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Abstract

:

This paper studies the dynamics of the development of laser breakdown plasma in aqueous colloids of dysprosium nanoparticles by analyzing the time patterns of plasma images obtained using a high-speed streak camera. In addition, the distribution of plasma flashes in space and their luminosity were studied, and the amplitude of acoustic signals and the rate of generation of new chemical products were studied depending on the concentration of dysprosium nanoparticles in the colloid. Laser breakdown was initiated by pulsed radiation from a nanosecond Nd:YAG laser. It is shown that the size of the plasma flash, the speed of motion of the plasma–liquid interface, and the lifetime of the plasma flash decrease with an increasing concentration of nanoparticles in the colloid. In this case, the time delay between the beginning of the laser pulse and the moment the plasma flash reaches its maximum intensity increases with increasing concentrations of nanoparticles. Varying the laser fluence in the range from 67 J/cm2 to 134 J/cm2 does not lead to noticeable changes in these parameters, due to the transition of the breakdown plasma to the critical regime. For dysprosium nanoparticles during laser breakdown of colloids, a decrease in the yield of hydrogen peroxide and an increase in the rate of formation of hydroxyl radicals per water molecule, characteristic of nanoparticles of rare earth metals, are observed, which may be due to the participation of nanoparticles and hydrogen peroxide in reactions similar to the Fenton and Haber–Weiss reactions.
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1. Introduction


Laser-induced breakdown of colloidal solutions of nanoparticles underlies the currently widespread methods of the synthesis and modification of nanoparticles using laser radiation, namely, methods of laser ablation and laser fragmentation in liquids [1,2,3,4,5]. These techniques are based on the physical and chemical processes observed during the optical breakdown of aqueous media, mainly the processes of the formation of plasma in a liquid [6,7] and its interaction with the liquid [8,9]. The propagation of shock waves in the solution [10,11] and the formation of cavitation bubbles [12,13,14] are also noted. Chemical processes include the dissociation of liquid molecules and the formation of new chemical products in a solution [15,16]. All of these processes, one way or another, can influence the final result of the application of laser ablation techniques and the laser fragmentation of colloidal solutions of nanoparticles, changing the parameters of nanoparticles in the colloid due to laser-induced breakdown.



To date, the influence of various physical factors has been well studied both on the processes characterizing the laser breakdown of solutions itself, and on the final characteristics of nanoparticles formed, for example, when using the laser ablation technique in a liquid [17,18]. The main parameters usually include the parameters of laser radiation (fluence, pulse duration, repetition rate, radiation wavelength [19]) and the type of solvent in the colloid [20].



Relatively recently, it was shown that the concentration of nanoparticles in solutions also has a significant effect on the physical and chemical processes during optical breakdown of nanoparticle colloids during the repeated interaction of laser radiation with a nanoparticle colloid [21]. However, it is worth noting that the processes of plasma formation in pure solutions not containing nanoparticles within a few tens of nanoseconds for an individual breakdown have been well studied, for example, using shadow photography techniques [22]. At the same time, the influence of the concentration of nanoparticles in the irradiated solution on the properties of a single breakdown and on the dynamics of plasma formation remains not fully understood.



Thus, the purpose of this investigation is to study the high-speed processes of breakdown plasma formation during the irradiation of colloids of dysprosium nanoparticles and to study the influence of the concentration of nanoparticles and the energy density of laser radiation (fluence) on these processes.



The choice of rare earth dysprosium nanoparticles is due to the feature that the irradiation and breakdown of colloids of rare earth metal nanoparticles demonstrate the highest rates of generation of chemical products [23], which indicates that, in general, the physical and chemical processes observed during optical breakdown occur with greater intensity [24]. This may be due to specific physical parameters characterizing dysprosium, such as the ionization potential, which for dysprosium is approximately 5.8 eV [25] (for comparison, the ionization potential of gold is approximately 9 eV [26]).




2. Setup, Data and Methods


2.1. Synthesis of Dysprosium Nanoparticles


Dysprosium (Dy) nanoparticles were obtained through laser ablation in a liquid. A polished solid target (Dy 99.99%) was placed at the bottom of a glass cell under a thin layer of working liquid 2–3 mm thick and irradiated with laser radiation (140 J/cm2 at a wavelength of 1.064 μm, pulse duration of 100 ns, frequency of 10 kHz, focusing area diameter of 30 µm) for 15 min. Deionized water with a resistivity of 10 MΩ/cm was used as the working fluid.



