturing‐ and labor costs as a function of the NP 
productivity. The break-even point represents the transition point at which the 

costs for the wet-chemical route exceed the costs of the laser-based synthesis 

method. Reprinted with permission from [115]. Copyright 2017 John Wiley 

and Sons. ............................................................................................................. 51 
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Figure 22: (a) Sketch of the dynamics of a cavitation bubble induced by ns-LAL on a wire 

tip. Reprinted with permission from [301]. Published by the PCCP Owner 

Societies. (b) Ablation efficiency as a function of the laser fluence for ns-LAL 

of a flat bulk target and wires with different diameters. Reproduced from [406] 

with permission from the PCCP Owner Societies. (c) Sketch illustrating the 

liquid splashing (i) for too thin liquid layers as well as the increased probability 

of post-irradiation effects for too thick liquid layers (iii), whereas (ii) 

represents the optimal working condition. Adapted with permission from [76]. 

Copyright 2017 American Chemical Society. (d) Ablation rate depending on 

the water layer thickness for ns-LAL of silicon. Reprinted with permission 

from [407]. Copyright 2001 AIP Publishing. ..................................................... 52 

Figure 23: Shielding effects induced by the plasma (a), ablation plume (b), cavitation 

bubble (c), persistent bubbles, or NPs (d) and their temporal classification. ..... 53 

Figure 24: (a) NP productivity dependent on the interpulse distance, demonstrating the 

spatial bypassing of the cavitation bubble. Reprinted with permission 

from [82]. Copyright 2010 American Chemical Society. Microscope image of 

the ablation pattern for ps-LAL of Ag during stationary (b) and liquid flow (c) 

conditions with the insert showing stable gas bubbles attached to the target 

surface after ablation. Reprinted from [308], with the permission of AIP 

Publishing. (d) Ablated mass depending on the ablation time for ps-LAL of 

Ag with the first and second harmonic wavelength. Reprinted with permission 

from [92]. Copyright 2011 Springer Nature. (e) NP productivity depending on 

the liquid flow rate for fs-LAL of Au in water. Reprinted with permission 

from [424]. Copyright 2010 Springer Nature. .................................................... 55 

Figure 25: (a) Ablated mass depending on ablation time for ps-LAL of Pt, Au, Ag, Al, 

Cu, and Ti. (b) Summary of the NP productivities during ps-LAL of these bulk 

targets. Reprinted with permission from [117]. Copyright 2016 OSA 

Publishing. .......................................................................................................... 57 

Figure 26: Illustration of the key topics investigated in this thesis. The letters A-E within 

the boxes represent the order in which the topics are presented. In A, the 

liquid's influence on the formation rate of persistent bubbles and the NP 

productivity during batch conditions is investigated. In B, the differentiation 

of gas formation cross-effects induced by pure bulk ablation and post-

irradiation of the NPs is the main topic. In C, the impact of a liquid flow 

applied above the bulk target on the NP productivity is highlighted. In D, the 

decomposition of water during ns-laser ablation of redox-active materials is 

studied for multiple laser pulses. In contrast, in E, the cavitation bubble 

evolution under single pulse conditions on these materials is investigated. ....... 59 

Figure 27: Experimental setup for monitoring the bubble formation with the aid of 

videography. Reprinted from [162] with permission from the PCCP Owner 

Societies. ............................................................................................................. 66 

Figure 28: Temporal development of persistent bubbles in the first 54 ms after laser 

irradiation. Reprinted from [162] with permission from the PCCP Owner 

Societies. ............................................................................................................. 68 



Appendix 

235 

Figure 29: Gas chromatograms (GC-TCD) showing evidence for the production of 

hydrogen and oxygen in gas bubbles during ns-LAL of Au in water (black 

curve) and for the production of hydrogen, carbon monoxide, carbon dioxide, 

and several hydrocarbons during ns-LAL of Au in glycols (red and green 

curve). Reprinted from [162] with permission from the PCCP Owner 

Societies. ............................................................................................................. 69 

Figure 30: Snapshots of a cavitation bubble at maximum expansion (I), its shrinking 

phase (II), its collapse (III and IV), and the formation of persistent bubbles (V 

and VI) after irradiation of an Au target immersed in isopropanol by a ns-laser 

pulse. Reprinted from [162] with permission from the PCCP Owner Societies.

 ............................................................................................................................. 71 

Figure 31: Dependence of Au NP productivity on liquid viscosity. Reprinted from [162] 

with permission from the PCCP Owner Societies. ............................................. 72 

Figure 32: Number-weighted size histograms of Au NPs synthesized in ethyl acetate (a), 

water with NaCl (100 µM) (b), ethylene glycol (c), diethylene glycol (d), and 

triethylene glycol (e) as well as a summary of the particle sizes (f). Insets show 

representative TEM images of NPs in the respective liquid. Reprinted 

from [162] with permission from the PCCP Owner Societies. ........................... 74 

Figure 33: Portion of oxidized Au surface atoms for synthesis in the presence of deionized 

water, EG, DEG, and TEG as extracted from XPS spectra. Error bars of 3 % 

represent the intrinsic error margin of XPS. Reprinted from [162] with 

permission from the PCCP Owner Societies. ..................................................... 75 

