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ABSTRACT

In high-power pulsed laser ablation of metals, the material removal usually occurs in the regime of volumetric boiling,
when the ablated materials form two-phase plasma plumes composed of neutral atoms, ions, electrons, and a large fraction
of nanoparticles/clusters. To predict the effect of plasma shielding induced by absorption of laser radiation in such two-
phase plumes, a hybrid multi-phase computational model is developed. The model includes a thermal model of the
irradiated target, a model of non-equilibrium ionization of gaseous plasma plume based on the collision-radiation plasma
model, and a kinetic equation that describes the distribution of cluster sizes and temperatures. The model accounts for the
fragmentation of the target material in the regime of volumetric boiling, evaporation and condensation of nanoparticles,
as well as radiation absorption and scattering by all constituents of the plume. The model is used to evaluate the
contributions of various factors on the degree of plasma shielding at laser ablation of a copper target irradiated by a
nanosecond laser pulse. The simulations show that the radiation scattering by nanoparticles is the dominant mechanism
of radiation attenuation. The cluster evaporation and attenuation of laser radiation by nanoparticles are found to have a
strong effect on plume dynamics and plasma shielding.

Keywords: Laser ablation, volumetric boiling, two-phase plasma plume, clusters, plasma shielding, collision-radiation
model.

1. INTRODUCTION

Pulsed laser ablation of a metal target is the process of material removal induced by the heating of the target by high-power
pulses of laser radiation. When the target temperature approaches the thermodynamic critical temperature, the material
removal occurs in the regime of volumetric boiling, e.g., [1-3], and the ablation products represent the two-phase mixture
of the atomic component and large clusters/nanodroplets. The regime of volumetric boiling is the most relevant regime
for industrial applications of laser ablation. The plume of ablation products can absorb the incident laser radiation. The
radiation absorption induces ionization of the ablated material. The attenuation of the laser radiation due to its absorption
in the plasma plume is often referred to as the plasma shielding effect [4]. In the two-phase laser-induced plumes, the
attenuation of laser radiation is caused by both the absorption of laser energy by ions and electrons through photoionization
and inverse bremsstrahlung as well as through absorption and scattering of laser radiation by clusters [5].

In the case of ablation by nanosecond pulses of laser radiation, the experiments have shown that the volumetric boiling
and strong absorption of laser radiation by the plasma plume usually have threshold fluences that are close to each other
and, therefore, both processes usually occur simultaneously [6]. Molecular dynamics simulations of laser ablation induced
by ultrashort laser pulses show that, in the regime of volumetric boiling (or phase explosion), the mass fraction of the
atomic component in the ablation products can be as small as 3% and the remaining ablated mass is composed of relatively
large nanodroplets [7]. At the same time, the experiments on the plasma plume expansion induced by nanosecond pulses
revealed large abundances of atoms and ions, e.g., [8]. These facts suggest a strong mass and energy exchange between
the atomic components and clusters in the two-phase plumes, which can significantly change the dynamic plume properties
and affect the degree of plasma shielding. The effect of cluster-plasma interaction on the plume dynamics can be even
stronger in the case of multi-pulse (burst) ablation with high-repetition rate laser pulses [9,10]. The dynamics of the mass
and energy exchange between atomic and cluster components in the laser-induced plumes on the plume dynamics and
plasma shielding effect have not been studied yet theoretically.
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The goal of the present work is to develop a computational model for predicting the dynamics of ionization and radiation
absorption in the two-phase plasma plumes induced by nanosecond laser pulses. This hybrid computational model, where
the non-equilibrium collision-radiation plasma model for the atomic component is combined with the kinetic equation for
the distribution function of cluster size and temperature, is then used to study the effects of various factors on plasma
shielding in multi-phase plasma plumes induced by irradiation of a copper target by individual laser pulses.