The morphology of the resulting particles was studied using a Libra 200 field emission high resolution transmission electron microscope (Carl Zeiss, Jena, Germany). Nanoparticle size was determined using a DC24000 analytical disc centrifuge (CPS Instruments, Prairieville, LA, USA) and a Zetasizer Ultra Red Label portable particle analyzer (Malvern, Worcestershire, UK).



A glass cuvette was filled with a colloidal solution of dysprosium nanoparticles in an amount of 10 mL in a previously known concentration, measured using a disc centrifuge. The concentration of dysprosium nanoparticles in the cuvette changed when different volumes of a colloidal solution of nanoparticles obtained during laser ablation were added to a known volume of water. The concentration of particles in the initial colloid was determined as follows: Since the distribution of Dy nanoparticles in the colloid is unimodal, it can be argued that most particles have a certain size, and the total number of particles in the colloid is determined quite accurately using a disk centrifuge. Therefore, with a known volume of liquid, the concentration of nanoparticles will be equal to the ratio of the number of particles to the volume of liquid used.




2.2. Obtaining Time-Resolved Images of the Breakdown Plasma


A schematic representation of the experimental setup used is shown in Figure 1A. Time-resolved images of optical breakdown plasma images during the irradiation of colloidal solutions of nanoparticles were obtained using a VICA-75F (GPI RAS, Moscow, Russia) high-speed streak camera (Moscow, Russia). Optical breakdown was initiated through laser radiation from a Nd:YAG laser (wavelength λ = 1064 nm, pulse duration τ = 10 ns, frequency ν = 10 Hz, pulse energy ε = 650 mJ, focusing area diameter of 500 μm). The laser and streak camera were launched using a pulse generator.



Both the plasma flashes and the laser pulse were recorded in time-based images. To carry out this, part of the radiation, using a divider, hit a nonlinear crystal (LiIO3), which was used to generate the second harmonic. Then, the radiation hit the diaphragm, which was used to regulate the intensity. Next, the radiation was directed into the streak camera lens using an optical prism. Using a lens, laser radiation was focused in the center of a cuvette filled with a colloidal solution of dysprosium nanoparticles in an amount of 20 mL, and then plasma flashes were recorded for several minutes during irradiation. In the resulting series of images, there were a total of about 100 images of time sweeps of the breakdown plasma. The resulting images were then analyzed using the ImageJ program [21]. The resolution calibration of time-scan plasma images was performed using a light source and an adjustable optical slit.



Figure 1B shows a characteristic image of the time sweep of the breakdown plasma, together with the laser pulse. The figure shows the parameters measured during the image analysis. When analyzing time sweeps, the time between the beginning of the laser pulse and the moment the plasma flash reached its maximum size was studied, which was designated as the delay time. We studied the time between the moment the plasma reached 50% of the maximum intensity and the next moment after reaching the maximum intensity, the moment it reached 70% of the intensity, which was designated as the plasma lifetime. The maximum size of the plasma was measured, the rate of expansion of the plasma–liquid interface was studied, the distance between the pulse and the plasma was measured in photographs, and the maximum displacement of the plasma flash in space relative to its initial position was recorded.




2.3. Measuring the Intensity of Chemical Processes


Molecular hydrogen and molecular oxygen formed during laser-induced breakdown were registered using portable hydrogen and oxygen analyzers AVP-02 and AKPM-1-02 (Alfa Bassens, Moscow, Russia) [27]. Concentrations of hydroxyl radicals were measured via fluorescence of 7-hydroxycoumarin-3-carboxylic acid (7-OH-CCA) [28]. Hydrogen peroxide measurements were carried out using a Biotox-7 chemiluminometer. The method for measuring hydrogen peroxide is described in detail in Ref. [29].





