526
East EUROPEAN JOURNAL OF PHysics. 3. 526-538 (2026)

DOI: 10.26565/2312-4334-2026-3-48 ISSN 2312-4334

THEORETICAL AND EXPERIMENTAL ANALYSIS OF RAYLEIGH-TAYLOR
INSTABILITY AND MARANGONI CONVECTION IN COPPER FOIL UNDER LASER
IRRADIATION

M.M. Akhmedov'", @ J.O. Sadullayev', (> MLE. Vapayev', (© N.P. Babayazova', (3 A.R. Matnazarov?,
LY. Davletov', ¢ M. Jumaniyazova®, © R.O. Ozodov*, @ B. Ismatov’, ( F.J. Matchanova®
' Deparment of Technique, Urgench State University named after Abu Raykhan Beruni, Urgench, 220100, Uzbekistan
2Urgench Innovation University, st. Town Independence MFY, 2nd House, Urgench, 220100, Uzbekistan
3Department of Physics and Astronomy, Urgench State Pedagogical Institute, 1-A, Gurlan Str., Urgench city, 220100, Uzbekistan
4Department of Biophysics, Physical Culture and Sports, Urgench State Medical Institute,
Al Khorezmi Street 2, Urgench city, 220100, Uzbekistan
5 "Tashkent Institute of Irrigation and Agricultural Mechanization Engineers” National Research University,
Kori Niyoziy 39, Tashkent, 100000, Uzbekistan
SKhiva district general secondary school No. 10 Sakhovat Street 98, Khiva district, 220900, Uzbekistan
*Corresponding Author e-mail: munisbek95 @urdu.uz
Received April 24, 2026; revised July 31, 2026; accepted August 3, 2026

This study investigates the physical phenomena occurring on the surface of copper foil under high-intensity pulsed irradiation of a Nd:
YAG laser (4 = 1064 nm, 7 = 28 ps), with particular focus on plasma formation, Rayleigh—Taylor (RT) instability, and the influence of
Marangoni convection on crater morphology. The plasma temperature and electron density are determined using experimental methods
through spectral emission lines. These parameters evaluate the pressure gradient in the plasma, temperature variations, and changes in
surface tension. The RT instability is modeled based on density contrasts arising under strong pressure differentials, while Marangoni
convection is described as a mechanism for surface flow formation driven by temperature gradients. The paper analyzes the interplay
between these two instabilities, their role in material redistribution, and their influence on the final geometric shape of the laser-induced
crater, supported by theoretical calculations and spectroscopic measurements. The results contribute to a deeper understanding of the
complex thermohydrodynamic processes involved in laser ablation.

Keywords: Rayleigh—Taylor instability; Marangoni convection; Laser ablation; Copper plasma; Surface morphology; Electron density,
Spectroscopic diagnostics

1. INTRODUCTION

Laser—matter interaction is one of modern science’s most actively developing fields, particularly within high-energy
physics, materials science, and nanophotonics [1-3]. In particular, the use of ultrashort pulsed lasers (in the femtosecond
and picosecond ranges) has attracted significant attention due to their ability to induce localized heating, melting, and
vaporization of material surfaces, leading to plasma formation as well as the generation of craters and nano/micro-
scale surface structures [4-9]. Extreme temperature gradients, pressure differences, and dynamic instabilities such as
Rayleigh-Taylor and Marangoni types that arise during these processes significantly alter the surface morphology. The
Rayleigh—Taylor (RT) instability occurs when high-pressure plasma layers interact with the denser metallic layer beneath
them [10], leading to nonuniform material displacement at the bottom of the crater. On the other hand, Marangoni
convection refers to surface fluid flows caused by surface tension gradients induced by temperature differences. The
intensity of these flows is characterized by the Marangoni number (Ma), defined as:
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where fl—‘; is the temperature dependence of surface tension [N/(m-K)], AT is the temperature difference [K], L is the