2. COMPUTATIONAL MODEL

The computational model utilized in the present work to describe the formation and expansion of two-phase laser-induced
plasma plumes includes three major components: (1) a thermal model of the irradiated target, which predicts the surface
temperature and material removal rate, (2) a model of the gaseous plume, which describes its expansion, ionization, and
absorption of laser radiation based on the collision-radiation plasma model, and (3) a cluster model that predicts sizes and
temperatures of large clusters generated during fragmentation of the irradiated target. These components of the
computational model are strongly coupled with each other. For computationally efficient simulations, this model is
implemented in the form of a quasi-1D model, when the one-dimensional (1D) thermal model is combined with models
of homogenous two-phase plumes.

2.1 Thermal model of the irradiated target

The thermal model of the irradiated target predicts the temperature distribution inside the target material. The 1D target
temperature field T, (¢, §) is described in a moving frame of reference with the coordinate & = x — X,,,(t), where t is the
time, x is the coordinate in the laboratory frame of reference, counting along the normal to the irradiated surface from the
point x = 0 that corresponds to the initial position of the surface at t = 0, and the interface function X,, (t) is equal to the
coordinate x of the surface at time t. The temperature field T;(t, §) and position of the surface X, (t) are determined by
the equations

oT, oT, 5] oT,
pelec + L (T~ T} (G + 1 5E) = 5 (ke ) + (L~ Roaehy () exp(—acké), M
dX,,
= W (2)

where ¢;, p; , K¢, &, Ry , Ly, and Ty, are the specific heat, density, thermal conductivity, linear absorption coefficient,
reflectivity, latent heat of melting, and melting temperature of the target material, I, is the velocity of surface recession
due to ablation of the target material, I, (t) is the intensity of laser radiation incident to the target, and 6 (T) is the Dirac
delta function. The term L,,,8(T; — T,,) in Eq. (1) accounts for the energy required to melt or re-solidify the target material
in the framework of the enthalpy formulation approach [11,12]. The last term on the right-hand side of Eq. (1) describes
the absorption of laser radiation according to Beer’s law. The local values of material properties c;, p; , and k; in Eq. (1),
are calculated as functions of temperature by interpolating constant values specific for solid and liquid material [13].

The interface velocity V;, = 1,,/p; is defined by the mass flux density 1, of the ablated material that is removed from the
irradiated surface. The value of ¢, includes contributions from normal evaporation, 1., and volumetric boiling, Y,

Yy = Pe + Pup. 3

The evaporation flux density i, is calculated using the Hertz-Knudsen model [14] with the evaporation coefficient equal
to1as

py(Ty)
J2r(ks/m)T,,’

where T,, = T;(t, 0) is the surface temperature, m, is the mass of a vapor atom, kj is the Boltzmann constant, and p,(T)
is the saturated vapor pressure at temperature T which is determined by the Clausius-Clapeyron equation:

L, (1 1
Py(T) = Py €Xp [M <T_0 - 7)] : 5)

Y, = 4)

In Eq. (5), Ly, is the latent heat of boiling, and T}, , is the boiling temperature at pressure p,,,. The volumetric boiling flux
density ¥,,, is defined to ensure that the surface temperature does not exceed the threshold temperature for volumetric
boiling T,,;,, which is expected to be close to the thermodynamic critical temperature T,. This can be achieved with
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where the parameter I' must be sufficiently large to enable almost immediate removal of the target material layer where
the temperature is greater than T,,,.

Eq. (1) is solved in a domain of finite size H;. At the initial time t = 0, the target is assumed to have a uniform temperature
Ty, so that Eq. (1) and (2) are solved with the initial conditions T;(0,&) = T, and X,,(0) = 0 att = 0. At the irradiated
surface where £ = 0, the boundary conditions for Eq. (1) represent an energy balance equation:

L:J(Tw)ptvw (7)

= —K;—— ,

t ¢ e
where L},(T,,) is the modified latent heat of boiling that approaches 0 when T,, — T,,;,. This quantity is defined as L},(T,,) =
L,atT, < Ty and L;,(T,) = 0 at T, = Ty, while L},(T,,) smoothly varies between L, and 0 as a cubic function when
T,, varies between T, and T,;,. The smooth transition of L7 (T;,) to 0 ensures monotonic distribution of the material
temperature near the surface at T,, > T,;,. The value of H, is assumed to be sufficiently large, so that the variation of
temperature at this boundary can be neglected during the whole process under consideration. Then the lower boundary of
the computational domain at { = —H, can be assumed to be isothermal and kept at the initial target temperature Tj,.