3. Results


3.1. Morphology of Dysprosium Nanoparticles


Figure 2 shows the size and mass distributions of Dy nanoparticles, as well as a transmission electron microscopy (TEM) image of an individual dysprosium nanoparticle and the results of energy-dispersive X-ray spectroscopy (EDX) of nanoparticles. The distribution of the number of nanoparticles depending on the size obtained using a disk centrifuge is unimodal, and the maximum of the particle size distribution in the colloid is approximately 20–23 nm (Figure 2A). The half-width of the distribution peak falls on sizes from 12 to 30 nm. When studying the distribution of Dy nanoparticles by weight, the presence of particles with sizes greater than 30 nm in the colloid was shown (Figure 2B). It is established that the particle size distribution has a bimodal form. The distribution peaks occur at nanoparticle sizes of 28 nm and 70 nm for the first and second peaks, respectively. However, the number of particles with sizes of about a hundred nanometers is less than 1% of the total number of particles, as follows from the distribution of the number of particles by size.



Figure 2C,D show TEM images of the studied particles. As can be seen from the figures, the synthesized dysprosium nanoparticles have a spherical shape (Figure 2C). The results of the EDX analysis of dysprosium nanoparticles indicate the presence of oxygen in the particle composition in addition to dysprosium. This finding can be explained by the presence of an oxide layer around the particles, which is typical for metal particles obtained by applying the laser ablation technique in water.



Figure 3 shows the transmission spectrum of the obtained colloids of dysprosium nanoparticles with various nanoparticle concentrations of 108 NPs/mL and 1010 NPs/mL in the near-IR region. It can be seen from the figure that an increase in the concentration of dysprosium nanoparticles in the colloid from 108 Np/mL to 1010 Np/mL leads to a decrease in transmission at the wavelength of laser radiation (1064 nm) by approximately 10% due to the growing role of scattering processes and absorption of radiation by nanoparticles.




3.2. Analysis of the Time-Resolved Images of Breakdown Plasma


Figure 4 shows characteristic time-resolved images of laser breakdown plasma flashes and laser pulses upon the irradiation of colloids of dysprosium nanoparticles for different concentrations of nanoparticles and laser radiation energy densities. It is shown that with an increase in the concentration of nanoparticles, changes are observed in plasma time-resolved images, namely, the intensity of flashes of the breakdown plasma in the images decreases. At the same time, a displacement of the flashes relative to the laser pulse along the time axis is observed. The size of the flashes also decreases. Varying the energy density of laser radiation, as follows from the images shown, does not significantly change the overall dynamics of plasma development during breakdown.



Figure 5 shows the results of the analysis of plasma images obtained using a streak camera. When analyzing the flashes, as previously shown in Figure 1B, the following parameters were taken into account: The delay time between the start of the laser pulse and the time the plasma flash reached maximum intensity was measured (Figure 5A). It is established that an increase in the concentration of dysprosium nanoparticles in the colloid leads to an increase in the delay time between the laser pulse and the plasma. The average delay time for nanoparticle concentrations in the range from 105 NPs/mL to 107 NPs/mL is about 40 ns, and for nanoparticle concentrations 1010 NPs/mL, the average delay time is already about 50 ns.



It is shown that a change in the concentration of nanoparticles in the irradiated colloidal solution leads to a change in the speed of movement of the plasma–liquid interface (Figure 5B). For the concentration range from 105 to 108 NPs/mL, the characteristic plasma expansion velocity falls in the range from approximately 2000 m/s to 4000 m/s and decreases with increasing nanoparticle concentration. At a nanoparticle concentration of 1010 NPs/mL, the speed of the boundary movement is on average about 1000 m/s.



It is shown that with an increase in the concentration of nanoparticles in the irradiated colloid, a decrease in the lifetime of the plasma flash is observed (Figure 5C). At various laser radiation energy densities, the lifetime of the plasma flash is approximately 25–30 ns at concentrations of dysprosium nanoparticles from 105 to 106 NPs/mL. With a further increase in the concentration of nanoparticles in the solution, the plasma lifetime decreases and reaches about 15 ns at a nanoparticle concentration of 1010 NPs/mL.



The size of the plasma flash at the moment of reaching maximum intensity was analyzed depending on the concentration and fluence (Figure 5D). It is shown that with an increase in the concentration of nanoparticles in the colloid, a decrease in the size of the flash occurs. Thus, at concentrations from 105 to 107 NPs/mL, the flash sizes are in the range from 15 to 20 μm at maximum plasma intensity. Then, with an increase in the concentration of nanoparticles to 1010 NPs/mL, the flash sizes decrease to values of the order of 8 μm.