characteristic length scale [m], u is the dynamic viscosity [Pa-s], and « is the thermal diffusivity [m2/s]. A high
Marangoni number indicates the presence of strong convective flows [11], which drive the motion of molten material
toward the periphery in the liquid metal layer. In recent years, several theoretical and experimental studies [12,13,16-22]
have focused on how these instabilities affect the shape, depth, and peripheral material redistribution of laser-induced
craters. Moreover, the development of spectroscopic techniques has enabled determination of plasma parameters such
as temperature, electron density, and pressure gradients under realistic experimental conditions, thereby enabling more
accurate modeling of the instabilities involved [23-32].
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In this study, for the first time, the physical processes occurring on the surface of copper foil under picosecond Nd:
YAG laser irradiation are comprehensively investigated in the context of both Rayleigh—Taylor instability and Marangoni
convection. Although previous studies have predominantly analyzed these phenomena separately [11-13], this article
presents a unified theoretical and experimental approach. Based on the spectral characteristics of the generated plasma,
a combined analysis of RT instability and Marangoni convection is carried out. The interrelations among temperature
gradients, surface flows, pressure differences, and crater morphology are identified and illustrated through graphical data
and experimental observations.

Besides laser irradiation, similar crater formation mechanisms have also been reported under other pulsed energy
deposition techniques. Bryukhovetsky et al. [14] investigated crater formation on AA6111 aluminum alloy irradiated by a
high-current pulsed electron beam and demonstrated that crater geometry is governed by non-uniform solidification of the
remelted layer and the heterogeneous distribution of alloying elements. Their results indicate that material composition and
crystallization dynamics strongly affect the final crater morphology. Likewise, Zhong et al. [15] studied crater formation
under intense pulsed ion beam irradiation and revealed that inclusions exposed on the target surface significantly modify the
melt flow through differences in the surface tension coefficient between the molten inclusion and the surrounding molten
matrix. Their numerical simulations showed that thermocapillary flow driven by surface-tension differences represents
the dominant mechanism responsible for crater evolution. These studies demonstrate that although the energy deposition
mechanisms differ between laser, electron-beam, and ion-beam irradiation, crater formation is fundamentally governed by
coupled thermal, hydrodynamic, and solidification processes.

2. EXPERIMENTAL METHODS

The experiments were carried out using commercially available high-purity copper foil (99.99 wt.% Cu) with a
thickness of 63.1 yum. The high purity of the material was selected to minimize the influence of impurities on plasma
formation, molten-layer dynamics, and surface-tension gradients during laser irradiation. A picosecond Nd:YAG laser
(A = 1064 nm, T = 28 ps) operating at a laser fluence of 16 J/cm? was employed to irradiate the copper surface. The laser
beam was focused onto the sample using a lens with a focal length of f = 25 cm. The primary objective of the experiment
was to determine the plasma parameters generated during laser—matter interaction through spectroscopic diagnostics and to
investigate the associated Rayleigh—Taylor instability and Marangoni convection by combining experimental observations
with theoretical analysis.

Spectral analyses were performed using an Ocean Optics HR-4000 optical spectrometer. The plasma’s electron
density was estimated from Stark broadening of optical emission lines, while the electron temperature was determined
using the Boltzmann distribution method. The crater morphology was investigated using a CX-200 scanning electron
microscope (SEM), capable of magnifying up to 300,000x, allowing for high-resolution analysis of crater geometry.

During the experiment, the distribution of laser energy, spot radius, pulse repetition rate, and the optical and
thermophysical properties of the material were taken into account. Figure 1 presents the experimental setup, in which the
diameter of the ablated region under laser irradiation was evaluated both theoretically and experimentally.
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Figure 1. Schematic of the experimental setup

In future studies, expanding the experimental configuration with time-resolved diagnostics, such as gated ICCD or
streak cameras, would allow detailed tracking of plasma evolution dynamics. This would provide a deeper understanding of
how picosecond pulses drive fast ionization and relaxation mechanisms. Moreover, implementing environmental control
(e.g., vacuum chambers or inert atmospheres) could isolate plasma effects from ambient air interactions, improving
the repeatability and accuracy of results. Experiments on a broader range of materials, such as semiconductors and
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dielectrics, will further contextualize copper’s behavior and support a comparative analysis of ablation thresholds and
plasma generation efficiency under similar laser parameters.

3. RESULTS AND DISCUSSION

Neutral atomic transition lines of Cu I were identified in the plasma spectrum, and the free electron concentration
was calculated using the Stark broadening method. This technique enables the determination of electron density and
temperature by analyzing the broadening and shifting of spectral lines under the influence of electric fields within the
plasma.The formed crater was also subjected to spectral analysis to evaluate the presence and influence of Rayleigh—Taylor
instability and Marangoni convection.