The model of volumetric boiling in the form of Eq. (6) and (7) includes three parameters: T,p, Typ o, and I'. The results of
simulations, however, only marginally depend on T, o and I if T,,j, o is close to T, and I' is sufficiently large. In the
present work, all simulations are performed with Ty, o = 0.95T,, and I’ = 0.1 ms"'K".

2.2 Collision-radiation model of plasma plume

For modeling the two-phase plasma plume expansion into a vacuum, a quasi-1D model is used, where the expanding
plasma plume is represented by a homogeneous plasma layer of thickness A(t) [15]. It is assumed that the gaseous
component of the plume includes neutral vapor atoms, ions, and electrons. The thickness of the plasma layer A(t), the
number density of ions nZ with charge z (z = 0, ..., Z) in the excited state n with energy EZ (n = 0, ..., N?), as well as the
electron, T,, and ion, T,, temperatures are determined by the equations:
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where U, = (3/2)kgT,n, and
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3
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are the densities of electron and ion internal energy; R p;, R g1, Rii 5. Ri ¢ are the kinetic rates that describe the change
in ion densities due to photoionization (PI), electron ionization and recombination (EI), electron excitation and de-
excitation (EE), and evaporation and condensation on cluster surfaces, respectively; F7,, and F,,, are the rates of change
of the number of corresponding ions and electrons due to material removal from the irradiated surface; Q. p; and Qg p; are
the rates of electron and ion energy changes due to PI; Qg;, Qgg, and Q. are energy exchange rates between electrons and
ions due to EI, EE, and electrons-ion elastic collisions (EA), respectively; Q;5 and Qg are the rates of energy absorption
and emission in inverse bremsstrahlung and bremsstrahlung, respectively; Q, ¢ and Q¢ are the rates of electron and ion
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energy changes due to evaporation and condensation on cluster surfaces; y = (1 —exp (—apA))/(apA) is the laser
radiation extinction factor; and ap is the total linear extinction coefficient of the two-phase plasma plume. The number
density of electrons n, and F, ,,, are determined by the condition of quasi-neutrality of plasma:

Z NZ

ne=ZZzn,Zl, (13)

z=1n=0

Z N%

Fow =) ) 2Ff. (14)

z=1n=0

The coefficient Cpy in Eq. (8) can be used to fit the results obtained with this quasi-1D model to the known simulations,
where the actual expansion dynamics and non-homogeneous distribution of plume parameters are accounted for. The
comparison of the results obtained with the presented model and 1D kinetic simulations of quasi-equilibrium laser-induced
plasma plumes [13,16] showed that the best agreement is achieved when Cpf varies from 1 to 3 (for this comparison, Eq.
(9) was replaced by the calculation of ion population densities based on the Saha equations of ionization equilibrium). The
preliminary parametric study, performed in the present work, where Cpr was varied in that range, showed that the
qualitative conclusions about the effect of clusters on parameters of the gaseous component and shielding effect do not
depend on Cpg. Therefore, all computational results that are further discussed in Section 3 are obtained at Cpp = 1.