When measuring the dependence of the distance between the plasma flash and the laser pulse on time-based images, it was found that varying the concentration of nanoparticles does not have a significant effect on this parameter (Figure 5E); the average distance between the plasma flash and the laser pulse is approximately 200 ± 100 μm.



The maximum displacement of plasma flashes relative to the laser pulse during breakdown was studied (Figure 5F). It is shown that, at nanoparticle concentrations in the range from 105 to 108 NPs/mL, the average displacement of plasma flashes in space is about 15 μm. With a further increase in the concentration of nanoparticles to 109 NPs/mL, the displacement of the flashes reaches a minimum and is about 7 μm. With a further increase in the concentration of nanoparticles to 1010 NPs/mL, the shift of plasma flashes in space is about 13 μm.




3.3. Chemical Processes during Optical Breakdown of Colloids of Dy Nanoparticles


The dynamics of the formation of molecular hydrogen and oxygen under the influence of optical breakdown induced through laser radiation depending on the concentration of dysprosium nanoparticles are shown in Figure 6. It is shown that the maximum rate of formation of hydrogen and oxygen is observed at nanoparticle concentrations approximately equal to 2 × 1010 NPs/mL (Figure 6A,B).



The effect of the concentration of dysprosium nanoparticles on the rate of formation of hydroxyl radicals and hydrogen peroxide and hydroxyl radicals is demonstrated in Figure 7A,B.



It has been shown here that the maximum rate of formation of hydrogen peroxide and hydroxyl radicals is observed at a concentration of 3–5 × 1010 NPs/mL. The maximum rate of formation of hydroxyl radicals is observed at concentrations of 5 × 1010 NPs/mL and is 0.32 μmol/min. The highest generation rate for hydrogen peroxide is observed at a concentration of 3 × 1010 NPs/mL and is 5.6 μmol/min. A further increase in concentration leads to a rapid decrease in the generation rate regarding both the rate of generation of hydrogen peroxide and the rate of generation of hydroxyl radicals. Significant differences in the production rates of hydroxyl radicals and hydrogen peroxide are most likely associated with the measurement technique. The probe molecules used to detect radicals can also decompose under the action of the breakdown plasma and the process of capturing radical products occurs in a localized space around the breakdown for a short period of time, and due to these factors, the measured rate of formation of hydroxyl radicals decreases.



The maximum rates of formation of chemical products for dysprosium nanoparticles per laser pulse are 11.7 nmol/pulse for H2, 2.82 nmol/pulse for O2, and 1.8 nmol/pulse and 3.3 nmol/pulse for OH• and H2O2, respectively.





4. Discussion


4.1. Effect of Dysprosium Nanoparticle Concentrations


Different concentrations of nanoparticles in an irradiated colloid, as previously shown, can significantly influence both the physical and chemical processes occurring during breakdown. Moreover, all these processes, one way or another, are caused by the formation of plasma and the interaction of plasma with the medium. The influence of nanoparticle concentrations was traced for the most part on processes secondary to optical breakdown (formation and propagation of shock waves, life dynamics of cavitation bubbles) or processes observed during the repeated irradiation of the medium (processes of generation of chemical products). The study of the effect of nanoparticle concentration on the breakdown plasma itself was limited to a general analysis of plasma flashes containing several breakdowns. The results of this study show that the concentration of nanoparticles in the colloid also affects the parameters characterizing an individual sample.



First of all, it is interesting to note the influence of the concentration of nanoparticles on the time interval between the beginning of the laser pulse and the moment the plasma reaches its maximum size and intensity. As was shown in Figure 5A, with an increase in the concentration of dysprosium nanoparticles, a gradual shift in the time the plasma takes to reach a maximum size and intensity along the time axis is observed. As the concentration of nanoparticles increases, both the threshold radiation intensity required to initiate breakdown decreases and scattering processes occur, which lead to a significant decrease in the effective fluence [30,31]. These processes lead to breakdown occurring on nanoparticles at low laser radiation energy densities; however, a further absorption of laser radiation by the plasma does not occur quickly enough, i.e., the plasma does not reach a critical concentration and radiation screening does not occur. It is also worth considering the possible difference in the shape of the laser pulse from the Gaussian one, which may be due to the lack of selection of longitudinal modes, due to which the temporal structure of the pulse may change and lead to stretching of the laser pulse in time, as described, for example, in Ref. [32], and is also confirmed in the obtained time-resolved photographs (Figure 4). Taking into account the above, it can be assumed that energy absorption occurs over a longer period of time than the pulse duration. The combination of the described factors can lead to the formation of insufficiently bright breakdowns at the initial moments, which do not differ in the spatio-temporal scans of the streak camera. In such cases, the plasma continues to absorb radiation energy for a long time, and the maximum intensity will be shifted relative to the beginning of the laser pulse.



