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Abstract

:

We studied the dynamics of laser-induced shock waves in supercritical CO2 (scCO2) for different pressures and temperatures under nanosecond optical breakdown. We estimated the shock wave pressure and energy, including their evolution during shock wave propagation. The maximal shock wave pressure ~0.5 GPa was obtained in liquid-like scCO2 (155 bar 55 °C), where the fluid density is greater. However, the maximal shock wave energy ~25 μJ was achieved in sub-critical conditions (67 bar, 55 °C) due to a more homogeneous microstructure of fluid in comparison with supercritical fluid. The minimal pressure and energy of the shock wave are observed in the Widom delta (a delta-like region in the vicinity of the critical point) due to the clusterization of scCO2, which strongly affects the energy transfer from the nanosecond laser pulse to the shock wave.
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1. Introduction


Nowadays, an investigation of various properties of supercritical fluids (SCF) is one of the most promising and interesting directions both in science and technology [1]. A supercritical fluid is defined as the state of matter in which the thermodynamic parameters of a substance are higher than its critical pressure and temperature [1]. Supercritical fluids are widely used in fundamental and practical applications as solvents and extractants in diverse areas of science such as pharmaceuticals, chemistry, biotechnology, etc. [2]. SCF are characterized by high-density fluctuations, tuneable density, high diffusivity, and anomalous behavior of their chemical and physical properties in the vicinity of critical points [3,4,5]. However, the physical and chemical properties of SCF are non-monotonic; the greatest changes of such properties (for example, sound speed, specific heat capacities, etc.) occur in the vicinity of the critical point. In [6], it was proposed that the locations of different quantities maxima lie not near each other in the (ρ,T) plane or the (P,T) plane. The line where these maxima are located was named a Widom line [6]. More recently, it was demonstrated that it may be more correct to define the region where these maxima are located as a Widom delta [7,8,9]. This region is characterized by maximal cluster formation, nonlinearity, and thermodynamic properties extremum [10,11]. From a microscopic point of view, the structure of SCF in the Widom delta can be conceptualized as conglomerates of molecules (or atoms) separated by a relatively empty space [12]. For higher pressures and lower temperatures, the microstructure of SCFs is closer to liquids, and such kinds of SCF are called liquid-like. Otherwise (for higher temperatures and lower pressures), the microstructure is closer to gases, and such kinds of SCFs are called gas-like [12]. In the intermediate case, where the clusterization is maximal, the anomalous macroscopic properties in the vicinity of the critical point are obtained [7,12]. The crossover between liquid-like and gas-like SCFs are also characterized by the change in phonon spectrum [13,14] and the dynamics of the electron plasma [15]. The extremum in the electron plasma dynamics in the Widom delta is caused by the different free paths of electrons generated in the centre of the cluster and its boundary [15]. Such an extraordinary behaviour of SCF in the Widom delta finds application not only for the stationary case (for fixed p and T) but also for highly non-equilibrium processes such as laser ablation, nanoparticle generation, etc. [16,17,18]. However, most aspects of these complex physical and chemical processes in SCF remain open. One of the most common ways to initiate a highly non-equilibrium state is to irradiate the sample with an intense laser field [19,20]. The impact of intense laser impulses (I > 1011 W/cm2) on dielectric material leads to the generation of electron plasma with high temperatures ~103–105 K and pressures (100 MPa–10 TPa) [21]. Under nanosecond laser pulses impact, an electronic plasma is generated; then the energy from “hot” electrons is transmitted to “cold” molecules that lead to the shock wave generation and cavitation bubble formation [22]. In liquids on a nanosecond timescale, it leads to the formation of cavitation bubbles and shock wave generation [23]. The shock wave initially travels with supersonic velocities with high Mach numbers (the ratio of flow velocity to the local speed of sound) [24]. The development of experimental methods makes it possible to obtain dynamics of ultrafast processes induced by laser pulses with a femtosecond resolution. For example, the dynamics of laser-induced breakdown in water and its mechanical post-effects has been completely characterised on timescales from femtoseconds to microseconds [25,26,27]. However, the dominant part of the experiments describing laser-induced post effect were performed in liquids or gases far from the critical point. Moreover, there is lack of information how the clustering could affect on the dynamics of optical breakdown.