3.1. Determination of electron density and temperature

In the plasma spectrum generated on the surface of the copper foil under laser irradiation, the characteristic atomic
transitions of the neutral copper atoms (Cu I) were identified (FIG 2). The identification of atomic emission lines
corresponding to the plasma spectrum was carried out using data from the NIST atomic spectra database [33].

Determining the electron density is of critical importance in the study of plasma formed under laser irradiation. This
work employed the Stark broadening method to estimate the electron density. Stark broadening refers to the widening and
shifting of spectral lines caused by electric fields within the plasma, and it serves as a key phenomenon that enables the
quantitative evaluation of free electron density.
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Figure 2. Plasma emission spectra of copper foil

The analysis of neutral copper atomic transition lines enabled precise characterization of plasma parameters, thereby
providing a deeper understanding of laser ablation and its associated processes. For non-hydrogen-like atoms, the
relationship between electron density and spectral lines’ full width at half maximum (FWHM) is determined through Stark
broadening [34].

e \o
Axl;zZW(lOlé)A, 2)

Here, Ad,=FWHM denotes the full width at half maximum of the spectral line, n, is the electron density, and W
is the electron impact parameter. Electron densities were determined using the spectral wavelengths corresponding to Cu
I atomic transitions via the Stark broadening method (Table 1). The FWHM values were obtained by fitting the spectral
line profiles to a Voigt function (Fig. 3). Closely spaced atomic transitions were resolved and analyzed separately. Using
the electron impact parameter W as reported in [35], the electron density n, was calculated accordingly.

In the plasma field, the electron temperature is typically determined under the Local Thermodynamic Equilibrium
(LTE) assumption. For a plasma in LTE, the population of particles’ energy levels (excited states) follows the Boltzmann
distribution law. According to the LTE condition, the Boltzmann plot method is expressed as follows [36,37].
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Figure 3. Voigt fitting of spectral lines in the plasma formed on the Cu surface: a) 4 = 324.75am, b) A = 327.39nm, c)

A =510.55nm

,d) A =515.32nm, e) A = 521.82nm.

Table 1. Experimental data table for Copper (Cu) element

Atom/ion | A(nm) | FWHM (m) | T(K) | w(A) | ne 10%cm™3)
Cul 32475 0.89 0.003 14.84
Cul 32739 0.70 0.003 1176

Cul 510.55 0.75 8825 [ 0.043 0.87

Cul 51532 T.05 0.19 0.27

Cul 521.82 T.01 0.22 0.23

The intensity of the spectral line (/), wavelength (1), statistical weight of the upper level (g), Einstein coefficient
(A), energy of the upper level (E,,), Boltzmann constant (kp), and electron temperature of the plasma (7,) are the main
parameters involved. The values of the parameters required to determine the electron temperature are taken from the
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NIST [33] database, as presented in Table 2.

Atom | A;; z (nm) | Upper Level Energy E; (cm™") | Upper-state degeneracy g, | Einstein coefficientsA;; (s™1)
Cul 324.75 30783.697 4 1.39 x 108

Cul 327.39 30535.324 2 1.376 x 108

Cul 510.55 30783.697 4 2% 10°

Cul 515.32 49935.195 4 6 x 107

Cul 521.82 49942.051 6 7.5% 107

Table 2. Experimental Data Table for Copper (Cu) Element

The left-hand side of the linear equation based on the Boltzmann distribution is given by In ((é—f‘). When several

transitions to higher energy levels are considered for particles in the same ionization stage (Z), the left-hand side becomes
proportional to the inverse of the electron temperature, —1/(kgT,.). This method, which relies on spectroscopic data,
provides high accuracy in determining the plasma state, particularly the electron temperature. In plasma diagnostics, the
electron temperature is not merely a numerical value; rather, it is a key parameter that characterizes the internal energy
state of the plasma. Accurate temperature determination allows for precise conclusions regarding the plasma properties,
such as the degree of ionization, charge carrier density, and other dynamic characteristics.

T=8815K

22,5

2204

21,5 1

In(Ih/gA

21,0 4

20,5

30000 35000 40000 45000 50000
E(eV)

Figure 4. Emission spectral lines of neutral copper atom (Cu I) transitions plotted on a Boltzmann distribution graph

The plasma temperature was estimated using the Boltzmann plot method based on the intensities and energy levels
of various Cu I spectral lines. The determined plasma temperature was approximately 8825 K. The electron density was
observed to range from 0.23 x 10'® cm™3 to 14.84 x 10'® cm™3, with the highest value corresponding to the spectral line
at 324.75 nm (Fig. 4).