This assumption is indirectly confirmed by the feature that experiments also record a decrease in the maximum plasma size with increasing concentration. This parameter characterizes the amount of laser radiation energy absorbed by the plasma. Figure 8 shows the dependence of the time delay between the beginning of the laser pulse and the time to reach the maximum plasma intensity on the size of the plasma flash.



It is shown that the time delay is inversely related to the plasma size. In this case, the largest flashes are observed with a minimum delay between laser radiation and plasma, and vice versa, the smallest flashes are recorded at large time intervals. It is worth paying attention to how the presented data are arranged depending on the particle concentration (Figure 8A). At concentrations up to 108 NPs/mL, the range of flash sizes is from 10 µm to 28 µm. However, already at nanoparticle concentrations of 109 and 1010 NPs/mL, the flash sizes are predominantly concentrated in the range of 5–12 μm. The general form of the dependence can be characterized by an equation of the form y = a/x, where a = const, as shown in Figure 8A.



On the other hand, by grouping points depending on the fluence, one can trace the influence of the laser radiation energy density on the dependence of the time delay on the plasma size (Figure 8B). It can be seen that as the laser fluence increases, the range in which the points are located decreases in proportion to the increase in the laser radiation energy density.



The dependence of other measured parameters, such as the plasma lifetime and the velocity of the plasma–liquid boundary, on concentration can be similarly explained by considering their relationship with the size of the flash, which, as shown above, is related to the amount of laser radiation energy absorbed by the plasma.



The size of the plasma can be related to the size of the nanoparticles in the irradiated colloid. It should be noted that in previous the earlier studies [33], plasma flashes with sizes ranging from 27 μm to 45 μm were recorded with a distribution maximum at 32 μm, at concentrations of 109 NPs/mL, which is approximately two times larger than the sizes of plasma flashes observed in this study. This discrepancy can be explained by the feature that the nanoparticles used in the investigations on which the breakdown occurred differed from each other in size; for dysprosium nanoparticles, the average size in the distribution is 20 nm, while in Ref. [33], iron nanoparticles with sizes of about 36 nm are used. It is known that when colloids of nanoparticles with smaller sizes are irradiated, the threshold energy required for optical breakdown will be greater in comparison with colloids of nanoparticles of larger sizes [34]. It follows that the initial conditions for the development of breakdown plasma when irradiating colloids of nanoparticles of different sizes will differ; in particular, the laser radiation energy stored in the plasma will differ depending on the size of the nanoparticles in the irradiated colloid. Indeed, if we assume that the amount of laser radiation energy absorbed by a particle is proportional to the particle absorption cross-section, i.e., E∝d2, where d is the particle size, then, since E∝(λD)2, where λD is the Debye radius, then d∝λD, i.e., the size of the plasma flash will be directly proportional to the size of the nanoparticles in the colloidal solution.



Similarly, other studies report a correlation between particle sizes and linear dimensions of optical images of laser-induced plasma during the breakdown of aqueous colloids, for example, in Refs. [35,36]. It is noted that the accuracy of determining particle sizes will be determined by how close the laser radiation energy is to the threshold energy values required to initiate optical breakdown.




4.2. Effect of Laser Fluence


In Refs. [21,37], the influence of laser radiation energy density on the plasma flash, the magnitude of acoustic signals, and the rate of generation of chemical dissociation products were studied when using laser radiation with similar parameters, with the exception of frequency and energy per pulse. It was shown that the general form of the dependence of most processes (probability of breakdown, intensity of luminescence, total number of breakdowns in one flash, rate of generation of chemical products) on the energy density of laser radiation is sigmoidal in nature, i.e., f(x)~1/(1 + exp(−αx)), where the parameter α is proportional to the particle concentration.