Figure 34:  Bubble diameter, volume, and area histograms of persistent bubbles generated 

in water (a, c and e) and triethylene glycol (b, d, and f). (g) individual bubble 

diameter of persistent bubbles depending on the choice of liquid and laser 

fluence. (h) total cross-sectional area of persistent bubbles depending on the 

choice of liquid and laser fluence. Reprinted from [162] with permission from 

the PCCP Owner Societies. ................................................................................. 77 

Figure 35: (a) Calculated and experimentally determined ascent speeds of persistent 

bubbles in liquids with different viscosities. The NP productivity for each 

liquid is also shown; (b) dependence of the calculated and experimentally 

determined dwell times of persistent bubbles on the liquid's viscosity at a 

liquid level of 2 mm and laser fluence of 27 J/cm2. Reprinted from [162] with 

permission from the PCCP Owner Societies. ..................................................... 79 

Figure 36: (a) Exemplary image of the contact angle between the persistent bubbles and 

the target surface during laser ablation of Au in water. (b) Description of the 

parameters that influence the adhesion of the bubbles to the target surface. 

Here, θ represents the contact angle, Fb the buoyancy force, Fg the gravity 

force, and Fs the surface tension force. Reprinted from [162] with permission 

from the PCCP Owner Societies. ........................................................................ 80 

Figure 37: Experimental setup for measuring the gas volume during discontinuous laser 

ablation of a bulk target. Reprinted from [479]. ................................................. 85 

Figure 38: (a) NP productivity and mass concentration as a function of ablation time. (b) 

NP productivity depending on the NP mass concentration. Fits are used to 

guide the eye. The colored marking is intended to highlight the two ablation 

regimes that change at a characteristic NP mass concentration of 150 mg/l. 

Reprinted from [479]. ......................................................................................... 86 
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Figure 39: Total gas volume as a function of ablation time (a) and NP mass concentration 

(b). Linear fits are used to guide the eye. The colored markings highlight two 

different regimes responsible for gas formation changing at a characteristic 

silver NP mass concentration of 150 mg/l, discussed in more detail in the next 

section. Reprinted from [479]. ............................................................................ 87 

Figure 40: (a) Produced gas volume for post-irradiation of Ag colloids with different NP 

mass concentrations in the absence of a bulk target. (b) Stacked chart 

summarizing the individual gas fractions for discontinuous bulk ablation, 

colloid, and pure water irradiation processes, determined for different ablation 

times. Reprinted from [479]. .............................................................................. 88 

Figure 41: (a) Individual bulk- and NP-related gas volume as a function of NP mass 

concentration. (b) Bulk-related and NP-related gas volume normalized to NP 

mass. Reprinted from [479]. ............................................................................... 90 

Figure 42: (a) Laser fluence on the ablation target and NP shielding effect depending on 

the NP mass concentration. (b) Bulk-related and NP-related gas volume 

normalized to NP mass and incident laser power. Reprinted from [479]. .......... 91 

Figure 43: Proposed contribution of bulk ablation and post-irradiation of colloidal NPs to 

gas formation during discontinuous laser ablation of a bulk target. At low NP 

mass concentrations, most of the laser fluence is available for bulk ablation 

and the formation of persistent microbubbles. At high NP mass concentrations, 

more laser power is coupled into the NPs. Additionally, the interparticle 

distance (IPD) decreases, promoting gas formation induced by post-irradiation 

effects. Reprinted from [479]. ............................................................................ 93 

Figure 44: Experimental setup for measuring the gas volume during LAL in water, 

acetone, and ethylene glycol performed in a custom-made flow ablation 

chamber. .............................................................................................................. 97 

Figure 45: Focus adjustment for ns-LAL of Au performed in water, acetone, and ethylene 

glycol as a function of the extinction at a wavelength of 380 nm (proportional 

to the NP mass concentration). The maximum was normalized to the relative 
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Figure 46: (a-c) Exemplary images taken for water, acetone, and ethylene glycol as a 

function of time showing the gas formation process and mixing of NPs in the 

liquid at a volumetric flow rate of 1 ml/min. (d-e) Cross-sectional light 
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function of time and different volumetric flow rates. The specific times, after 
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Figure 47: (a,b) Colloid temperature increase as a function of ablation time for ns-LAL 

of Au in water, acetone, and ethylene glycol at volumetric flow rates of 1 and 

20 ml/min. The inserts show the heating rate derived from the slope of the 
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Figure 48: (a) Calculation of the Reynolds number depending on the type of liquid and 

volumetric flow rate. (b,c) Axial Peclet number as a function of the Reynolds 

number calculated for NPs and persistent bubbles produced during ns-LAL of 

Au in water, acetone, and ethylene glycol. A liquid temperature of 298 K was 
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volumetric flow rate. ......................................................................................... 108 

Figure 51: (a) Total cross-sectional area of all persistent bubbles produced during ns-LAL 

of Au in water, acetone, and ethylene glycol as a function of the volumetric 
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Figure 53: Confocal 3D microscopy image of the ablation pattern obtained after ns-LAL 

of Au in water at a volumetric flow rate of 10 ml/min. .................................... 112 

Figure 54: (a) Exemplary UV-Vis spectra of colloids produced by ns-LAL of Au in water, 

acetone, and ethylene glycol (EG) at a volumetric flow rate of 5 ml/min. The 

UV-Vis spectra are normalized on the interband absorption of Au at 380 nm. 
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Figure 56: Specific gas volume for ns-LAL of Au in water, acetone, and ethylene glycol 

(EG) depending on the NP mass concentration: (a) normalized to the total 

applied laser power and (b) normalized to the laser power available for bulk 
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