The calculations based on Eq. (9)-(11) are performed using the coarse-grained (CG) energy spectra of ions. The coarse-
graining is performed by keeping all energy levels with EZ < E§ 4+ AE, unchanged, while all other levels are grouped into
bins of size AE in the energy space. Then all levels belonging to the same bin are replaced by a single CG level with
average parameters. The details of the coarse-graining procedure, which is completely defined by two parameters, AE,
and AE, will be described elsewhere [17]. After coarse-graining, all rates in Eq. (9)-(11), except for Pl rates, are determined
assuming that the rate equations established for the true energy spectrum can be used without changes for the CG spectrum.
A parametric study of plasma plume expansion, where AE, and AE were varied in broad ranges, was performed. This
study confirmed that a good accuracy of simulations based on this simple approach can be achieved at a reasonably small
AE, and large AE. This makes the simulations based on the collision-radiation model computationally efficient.

The rates of EI, EE, and EA processes are calculated based on the models used in Ref. [15]. The rates of radiation processes
Q;g and Qg are calculated in the form used in Ref. [16,18,19]. The rates of mass and energy exchange between gaseous
components of the plume and clusters, R7 ¢, Q¢ c,and Q, ¢, are considered in Section 2.3. The ion evaporation rates on
the target surface F7,, are defined assuming that the mass fraction of clusters in the ablation flux is equal to S¢(T,,), so
that the total number flux of ions and atoms from the surface is equal [1 — B¢ (T, )], /m,. The evaporated fractions of
ions with various z and n are found from the Saha-Boltzmann equilibrium at the surface temperature T, and saturated
vapor pressure p,(T,,) (Eq. (5)). It is assumed that the clusters are emitted from the surface only under conditions of
volumetric boiling, so B-(T,,) = Bc = const atT,, = T, and B-(T,,) = 0atT,, < Tpp.

The calculations of the PI rates R}; p; for the CG spectrum require special treatment. For the true energy spectrum, the PI
rates are calculated in the form adopted from Ref. [16,20]. The calculation of CG R7 p; is based on the quasi-equilibrium
coarse-graining, which is similar to the Boltzmann coarse-graining, e.g., [21,22]. Namely, the values of R p; are obtained
by the summation of the contributions of individual levels of true spectrum belonging to the corresponding bin of the CG
spectrum assuming equilibrium Boltzmann distribution of relative population densities within the bin. To make this
approach computationally efficient, the obtained temperature-dependent rate coefficients were pre-calculated and then

obtained by interpolation in the look-up tables during simulations. The details of this approach will be described elsewhere
[17].

The intensity of laser radiation incident to the surface, I, (t) in Eq. (1), is defined by Beer’s law as I, (t) =
Iy(t) exp(—apA), where [(t) is the incoming laser intensity, and the total linear extinction coefficient of the two-phase
plume @, is equal to

ap = Apy + [245:) + O(C,A + acls. (15)

In Eq. (15), ap; = Qp;/1o(t), a;p = Q5/1o(t), while a¢ 4 and a s account for absorption and scattering of laser radiation
by clusters as described in Section 2.3.
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2.3 Kinetic equation for clusters and droplets

It is assumed that each cluster is a sphere of radius 7, and temperature T,,. The distribution of cluster radii and temperatures
in the homogeneous quasi-1D plasma plume is described by the distribution function f,, (rp, Ty, t) normalized by the
number density of clusters n,,:

n,(t) =fffp(rp,Tp,t)drpdTp. (16)
00

Since the major focus of the present work is on the effects related to the generation of large clusters at the fragmentation
of the irradiated target, the nucleation of small atomic clusters in the plume is not considered. In addition, the deposition
of clusters back to the irradiated surface is neglected. Then the variation of f, (rp, Ty, t) in time is described by the kinetic
equation in the phase space of variables 7, and T,:

d 5] 2 .
5 (05)+ |50 + 57| = an)

where 7, and Tp are rates of change of particle radius and temperature due to the mass and energy exchange with the
surrounding gaseous plasma, and I, is the term describing the generation of new particles at the irradiated surface.