It is worth noting that the glow intensity of individual breakdowns in one flash either did not change with increasing laser radiation energy density or decreased slightly with increasing laser fluence. It follows from this that the energy transferred through laser radiation to the plasma is consumed mainly in the initial stages of breakdown and, in general, affects the probability and number of breakdowns in the waist. In subsequent moments, the number of plasma breakdowns apparently reaches a critical concentration and begins to screen the radiation. Based on these findings, it is possible to estimate the electron concentration in the breakdown plasma. Taking into account that at a critical concentration, radiation at a wavelength of 1064 nm is completely screened by the plasma, and, using the known expression for the plasma frequency, we obtain that the electron concentration in the plasma is Ne ≈ 1021 cm−3. The obtained value is consistent with estimates of plasma electron concentrations obtained in other studies [38,39].




4.3. Effect of Rare Earth Metal Nanoparticles


In our earlier studies, we studied the effect of rare earth nanoparticles of gadolinium oxide and terbium nanoparticle oxides on the properties of physical processes and the generation rates of chemical products of the process of dissociation of water molecules during laser breakdown of aqueous colloids of nanoparticles [23,37]. It was found that the use of terbium and gadolinium oxide nanoparticles as seeds on which optical breakdown develops leads to better performance in the rate of generation of chemical products in comparison with other nanoparticles; the highest performance was observed for Gd2O3 nanoparticles. The maximum rates of formation of chemical products for dysprosium nanoparticles per laser pulse are 11.7 nmol/pulse for H2, 2.82 nmol/pulse for O2, and 1.8 nmol/pulse and 3.3 nmol/pulse for OH• and H2O2, respectively.



It is worth noting that for most particle materials in a wide range of concentrations, the generation rate of molecular hydrogen is several times greater than the generation rate of molecular oxygen, namely, the generation rate ratio is approximately 4.4, which indicates that the decomposition of water molecules occurs according to the following scenario [21]:


  6   H   2   O →   4   H   2   + 2 H   2     O   2   +   O   2   .  



(1)







A comparison of the rates of generation of chemical products during irradiation and optical breakdown of rare earth metal nanoparticle colloids shows that the use of dysprosium nanoparticles in an irradiated colloid in optimal concentrations (1010 NPs/mL) per laser pulse leads to a twofold decrease in the production of hydrogen peroxide and molecular oxygen compared to nanoparticles of gadolinium oxide. At the same time, the production of hydroxyl radicals and molecular hydrogen remains comparable to the same indicators for Gd2O3 nanoparticles. Thus, stoichiometric Equation (1), which describes the production of chemical products given above, for dysprosium nanoparticles can be represented as follows:


  18   H   2   O →   14   H   2   + 4 H   2     O   2   +   5 O   2   .  



(2)







Comparing the above equation with (1), one can notice a decrease in the rate of peroxide formation and an increase in the rate of molecular oxygen formation. Moreover, it is worth noting that there is a significant (4–5 times) increase in the rate of formation of hydroxyl radicals in the colloid of rare earth metals. The observed effect can be explained by the occurrence of reactions in the colloid of nanoparticles similar to the Fenton reaction [40], during which the formation of radical products occurs. These reactions apparently occur with hydrogen peroxide molecules formed during the recombination of radical reactions on the oxidized surface of nanoparticles, which are rare earth metal oxides: Dy2O3 or Gd2O3. The ability of rare earth metals to participate in such reactions has been reported in other studies [41,42,43]. Using an analogy with reactions involving Fe, it can be assumed that the interaction of dysprosium with hydrogen peroxide occurs as follows:


    D y   3 +   +   H   2     O   2   →   D y   4 +   +   H O   •   +   O H   −   .  



(3)







Further, the reaction of Dy4+ with a superoxide anion radical is possible according to the Haber–Weiss reaction [44] with the formation of molecular oxygen:


    D y   4 +   +     •    O   2   −    →   D y   3 +   +   O   2   .  



(4)







From Equations (3) and (4), it follows that the interaction of hydrogen peroxide with dysprosium nanoparticles leads to an additional formation of radical products and molecular oxygen in the colloid, which explains the experimentally observed effect of reducing the formation of hydrogen peroxide and increasing the formation of hydroxyl radicals.