In the current manuscript, we concentrated on the dynamics of shock waves generated by nanosecond laser pulses in SCF. We varied the temperature and pressure of supercritical CO2 (scCO2) that changes the microstructure of the medium, including cluster configuration [11]. We demonstrated where the energy conversion from the laser pulse to the shock wave has maximal and minimal values and how it changes with pressure and temperature.




2. Methods


2.1. Experimental Setup


For time-resolved diagnostics of laser-induced shock waves, we applied the shadow photography technique; the experimental setup is presented in Figure 1 [28]. In the framework of time-resolved shadow photography, we used two impulses: pump (IR) and probe (visible). The first pump pulse (1053 nm, 6 ns; LaserExport, Russia, Moscow) was tightly focused into CO2 through a SiO2 window (thickness 5 mm) by a microscopic objective with NA = 0.45 (OptoSigma, Tokyo, Japan). The second probe pulse (527 nm, 6 ns; LaserExport, Russia) was used to obtain changes in the scCO2 media caused by the first pulse: optical breakdown, shock waves, and cavitation. The probe pulse was transmitted through the diffuser plate to achieve uniform illumination of the focal plane. The laser-induced shock waves change the refractive index on their front that leads to the refraction of the probe impulse. As a result, the shock waves can be obtained as dark circles in the shadow photographs registered by a CCD camera (MindVision, Shenzhen, China). The spatial resolution of the scheme was about 1.25 μm/pixel. The time delay between pump and probe pulses was electronically varied with a time step of 125 ps. The time delay generator system is described in our previous article [28]. The energy was set to 400 μJ for the pump pulse and 275 µJ for the probe pulse. We used a supercritical cell for experiments; the pressure and temperature of CO2 could be varied in the range of 1–200 bar (±0.1 bar) and 25–80 °C (±0.1 °C), respectively. The critical point of CO2 is 73.8 bar, 31.1 °C. In the manuscript, we concentrated on the role of scCO2 microstructure and did not vary the energy of the laser pulse. For the chosen energy, the optical breakdown occurs with ~100% possibility. For higher energies the shape of the bubble and shock wave starts to deviate from spherical [25], that could possibly violate the shock wave dynamics.




2.2. Pressure and Energy Retrieving Methodology


From the shadow photographs, we could obtain the shock wave radius. To retrieve the energy (E) and pressure (p) of the shock wave, one has to perform some maths described further in this section. Pressure and energy dependences on the velocity at the shock wave front are related by the following equations [29]:


  p −  p ∞  =  ρ 0   u s  u  



(1)






  E −  E 0  =  1 2  ( p +  p ∞  )  (   1   ρ 0    −  1 ρ   )   



(2)




where us—shock-wave velocity, u—particle velocity, p, and    p ∞    are pressure at the shock wave front and hydrostatic pressure, E and E0 are the initial and final energies, and  ρ  and    ρ ∞    are the density at the shock wave front and undisturbed fluid. Particle velocity depends on CO2 density and shock wave velocity as [30]:


  u =    u s  − α  ρ 0  −  c 0   s   



(3)




where α = 2.61 km/s*cm3/g, s = 1.39, c0 = 1.33 km/s (for CO2 up to 500 bar pressure).



We assume an exponential decrease in shock wave velocity [29]:


   u s  =  u s 0  exp ( − α t ) +  c 0   



(4)







Following [31], the energy of a shock wave can be estimated as:


  E =    ∫  r 2   r 1    4 π  r 2  ρ ( r ) Δ ε ( r ) d r     



(5)




where   Δ ε   determined as:


  Δ ε ( r ) =  1 2   (   1   ρ 0    −  1  ρ ( r )    )  p ( r )  



(6)







Hence, if we know the velocity at the shock wave front us, we can retrieve energy deposited in the shock wave and density profile.





