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Metal nanoparticle technology based on the specific properties 
of supercritical matter is of great current interest.1,2 Continuous 
production processes in which a metal interacts with a super­
critical solvent typically occur under a pressure of several hundred 
bars at a temperature of up to hundreds of kelvin.3 These relatively 
low thermodynamic parameters allow controlling a thermodynamic 
trajectory in the course of the process and adjusting it for achieving 
desired particle size, geometry and distribution. Other methods 
imply the existence of a metal in near- and supercritical states. 
The critical points of metals have high thermodynamic parameters 
(a pressure of several GPa units and a temperature of dozens 
of kilokelvin) unachievable under static conditions. Therefore, 
these methods are nonstationary, and they are usually based on 
material ablation during pulsed heating, which may occur due to 
laser irradiation.4,5 The pulsed laser ablation of metals in con­
densed media was described previously.6,7 This approach is based 
on the fact that the mechanical confinement of a heated metal 
surface (i.e., when a heated metal region contacts with a liquid or 
solid) leads to a significant pressure and temperature increase, 
as compared to the pulsed laser heating of a free surface (i.e., 
contacting with a gas or vacuum). In comparison with the con­
tinuous production of nanoparticles, pulsed laser ablation in 
a condensed medium offers several advantages, for example, a 
simple experimental setup (no need for high pressure equipment) 
and the on-line optical diagnostics of produced particles. Never­
theless, pulsed laser ablation has a serious disadvantage in com­
parison with a continuous production process – the absence of 
control over a thermodynamic trajectory other than the altera­
tion of laser radiation pulse duration and intensity. To avoid this 
disadvantage, we developed an experimental approach.

We consider the pulsed laser heating of a metal confined by 
a transparent dielectric: laser radiation falls on a metal/dielectric 
interface at an incidence angle of 45°, and it is absorbed and 
partly reflected by the metal. Due to nonstationary heating stress 
acoustic waves are generated in both the metal and transparent 
dielectric. This process has several spatial scales: L0 = 1/a is 
the optical penetration depth, LT = Lct  is the thermal diffusion 
length and LA = CLtL (a is the optical absorption coefficient, 
c is the thermal diffusivity, tL is laser pulse duration and CL is 
the  sound velocity). For the majority of metals, the following 
relations between the mentioned spatial scales are satisfied for 
nanosecond laser pulse duration: L0 /LT << 1, LT /LA << 1. These 

relations represent surface heating conditions and show that 
heating and pressure generation is sensitive to conditions at the 
metal/dielectric boundary;8,9 thus, one can control the thermo­
dynamic trajectory of pulsed laser heating altering metal surface 
confinement properties in the course of the process. Here, we 
propose to alter boundary conditions at the metal/dielectric inter­
face using an acoustic pulse reflected from the free dielectric 
surface. It is well known that an acoustic pulse changes its sign 
after reflection from a softer medium,10 so after round trip time 
of the acoustic pulse in confining dielectric rarefication wave 
with absolute amplitude comparable to pressure in metal reaches 
metal surface. It leads to rapid pressure release and may result in 
the breakdown of the dielectric from the metal. In other words, 
the transition between confined and free surfaces of the metal 
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Experimental setup. (Figure  1  1) Q-switched YAG : Nd laser, (2) trigger 
photodetector (Thorlabs DET10), (3) beamsplitter, (4) neutral optical filters, 
(5) focusing lens, (6) pressure measurement cell, (7) reflected radiation 
photodetector (Thorlabs DET10), (8) thermal radiation photodetector 
(Thorlabs DET10), (9) BGG optical filters, (10) TDS3034B digital oscillo­
scope, (11) thermal radiation collimator.
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occurs. The initial thermodynamic state for pressure release is 
defined by confining dielectric layer, and it can be adjusted by 
altering dielectric thickness and material.