3.2. Crater morphology

The image of the crater formed as a result of laser ablation was obtained using a Scanning Electron Microscope
(SEM). The laser radiation with a wavelength of 1064 nm (infrared) is significantly absorbed by the copper (Cu) foil. The
pulse duration of 28 picoseconds (ps) is extremely short, meaning the metal heats rapidly under laser exposure, leading to
vaporization. A laser fluence of 16 J/cm? is sufficient to initiate local melting and vaporization on the surface of the foil.

When the laser radiation interacts with the foil surface, the outer electrons of copper atoms transition to higher energy
states, resulting in localized heating. Due to the laser energy being concentrated in a very small area, the material melts
rapidly. The short pulse duration limits thermal diffusion into the bulk material, causing heat to accumulate primarily at
the surface. This process is associated with hot electron diffusion, which confines thermal energy within the near-surface
region.

If the laser energy is sufficiently high, the copper layer melts and part of it immediately vaporizes. Athigh vaporization
rates, a plasma regime is established. The vaporized particles expand from the surface, interact with ambient air molecules,
and cool and condense. As a result of these processes, a crater is formed on the Cu foil surface (Fig 5).
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Figure 5. Scanning Electron Microscope (SEM) image of a crater formed on a copper foil surface (crater depth: 11.6 um)

A model based on the Gaussian intensity profile of the laser beam is considered to estimate the crater diameter or
the expansion of the ablated region during laser ablation. In this profile, the laser intensity is maximal at the center and
decays exponentially with radial distance [38].

The spatial distribution of laser intensity follows a Gaussian profile:

2 2
I(r) = Iy - exp (—%) , 3

where I is the peak intensity at the center (» = 0), w is the beam radius at 1/e? intensity level, and r is the radial distance
from the center.

Ablation occurs only when the local fluence exceeds a threshold value Ey. Solving for the radial position » where
E(r) = Ey, the ablated diameter D can be expressed as:

D=a w- 21n(£), 4
Ey

where a is an empirical correction factor close to 1, accounting for beam geometry and experimental conditions.

This model reveals that the relationship between laser fluence and crater diameter is not linear but logarithmic.
Hence, doubling the laser energy fluence does not double the crater diameter; the growth is proportional to In(E).

Two key effects are considered in understanding the morphology of the crater and its surrounding surface texture.
Circular-shaped craters were observed to form, and the laser fluence and pulse duration directly influenced their dimensions
and geometries. The ablation radius was calculated based on the logarithmic relationship between fluence and the ablation
threshold, in agreement with previously published studies [39]. The crater rim exhibits signs of resolidification and
material redistribution, driven by thermal gradients and recoil pressure.

3.3. Quantitative analysis of molten-layer dynamics and Rayleigh—Taylor instability

When intense picosecond laser radiation interacts with a metallic foil, rapid energy deposition leads to surface
vaporization and plasma formation. In the central region of the laser spot, where the local fluence is maximal, material
removal is dominated by explosive ablation. In contrast, in the peripheral region of the spot the fluence decreases below
the ablation threshold, resulting primarily in transient surface melting accompanied by lateral molten flow. Under such
conditions, the appearance of periodic ripple-like or finger-shaped structures at the crater edge is commonly attributed to
hydrodynamic instabilities developing within the molten layer, most notably the Rayleigh—Taylor instability (RTT) [40,41].

The Rayleigh—-Taylor instability arises at an interface between two media of different densities when the denser layer
is accelerated toward the lighter one. In the case of laser ablation, this configuration naturally occurs at the molten metal—
plasma (or vapor) interface, where the dense molten copper layer is subjected to a strong outward acceleration driven by
the plasma pressure gradient. Small perturbations at this interface may therefore grow in time, leading to characteristic
ripple or finger-like morphologies upon resolidification.
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3.3.1. Experimental input parameters Plasma parameters were determined using optical emission spectroscopy.
The electron temperature was found to be 7, ~ 8825 K, while the electron density varied in the range n, = (0.23-14.84) x
10" cm™3, depending on the selected Cu I emission line. Assuming local thermodynamic equilibrium and using the ideal
gas approximation, the plasma pressure corresponding to each spectral line was calculated as

P =n.kgT,. )