The values of 7;, and Tp are determined by the equation of mass and energy exchange for an individual cluster:

dm,
T = LpGP’ (18)

dm

dtp (Cpmpr) = Q¢p + LpyW¥ep + 0palox, (19)

where m, = (4/ 3)7trp3 Pp, Pp 1s the cluster mass, ¢,, and Ly, are the density, specific heat, and latent heat of vaporization
of the cluster material, W;p is the mass flux at the cluster surface due to its evaporation and condensation of the surrounding
vapor, Q¢p is the energy flux to the cluster from surrounding gas, and g, 4 is the cluster absorption cross-section. The
cluster generation term can be written in the form

IC,W (rp' Tp' t) = ﬁc prﬁfrw (rp' t)fT,w (Tp' t)' (20)

Mp)w

where f;.,, (rp, t) is the probability density function (PDF) of radii ;, of clusters generated at the surface, fr,,,(Ty, t) is the
PDF of temperatures T, of clusters generated at the surface, and (m,,),, is the average mass of the clusters emitted from
the surface. Since the size and temperature distributions of clusters generated at volumetric boiling as functions of the
thermal state of the target are currently unknown, it is assumed that f.,, (1, t) is given by the Weibull distribution with
constant mean 7y, and standard deviation Ar,,, while f7.,, (T}, t) is given by the Gaussian distribution with the mean equal
to T,,(t) and constant standard deviation AT,, < T,,. The values of r,,, Ar,, and AT,, are considered as the model
parameters.

The mass flux W;p is determined using the Hertz-Knudsen model adopted for the evaporation and condensation of clusters
surrounded by vapor [23] with the evaporation and condensation coefficients equal to 1. The value of Q;p is determined
based on the approximation of the Nusselt number for spherical particles which was obtained in Ref. [24] and accounts
for the rarefaction of the gas around the particle. The term Qp also includes a contribution of kinetic energy carried by
atoms leaving the cluster surface and deposited on it. The cluster total absorption cross-section, g, 4 = 0y 4(7y,4.), and
scattering cross-section, oy, ¢ = 0y, (7, A1), (4, is the laser wavelength) are determined based on the Mie theory [25]. All
physical properties of the cluster material are assumed to be equal to the properties of the target material in the liquid state.

If the physical quantity ¢, = ¢, (13,, T, t) is associated with an individual cluster, then the density of this quantity per unit
volume of the plume is equal to
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(Ppp)(0) = f f Gy (15, Ty, ) f (1, T, ) A1 T, . (21)
0 0

Then, in Eq. (15), acs = {(0p4) and acs = (0,5). To define the cluster-gas coupling terms in Eq. (9)-(11), it is
additionally assumed that the fractions of ions and atoms with various z and n are determined by the Saha-Boltzmann
equilibrium distributions at the average cluster temperature [Tp] = (m,T,)/{m,) and saturated vapor pressure p,,( [Tp]),
while the total evaporation rate in a unit volume is equal to —(Wsp)/m,. Then Q¢ in Eq. (10) is determined by the
average kinetic energy of electrons emitted from the cluster surface at temperature [Tp] and condition of quasi-neutrality
of plasma.

2.4 Simulation parameters

The simulations are performed for a copper target at an initial temperature of Ty = 300 K irradiated by a pulsed laser at a
wavelength of 266 nm. The physical properties of the target and cluster material are adopted from Ref. [13]. The energy
spectra of Cu atoms and for z = 0, ...,Z = 3 are taken from the NIST database [26,27]. The CG energy spectra of Cu
atoms and ions are obtained at AE, = 5eV, AE = 1 ¢V, and contains a total of 61 energy levels. The refractive index of
Cu, which is required for calculations of the Mie cross-sections, is taken from Ref. [28]. Other properties of Cu atoms and
ions required for calculations of individual rates in Eq. (9)-(11) are taken from Ref. [15,16]. The thermal conductivity of
Cu vapor as a function of temperature, which is required to find Q;p, is determined by the power-law dependence obtained
in Ref. [29] based on the quantum mechanical calculations of the potential energy of Cu-Cu atom pairs. The threshold
temperature for volumetric boiling T, is assumed to be equal to 0.9T, [3], where T, = 8280 K is the critical temperature
for Cu [30]. The parameter AT,, in Eq. (20) is equal to 100 K, while Ar,, = 1, /2. The values of ;, and S are varied in
simulations.