3. Results and Discussion


In our experiments, we used time-resolved shadow photography, as described in the Methods section. Figure 2 demonstrates the typical evolution of the laser-induced shock wave. Initially, the shock wave propagates with the cavitation bubble wall and separates from the wall ~100 ns after laser impact (see Figure 2a). Then the velocity of the bubble wall rapidly drops due to the decrease of pressure inside the bubble [24,32], however, the shock wave velocity reduction on such a timescale is insignificant. We determined the shock wave diameter for each time delay between the pump and the probe pulses after the shock wave was separated from the cavitation bubble and fitted the data assuming the exponential decay of the shock wave velocity [29], see Equation (4).



The applied approximation for different pressures and temperatures gives estimates for the sound velocity, shock wave velocity, and decay constant α. The observed sound velocity is in a good coincidence (within a range of experimental errors ~ 5–15%) with the tabular data [33]. The minimal sound velocity is observed in the Widom delta, which is a result of sound propagation in the highly clustered medium (clusterization is maximal in the Widom delta) [11]. The dependence of the shock wave velocity on pressure also has extremum in the Widom delta vicinity (see Figure 3a,b, marked as the magenta dash–dot line). This could be caused by a rapid increase in the adiabatic index (see Figure 3c), which is one of the main parameters in the Hugionot specific for the material [34,35].



From the microscopic point of view, the extremum in the dependence on shock wave velocity can be explained by the clustered structure of SCF [3]. In the Widom delta, a significant amount of SCF consists of medium-sized clusters separated by a relatively “empty” space [12,36]. After laser impact, a pressure wave starts propagation radially from the center. In liquids and liquid-like SCFs the molecules are close-packed, thereby, the impulse from one molecule to another transmits rapidly. Besides, in a general case the increase in density will lead to higher shock wave velocities due to the decrease in interatomic distances.



In gases, the separated molecules relatively rarely interact with each other, leading to the slower decay of the shock waves, but the shock wave (and sound) velocities would be lower than in liquids (and liquid-like SCFs). In the intermediate case of clusterized media, its density is comparable with liquids; however, molecules that are concentrated in clusters, which are relatively rare, interact with each other. In such a structure, the shock wave will propagate slower than in liquids due to the higher “effective mass” of each particle. Thereby the shock wave propagates slowly in the Widom delta, where clusterization is maximal [9].



As we described in the Methods Section, it is possible to retrieve the initial shock wave pressure and the energy conserved in the shock wave. The dependences of these values on pressure are presented in Figure 4. The highest pressure ~0.55 GPa was obtained at p = 155 bar and T = 55 °C. The maximal shock wave energy was obtained under sub-critical conditions due to the more homogeneous microstructure of fluid in comparison with supercritical fluid; the number of clusters is lower in the sub-critical region [11]. The increase of the shock wave pressure and energy for higher CO2 pressures was caused by the rise of medium density, see Equation (1). The minimum in the dependence of the shock wave pressure on the pressure of CO2 was a result of the clusterization in the Widom delta, as was discussed above. In the high-density range of pressures (p > 110 bar), the dependence of the shock wave energy on pressure was similar to the dependence on the shock wave speed. In this region of the p-T diagram, all thermodynamic parameters (such as specific heat capacities, sound velocity, etc.) have a monotonic dependence on pressure and temperature (see Figure 3c) [33].



Moreover, the density increase leads to the growth of electron concentration, thereby, during the optical breakdown, the electron plasma would be denser, and a higher amount of laser energy would be transmitted to the electronic subsystem. That would lead to higher temperatures in the atomic (molecular) subsystem due to energy transport through the electron–ion interaction. Following the framework of the two-temperature model (“hot” electrons and “cold” ions) [37], the temperature of atoms would be greater for higher temperatures and densities of electron plasma gas. However, this approach would not work in the vicinity of the critical point or Widom delta. As was demonstrated in [15,38], when electron plasma is generated in a clusterized medium, the free pass of electrons is significantly different for electrons induced in the “middle” of the cluster and electrons generated at the boundary of the cluster [39]. The electrons generated at the boundary of the cluster could not efficiently transmit energy to molecules because there is a huge “empty” space between clusters. When the number of clusters is decreased outside the Widom delta, the energy of the shock wave returns to the values ~20–30 μJ. The conversion of the laser pulse energy to the shock wave is about 5–7%, which is close to values obtained for the optical breakdown in water [29,31].