Among the analyzed transitions, the Cu I line at 324.75 nm yielded the highest pressure, P = 1.88 x 10° Pa,
which was adopted as a representative value characterizing the maximum plasma loading acting on the molten surface.
High-resolution SEM observations of the crater periphery revealed a well-defined periodic surface modulation. Statistical
analysis over a 10 um field of view containing multiple periods yielded a dominant wavelength

A= (0.91 +0.10) um, (6)

corresponding to a perturbation wavenumber

2
k=" ~69%100m™". 7
p

3.3.2. Molten-layer thickness and lifetime estimation In the picosecond laser irradiation regime, the extremely
short pulse duration confines heat transport to a narrow near-surface region, thereby suppressing significant thermal
diffusion into the bulk material. As a result, laser energy deposition leads to the formation of a transient molten layer
characterized by an effective thickness L. The temporal evolution and persistence of this molten phase are primarily
governed by thermal diffusion and can be estimated using a characteristic diffusion timescale,

L2
feff ~ —, @®)
o

where « denotes the thermal diffusivity of copper, taken as & ~ 1.0 X 107 m?s~!.

Assuming a physically realistic molten-layer thickness in the range L = 1-5 um, the corresponding molten-layer
lifetime is estimated to fall within
fef ~ 10-250 ns. 9

This nanosecond-scale lifetime significantly exceeds the laser pulse duration and establishes a well-defined temporal
window during which the molten layer remains dynamically active. Such a timescale is sufficient to permit the initiation
and growth of interfacial hydrodynamic instabilities at the molten metal-plasma interface, thereby providing favorable
conditions for the emergence of instability-driven surface modulations and complex crater-edge morphologies (Fig 6).
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Figure 6. Dependence of the molten-layer lifetime f.g on the molten-layer thickness L. The experimental data with error
bars are well fitted by a quadratic function, indicating a diffusion-controlled thermal relaxation process governing the
transient molten phase.)
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3.3.3. Rayleigh-Taylor instability growth For a molten layer of finite thickness, the growth rate of the Rayleigh—

Taylor instability can be expressed as [40,41]
Ageffk
=4 = 10
TRIU= N T4+ AL (10

where A = (p; — p2)/(p1 + p2) is the Atwood number, k is the perturbation wavenumber, and g is the effective
acceleration acting at the interface. Since the density of molten copper is several orders of magnitude larger than that of
the plasma or vapor phase, the Atwood number can be reasonably approximated as A ~ 1.

The effective acceleration is governed by the plasma-induced pressure gradient acting on the molten layer and may
be estimated as AP

~ 11
8eff on I ( )

where p;, ~ 8000 kgm~3 is the density of molten copper.

Using the experimentally determined plasma pressure and the measured perturbation wavelength, the characteristic
RTI growth time, g1 = y‘l, is found to lie in the range

RT1 ~ 70-330 ns, (12)

depending on the assumed molten-layer thickness.

3.3.4. Physical interpretation and role of thermal gradients The close correspondence between the characteristic
growth time of the Rayleigh—Taylor instability, 7y, and the effective lifetime of the molten layer, #.¢, provides compelling
evidence that RTI can fully evolve within the transient molten phase generated by picosecond laser irradiation. This
temporal compatibility is not merely qualitative but quantitatively confirms that the molten copper layer persists long
enough for interfacial perturbations to amplify under the action of an effective acceleration field. Consequently, the
experimentally observed sub-micrometer ripple patterns and finger-like protrusions formed at the crater periphery can be
consistently attributed to RTI-driven deformation at the liquid—solid interface during the molten stage.

Beyond the pressure-induced instability mechanism, the laser—matter interaction inherently establishes an extreme
thermal gradient between the hot laser-induced plasma and the comparatively cold bulk material beneath the surface. This
gradient may be estimated using
Tplasma - Tambient

Ax )
where the plasma temperature can be reasonably approximated by the electron temperature (Tpasma = 7¢), the ambient
temperature is taken as Tympient & 300 K, and Ax denotes the characteristic depth over which the temperature drop occurs.
In the picosecond regime, where thermal diffusion is strongly confined to the near-surface region, this depth can be safely
approximated by the molten-layer thickness, such that Ax = L.

