
Technical Physics Letters, 2023, Vol. 49, No. 1

05.1;05.3;06.5

Features of focusing of a laser beam of laser ablation in supercritical

carbon dioxide
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features of the phenomena of a laser nanosecond radiation In supercritical carbon dioxide are revealed. It is

shown that the presence of a supercritical fluid leads to the expansion of the structures formed on the target in

comparison with the air media. It has been suggested that the resulting magnification effect is due to the defocusing

of the system, which causes the formation of the lens impact. Obtaining useful results is possible with the use of

various technologies of laser ablation and microstructuring in supercritical fluids.
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Supercritical carbon dioxide (sc-CO2) is currently being

used more and more often as a medium for laser ablation

and microstructuring of various targets [1–3]. The sc-CO2

medium, which is unique in being highly environmentally

friendly, featuring very low viscosity and high molecular

mobility values, and providing an opportunity for immediate

adjustment of density within a wide range, was proven

efficient in production of heterogeneous catalysts [4,5],
nanoparticle synthesis [6,7], production of unique polymer

materials [3], and micronization of medicinal plants [8,9].
Another undeniable advantage of sc-CO2 consists in the

fact that carbon dioxide becomes supercritical at fairly low

values of pressure (7.38MPa) and temperature (31.1◦C).
At the same time, supercritical fluids (especially in the

neighborhood of the critical point) are known to have strong

parameter fluctuations [10,11], which induce a significant

enhancement of light scattering [12]. These fluctuations may

exert a significant negative influence on the parameters of

laser radiation focusing in sc-CO2, which are crucial for

many technological processes.

The aim of the present study is to reveal the specifics

of focusing of nanosecond laser radiation in supercritical

carbon dioxide.

Experiments were carried out in a standard high-pressure

reactor that was used in our earlier study [13]. An

YLPP-1-150V-30 (IPG, Russia) fiber laser with radiation

wavelength λ = 1064 nm, pulse length τ = 0.05−7 ns, and

pulse repetition rate F = 2−1000 kHz was used. The

pulse energy was E = 0.5mJ, and the mean power was

as high as 30W. An F-theta lens with a focal distance of

63mm was used for focusing. The waist radius in the

focal plane was ω0 = 17± 2µm. The microstructuring

parameters were as follows: τ = 5 ns, F = 15 kHz for

laser craters (spots) and τ = 2 ns, F = 60 kHz for laser

stripes (lines) at a scan rate of 100mm/s. The number

of pulses was varied within the n = 1−1000 range in the

production of craters, while stripes were formed in different

numbers (N = 1−1024) of passes. The parameters of

the sc-CO2 medium in the high-pressure reactor were as

follows: pressure P = 20MPa and temperature T = 50◦C.

An HRM-300 Series 3D microscope (Huvitz, Korea) and a

PHENOM ProX (Phenom World, Netherlands) scanning

electron microscope (SEM) were used to visualize laser

structures formed on the target surface.

Figure 1 presents the SEM images of laser stripes formed

on the surface of a silver plate in different numbers of laser

passes N. It can be seen that the stripes in sc-CO2 are

much wider than in air, and their crosswise size exceeds

considerably the laser spot diameter in the focal plane.

Specifically, the width of a stripe formed in sc-CO2 at

N = 64 (inset in Fig. 1) was 200 µm, which is ∼ 6 times

greater than the laser spot diameter (2ω0 = 34± 4 µm).

In the case of microstructuring in air, the stripe width at

N = 64 is approximately equal to 70µm.

Similar widening of microstructures in sc-CO2 was

observed in the case of production of craters (Fig. 2, a). It

is evident that the crosswise size of craters increases rapidly

with number of laser pulses.

The dependence of crater depth on the number of

laser pulses in the sc-CO2 medium (see Fig. 2, b) shows

that the mean penetration rate decreases rapidly as n
increases (from ∼ 2µm/pulse at n = 1 to ∼ 10 nm/pulse

at n = 1000). At the same time, crater diameter squared

D2 increases exponentially with lg n (Fig. 2, c). Note that

the dependence of D2 on lgn is linear [14] when a similar

crater is formed by a laser beam with a Gaussian intensity

distribution in standard air atmosphere.
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Figure 1. SEM images of laser stripes formed on the surface of silver in air and sc-CO2 in different numbers of laser passes N. An

enlarged fragment of a stripe 200 µm in width is shown in the inset. A laser spot is indicated.
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Figure 2. a — 2D and 3D images of laser craters formed on the surface of silver insc-CO2 at different numbers of laser pulses n. b and

c — Dependences of the depth and the diameter squared, respectively, on number of laser pulses n.
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The observed widening of microstructures in the sc-CO2

medium (Figs. 1, 2) may be attributed to the formation of

a thermal lens in the region of laser irradiation. In the

classical case, the thermal lens effect is produced when

laser radiation is absorbed in the bulk of a fluid. A

temperature gradient associated with the spatial distribution

of light intensity forms in this case and induces a refraction-

index gradient in the medium [15]. Different approximations

(
”
parabolic lens“ [16] and

”
aberrant lens“ [17]) are used to

solve the diffraction equations characterizing the influence

of the refraction-index gradient on the output beam.

It may be assumed that laser radiation in our experiments

is absorbed not in the sc-CO2 medium itself, but in the

metal target only. This stems from the fact that the

coefficients of light absorption for metals and dielectrics

(sc-CO2) differ significantly. In addition, the absorption

bands of carbon dioxide [18] lie outside the used wavelength

range. In the process of ablation, a fluid column above the

ablated target surface is heated (in the vicinity of the target)
by an ablation plume. The entire reactor region above the

target near the optical axis is also heated by the emerging

convective flows, inducing temperature gradients. It is

known that the critical region of a fluid is characterized by

the values of isobaric thermal coefficient ρ−1(∂ρ/∂T )P (ρ is

density, T is temperature, and P is pressure), which increase

greatly on approach to the critical point [15]. Therefore,

temperature gradients may be induced in the present case

by strong convective flows.

Using the temperature dependence of the refraction index

of the sc-CO2 medium [19] and tabular data [20], one may

estimate the temperature coefficient of the refraction index

in the supercritical region: ∼ 0.03K−1 (for the parameters

set in our study). A thermal lens forms above the laser

irradiation region as a result; in our view, this lens is

the cause of defocusing and effective widening of laser

microstructures.

Since the defocusing effect should depend on the power

of the formed thermal lens, the effective spot size should

depend on the degree of heating of the target surface and,

consequently, on the duration of laser treatment. This is

what was observed in experiments. In the case of a single

exposure (n = 1 in Fig. 2, a), the thermal lens effect is

zero and the crosswise size of a crater is comparable to

the laser spot diameter. As n increases, the thermal lens

effect becomes stronger, inducing fast growth of the crater

diameter (Fig. 2).

Thus, it was demonstrated experimentally that the cross-

wise size of microstructures forming on a target increases

in the process of ablation under the given parameters of

temperature and pressure in the reactor, which correspond

to a supercritical fluid. It was established that this effect

is associated with defocusing due to the formation of a

thermal lens. Further studies in other phase states of carbon

dioxide are needed in order to prove that the effect is related

specifically with the supercritical state of carbon dioxide.
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