5. Conclusions


The results of this paper show that fast (several tens of nanoseconds) processes of formation of laser breakdown plasma are influenced by the concentration of nanoparticles. It has been shown that an increase in the concentration of nanoparticles in the colloid leads to a decrease in the size of the plasma flash. At the same time, the speed of motion of the plasma–liquid interface and the total lifetime of the plasma flash decrease with an increasing concentration of nanoparticles. It was also found that the time delay between the beginning of the laser pulse and the moment the plasma flash reaches its highest luminescence intensity increases with increasing concentration. The observed effect is explained by the processes of scattering laser radiation in the colloid, which increases with an increasing concentration of nanoparticles, and the resulting decrease in the effective radiation energy. A change in the laser fluence in the range from 67 to 134 J/cm2 does not lead to noticeable changes in the indicated parameters of the plasma flash, which is explained by the plasma reaching a critical state and the screening of laser radiation by plasma electrons. It has been shown that the use of nanoparticles of rare earth metals during laser breakdown leads to an increase in the rate of generation of hydroxyl radicals and a decrease in the rate of generation of hydrogen peroxide per water molecule, which can be explained by the interaction of nanoparticles and hydrogen peroxide in reactions similar to the Fenton and Haber–Weiss reactions.
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Figure 1. (A) Schematic representation of the experimental setup for recording time-resolved images of the breakdown plasma. (B) A typical image of the time base of a plasma flash and parameters measured in experiments; the time scale mark (horizontal) is 10 ns and the spacial scale mark (vertical) is 100 µm. 
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Figure 2. Characteristics of the obtained dysprosium nanoparticles. (A) Distribution of Dy nanoparticles as a function of size. (B) Mass distribution of Dy nanoparticles as a function of size. (C) TEM image of an individual dysprosium particle, scale bar size being 10 nm. (D) TEM image of a dysprosium particle (upper), and the distribution of elements along the line obtained using EDX spectroscopy (lower). See text for details. 
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Figure 3. Transmission spectra in near-IR region for Dy NP colloids. The transmission spectrum of pure deionized water not containing NPs was used as a reference spectrum. 
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Figure 4. Typical images of time-resolved images of plasma optical breakdown of a colloid of dysprosium nanoparticles for different energy densities of laser radiation and concentrations of nanoparticles; the time scale mark (horizontal) is 10 ns and the spacial scale mark (vertical) is 100 µm (top right). F denotes the fluence of laser radiation. 
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Figure 5. Results of the analysis of optical breakdown plasma time-resolved images: (A) dependence of the delay time between the time of reaching the maximum plasma intensity and the beginning of the laser pulse on the fluence and concentration of nanoparticles; (B) dependence of the plasma expansion speed (movement speed of the plasma–liquid boundary) on the fluence and concentration of nanoparticles; (C) dependence of the plasma lifetime (time interval between reaching 20% of maximum intensity and 75% of maximum intensity during decay) on fluence and nanoparticle concentration; (D) dependence of plasma flash sizes on fluence and nanoparticle concentration; (E) dependence of the distance between the laser pulse and the plasma flash on the fluence and concentration of nanoparticles; (F) dependence of the displacement of the plasma flash relative to the laser pulse on the fluence and concentration of nanoparticles. 
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Figure 6. Formation of molecular hydrogen and molecular oxygen during laser breakdown of aqueous solutions of Dy nanoparticles; (A) rate of molecular hydrogen formation as a function of Dy particle concentration; (B) rate of molecular oxygen formation as a function of Dy particle concentration. A spline was used to connect the data points. The values of the measured parameters are averaged over five measurements, and the errors correspond to the standard error to the mean. 
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Figure 7. Formation of hydrogen peroxide and hydroxyl radicals during laser breakdown of aqueous solutions of Dy nanoparticles. (A) The rate of formation of hydroxyl radicals depending on the concentration of Dy particles in the irradiated solution. (B) The rate of formation of hydrogen peroxide depending on the concentration of Dy particles. A spline was used to connect the data points. The values of the measured parameters are averaged over five measurements, and the errors correspond to the standard error to the mean. 
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Figure 8. Time delay between the beginning of the laser pulse and the maximum plasma intensity depending on the size of the plasma flash. The data are grouped according to concentration (A) and according to laser fluence (B). The fitting curves in (A) for each concentration coincide with the curve presented. 
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