Under these conditions, the resulting temperature gradient reaches values on the order of 10°-10'° K m~!, signifying
the presence of extremely strong thermocapillary forces at the molten surface. Such gradients are sufficient to drive
intense Marangoni convection, promoting lateral melt flow and additional redistribution of molten material. Although
these thermally driven flows are not explicitly included in the analytical formulation of the RTI growth rate-where the
dominant contribution arises from the pressure-induced effective acceleration-they are expected to play a complementary
role. Specifically, Marangoni convection can act synergistically with RTI by modifying the local melt thickness and
enhancing the nonlinear evolution of interfacial perturbations.

Taken together, these results suggest that the final surface morphology observed after resolidification is governed by
the combined action of pressure-driven Rayleigh—Taylor instability and thermocapillary melt flow. While RTI provides the
primary mechanism for pattern initiation and wavelength selection, the strong temperature-gradient-induced Marangoni
convection contributes to the amplification and lateral modulation of surface features, leading to the complex crater-edge
structures observed experimentally [42—44].

VT = (13)

3.4. Marangoni convection

When a solid metal surface is exposed to high-power picosecond laser irradiation, the deposited energy is absorbed
within an extremely shallow near-surface region, leading to an ultrafast and highly localized temperature rise. Under
these conditions, the surface layer rapidly enters a molten state and may partially ionize, resulting in the formation of a
laser-induced plasma above the target. Owing to the short pulse duration and the correspondingly limited thermal diffusion
length, heat transport into the bulk material is strongly suppressed. As a consequence, the temperature field within the
molten metal layer becomes highly nonuniform, exhibiting steep thermal gradients between the intensely heated central
region and the cooler peripheral zones.

Such pronounced thermal inhomogeneity naturally gives rise to Marangoni convection, a thermocapillary-driven
flow mechanism originating from spatial variations in surface tension along the molten surface [11, 13]. In metallic melts,
surface tension generally decreases with increasing temperature, implying that temperature gradients are directly converted
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Figure 7. Dependence of the temperature gradient VT on the heated-layer depth Ax. The experimental data with error

bars are well described by an inverse relationship, VT o« 1/Ax, indicating the presence of a steep thermal gradient within
the laser-heated near-surface region.)

into surface-tension gradients. As a result, molten material is driven from regions of lower surface tension (hot zones)

toward regions of higher surface tension (cooler zones), leading to an efficient lateral redistribution of the melt during the
laser—matter interaction [45].

The thermocapillary driving force associated with Marangoni convection can be expressed as

do
Vo = — VT, 14
=T (14)

where Vo denotes the surface-tension gradient, ‘Zl—‘; is the temperature coefficient of surface tension, and VT represents the

temperature gradient across the molten layer. For molten copper, the temperature coefficient of surface tension is negative,
do

o ~—0.3x 1073 Nm~! K~!, indicating that the thermocapillary flow is directed radially outward from the laser-heated
center toward the cooler periphery.

Laser beam

Figure 8. Schematic illustration of Marangoni convection induced by strong temperature gradients on the molten metal
surface during picosecond laser irradiation.

Figure 8 schematically illustrates the development of Marangoni convection during laser irradiation. As the surface
temperature gradient increases, the associated surface-tension gradient becomes stronger, giving rise to more intense ther-
mocapillary flow. This flow substantially modifies the melt-pool geometry and plays an important role in determining the

final crater morphology after resolidification, which may range from nearly axisymmetric to strongly distorted depending
on the balance between convective transport and solidification dynamics.
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The relative importance of Marangoni convection can be quantitatively assessed using the dimensionless Marangoni
number (M a), which characterizes the ratio of thermocapillary driving forces to viscous dissipation:

do
4o AT L
Ma = liF] AL : (15)
Ha

where AT is the characteristic temperature difference across the molten layer, L is the effective molten-layer thickness, u
is the dynamic viscosity of the molten metal, and « is the thermal diffusivity.

The importance of the surface-tension coeflicient in determining crater morphology has also been confirmed under
other pulsed irradiation techniques. Zhong et al. [15] demonstrated that differences in the surface-tension coefficient
between molten inclusions and the surrounding molten matrix generate strong thermocapillary flow, ultimately controlling
crater evolution during intense pulsed ion beam irradiation. Although the present study employed high-purity copper foil,
where impurity effects are expected to be minimal, the reported mechanism emphasizes that even small compositional
variations may alter Marangoni convection through local changes in the temperature coefficient of surface tension (do /dT).
Therefore, the purity of the target material should be regarded as an important parameter affecting crater morphology.