The applied approach for the retrieving of shock wave energy gives the opportunity to obtain the dynamics of the energy dissipation during propagation (see Figure 5). The energy dissipation is maximal in sub-critical CO2, and most parts of the shock wave energy are dissipated during the first 0.7 microseconds after laser impact, where the shock wave velocity is much higher than the sound velocity (M~3–4). Nevertheless, the radius of the shock wave rapidly grows, and the energy density in each point drops. At time delays greater than 1 μs, the shock wave velocity is close to the sound velocity and becomes equal to it after 2 μs, which leads to a decrease in energy losses. As a result, there is a minimum in Figure 5c,d. It also leads to the fact that the lower energy shock waves (for higher CO2 pressures) could travel a longer distance due to higher sound speed.



Comparing the dynamics of laser-induced mechanical post-effects in water and scCO2, we distinguished the following main differences. The shock wave pressure and energy in scCO2 are about one order lower than in water (for similar laser energies and durations [27]); in water, the shock wave is generated at delays two orders of magnitude less than in scCO2; in water, the shock waves decays faster and travels shorter distances than in scCO2. Higher pressures and energies in water are caused by its greater density; moreover, water can be considered an incompressible liquid. This fact also leads to a shock wave decay rate. The difference in the shock wave generation time is a result of the slower decay time of bubble wall velocity; as a result, the shock wave in CO2 travels with a bubble wall greater period of time (~100 ns in scCO2 and ~1 ns in water).




4. Conclusions


To sum up, we studied the dynamics of shock waves induced by the nanosecond laser pulses in supercritical CO2. The microstructure of supercritical CO2, namely medium-sized clusters separated by the “empty” space, leads to the drop of laser energy conversion to the shock wave and a local minimum in the dependence of shock wave speed, pressure, and energy. The effect is less pronounced for high temperatures, where clusterization is smaller. The shock wave pressure can reach 0.55 GPa for 155 bar and 55 °C; it would be greater for higher densities of scCO2.
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Figure 1. Experimental setup. The energy of the pump pulse is 400 μJ, the wavelength is 1053 nm, the time duration is 6 ns, and the repetition frequency is 10 Hz. The pump pulse focused into the supercritical cell. The pressure and temperature in the cell are varied from 1 bar up to 160 bar (measurement error ~0.1 bar) and from 20 °C up to 60 °C (measurement error ~0.1 °C). In CO2 (99.99% purity) shock waves and cavitation bubbles were generated. The probe pulse is scattered on the diffusion plate and collected by the lens on the CCD camera. 
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Figure 2. (a–f) Shadow photographs of the laser-induced shock waves and the cavitation bubbles for various time delays between the pump and the probe pulses in scCO2, p = 75 bar, T = 40 °C. (g) The evolution of the shock wave diameter in scCO2, p = 75 bar, T = 40 °C, and the laser pulse energy is 400 μJ. The fitting is performed with the assumption that the shock wave velocity changes following Equation (4). 
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Figure 3. (a,b) Dependence of the sound velocity (black line), shock wave velocity (red line) and the Mach number—the ratio of flow velocity to the local speed of sound (blue dots) on the pressure inside the cell for different temperatures. Dash–dot line indicates the Widom line (the minimum sound speed). (c) Dependence of the adiabatic index on pressure for different temperatures based on the data from [33]. The maxima in (c) correspond to the Widom line. 
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Figure 4. (a,b) Dependence of the shock wave energy (black line) and shock wave pressure (red bar) on the pressure inside the supercritical cell for different temperatures. Dash–dot line indicates the Widom line (the minimum sound speed). 
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Figure 5. (a,b) Dependences of the shock wave energy and shock wave radius (see insets) on time delay for different pressures and temperatures. The insets show the evolution of the shock wave radius for different pressures. (c,d) Dependence of the energy decrease rates on time delay for different pressures and temperatures. The presented dependences are obtained from the numeric simulation based on the experimentally observed values of shock wave velocities and decay rates, using Equations (3)–(6). 
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