We have chosen aluminum as a sample material due to its 
relatively low critical point theoretical parameters (Tc = 7970 K, 
Pc = 350 MPa).11 Thin layers of PET (40 mm) and sodium silicate 
(60–200 mm) were used as confining dielectric layers. Solid con­
fining media were chosen for the simplicity of layer thickness 
control. The target and the experimental setup are shown in 
Figure 1. The simultaneous measurements of metal temperature, 
pressure and reflectivity with a nanosecond time resolution, which 
was successfully used for studying first-order phase transitions in 
lead and mercury,12 were performed. Pressure was measured with 
a calibrated wideband piezotransducer (bandwidth of 100 MHz). 
Temperature was measured with a full-flux high-speed optical 
pyrometer. Laser radiation energy density (fluence) was varied 
from 80 mJ cm–2 to 5 J cm–2 with neutral optical filters; the laser 
pulse duration (tL) was 8.5 ns. Synchronous measurements of the 
pressure and temperature dynamics allowed us to plot the thermo­
dynamic trajectory of pulsed laser heating in the P–T coordinates.

Figure 2 shows the dynamics of pressure and surface tempe­
rature in aluminum confined by a PET film within the incident 
laser radiation energy density range from 0.08 to 1 J cm–2. The 
negative pressure pulse, which is reflected from confining dielec­
tric free surface, is marked with an arrow in Figure 2. It can be 
seen that, with increasing laser radiation fluence, the relative 
amplitude of rarefication wave that pass into metal decreases 

until the moment of confining film breakdown from the metal 
surface (regime 5 in Figure 2). Note that, in this regime, the 
surface temperature in the moment of pressure release is higher 
than the boiling temperature of aluminum, and a long tail of 
the acoustic pulse with a relatively low amplitude (up to 5 MPa) 
can be explained by the recoil pressure due to evaporation. The 
experimental results show that the proposed approach can be used 
to control pressure release in the course of pulsed laser heating. 

This approach was applied to study a near and supercritical 
region of the aluminum phase diagram. Despite the low optical 
durability of PET film, which limited incident radiation fluence 
at 3 J cm–2, high energy states of aluminum were obtained. The 
measured thermodynamic trajectories are presented in Figure 3 
(here and below the part of the trajectory corresponding to rising 
edge of pressure pulses greater than 100 MPa is not shown due to 
the unrestorable nonlinear distortion). Arrows in Figure 3 indicate 
the direction of the process.

In order to increase the acceptable laser radiation fluence and 
to achieve near- and supercritical states of aluminum, sodium 
silicate films were used due to their higher optical durability. 
Different acoustic impedances (Z = rCL, where r is the material 
density and CL is the sound velocity) of films were used in order 
to have fine control over the maximum thermodynamic parameters 
achievable under a constant incident radiation fluence (5 J cm–2). 
Thermodynamic trajectories of the pulsed laser heating of alumi­
num confined by sodium silicate films are presented in Figure 4. 
It can be seen that the maximum pressure was 600 MPa and the 
corresponding temperature was 104 K, which means that super­
critical states of aluminum were obtained.
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The time dependence of (Figure  2  a) pressure normalized to its maximum 
and (b) temperature for aluminum confined by a PET film. (1) Laser pulse, 
(2) E = 0.08 J cm–2, Pmax = 1.5 MPa, (3) E = 0.26 J cm–2, Pmax = 9 MPa, 
(4) E = 0.5 J cm–2, Pmax = 15 MPa, (5) E = 1 J cm–2, Pmax = 50 MPa. Arrows 
indicate pressure release pulse. Dashed vertical line indicates the start of 
pressure release.
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Thermodynamic trajectories of the pulsed laser heating of alumi­Figure  3 
num confined by a PET film: (1) theoretical critical point,11 (2) 1 J cm–2, 
(3) 2 J cm–2 and (4) 3 J cm–2. Timespan between two sequential points is 4 ns.
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Thermodynamic trajectories of the pulsed laser heating of alumi­Figure  4 
num confined by sodium silicate films with different acoustic impedances. 
Laser radiation fluence, 5 J cm–2: (1) theoretical critical point,11 ZAl /Z = 
(2) 2.0, (3) 2.2 and (4) 2.6, where Z is the acoustic impedance of the con­
fining film and ZAl is that of aluminum. Timespan between two sequential 
points is 4 ns.
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The experimental results allow us to conclude that the above 
technique is applicable to the study of the high energy states of 
metals with the ability of controlling the thermodynamic trajec­
tory of the process. This approach can be used for conducting 
chemical reactions under high pressure and temperature condi­
tions with a supercritical metal under the control over reaction 
course by controllable pressure release.
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