Based on experimentally inferred plasma and surface temperatures, the peak temperature in the laser-irradiated
region reaches approximately Tpjasma = 8.8 X 10 K, while the surrounding material remains close to ambient conditions,
Tambient = 300 K. This yields a temperature difference of AT ~ 8.5 x 10° K. Taking a molten-layer thickness consistent
with the RTI analysis, L = 1-5 um, together with a dynamic viscosity of molten copper u ~ 4.3 x 1073 Pa-s and a thermal
diffusivity @ ~ 1.1 x 107> m?s~!, the Marangoni number is estimated to lie in the range

Ma ~ (5% 10H—(3 x 10%). (16)

This relatively large Marangoni number indicates that thermocapillary convection plays a dominant role compared
to purely diffusive heat transport within the molten layer. Under such conditions, surface-driven flows are expected to
redistribute molten material on nanosecond time scales, thereby significantly influencing melt-pool dynamics and the
resulting surface morphology. Similar ranges of Marangoni numbers have been reported in previous experimental and
numerical studies of laser-induced melt flows in metals, confirming that Marangoni convection constitutes a key mechanism
governing crater-edge accumulation and material redistribution in pulsed laser ablation [46].

Furthermore, the interaction between Marangoni convection and other hydrodynamic instabilities, such as the
Rayleigh—Taylor instability, further enhances the complexity of molten-layer dynamics. While RTI primarily governs
the vertical deformation of the molten interface under plasma-induced effective acceleration, Marangoni convection
introduces strong lateral transport. Together, these mechanisms act synergistically to shape the final resolidified surface
features observed experimentally.

A comparison with previous investigations suggests that the physical mechanisms governing crater formation are
largely independent of the irradiation source. Bryukhovetsky et al. [14] attributed crater formation under pulsed electron-
beam irradiation to non-uniform crystallization of the remelted surface layer, whereas Zhong et al. [15] emphasized the
role of impurity-induced surface-tension differences during pulsed ion beam irradiation. In contrast, the present work
demonstrates that for high-purity copper irradiated by picosecond laser pulses, crater morphology is mainly controlled by
the combined action of Rayleigh—Taylor instability and Marangoni convection. Thus, while the dominant driving force
varies depending on the irradiation technique and material characteristics, hydrodynamic melt flow remains the key factor
governing crater evolution.

4. CONCLUSIONS

Within the scope of this study, the physical phenomena induced by laser irradiation on metallic surfaces were
systematically investigated. In particular, processes such as plasma formation under laser pulse exposure, surface flows
within the molten layer, instabilities, and crater formation were analyzed theoretically and experimentally in depth. Key
parameters such as laser power, pulse duration, spot radius, and material properties (e.g., viscosity and thermal diffusivity)
were carefully considered.

Based on the analysis of plasma spectra using the Voigt profile, the temperature was estimated as 7 ~ 8825 K, and
the electron densities derived from several spectral lines were found to be on the order of n, ~ 10'8 cm™3, indicating a
dense and high-energy plasma state. This suggests a high intensity of energy exchange in the laser—material interaction.

The temperature gradients formed at the plasma—melt interface are strongly associated with the temperature depen-
dence of surface tension, which leads to pronounced Marangoni convection. According to calculations, the Marangoni
number was approximately Ma ~ 5.4 x 10°, implying that convective transport dominates surface diffusion. These flows
play a crucial role in redistributing the molten metal from the center to the periphery, thereby shaping the crater geometry.

Furthermore, the density differences induced within the material by laser irradiation triggered Rayleigh—Taylor
instability. This instability leads to the emergence of irregular internal structures, concentration gradients, and an unstable
evolution of the surface morphology. As a result of the combination of such instabilities and convective flows, the crater
shape, depth, and radius formed by laser irradiation exhibit complex variability.
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Comparison with previous studies employing pulsed electron and ion beams further confirms that crater formation

is a universal consequence of coupled thermal transport, melt hydrodynamics, and solidification processes. However, the
dominant mechanism may vary depending on material purity, alloy composition, irradiation source, and energy deposition
conditions.

In conclusion, the research confirms the intricate nature of the processes occurring on metal surfaces under laser

irradiation and highlights the importance of accurate modeling. The findings demonstrate that energy absorption, plasma
dynamics, temperature gradients, instabilities, and internal flows influence crater formation. These results are essential for
enhancing precision and quality in forming surface structures and craters using laser technologies.
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