A single pulse of incident laser radiation with a duration of 7, = 10 ns is assumed to have the smoothed flat-top
temporal shape, with the intensity given by the equation

0, t<Q0ort=r1y;
i1[1+ i (”t 2] t<
. S - T 5 ) ;
R 2 M 72 Ts
IO(t)_T _Ts.l’ Ts < t<T,—Tg; (22)
|1 o (mt+Ts—T) W
E 1 —sin — = 2| t>1, —Ts

where F; is the laser fluence of a single pulse, and g = 1 ns is the pulse smoothing time. The value of F; is varied in
simulations.

3. RESULTS AND DISCUSSION

The preliminary simulations were performed for a range of laser fluence F;, from 4 Jem™ to 12 Jem™. These simulations
showed that, with increasing F; above the threshold for volumetric boiling, the effects of clusters on the plume parameters
and degree of plasma shielding become gradually stronger, but the variation of F; does not induce qualitative changes in
the variation of plume parameters. Therefore, the major results obtained in the present work are illustrated with a single
case of F;, = 9 Jem, which corresponds to a moderate degree of plasma shielding.

The major goal of simulations was to reveal the effects of various assumptions about the cluster generation process at the
irradiated surface as well as the mass and energy exchange between gaseous component of the plume and clusters on the
plume parameter, degrees of ionization and plasma shielding, and total ablation depth. To perform such a methodological
study, four options for modeling volumetric boiling and cluster generation are considered: Model I with no volumetric
boiling and no clusters (v, = 0 in Eq, (3) and S = 0); model II with volumetric boiling without clusters (5, = 0); model
I with volumetric boiling and . = 0.7 but without introducing clusters into the plasma plume; and model IV where
volumetric boiling is accounted for in full and S = 0.7. A summary of the distinctive features of these models is provided
in Table 1. The results of these simulations are illustrated in Fig. 1-3. In these simulations, the average size 7, of clusters
generated at the surface is equal to 200 nm.
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Table 1. Distinctive features of the models used in the present work.

Model Collision-radiation model Volumetric boiling Mass fraction of clusters in the Clusters present
for gaseous plasma ablated material flux ¢ in the plume
I Yes No 0 No
II Yes Yes 0 No
III Yes Yes 0.7 No
v Yes Yes 0.7 Yes
(a) 30 : S10% (b)) 3p 5107
= No volumetric¢ boiling E I | n 3
- n a2 = {l T .
= C // T3 10 25 - : Volumetric boiling, .= 0 3 10
Q C o/ -7 ﬁ‘ﬁ___fe“ ] G Q C ol B N R, n . G
o 20_}; — - ﬁz.lozogmo 20_{, = _ e §1020§
N T, 3 2% g T 1 =
cr 4 .2 T r ] =
g 15K J10° § & sk — T dyg0 B
g R/ . T OCE O =R
I/ a | ) [y =
S 0pL 100 E 2o — [T e
5 R T 9100 £ B 101 210" E
= L I 1z e _|{4 .......... ‘ 3z
5 e B 210" sy e —— 10"
Jr “““““““ 3 my e 3
i - [ ST
0 EENENEN R L1 L1 0'¢ T Ll L1 16
0 5 10 15 20 % s 10 15 200
Time ¢ (ns) Time ¢ (ns)
(©) 30 . ‘ ‘ 21072 (d) 30 — : =10%
C Volumetric boiling, 3= 0.7 = T Volumetric boiling, B .= 0.7 3
- //—_—| —————— [ — ”a ] 21 -] —_—— na ] 21
25: 7 No clusters ““‘-3510 25: 7 o 10
< ‘ n 4 @ £ 1 2
= 20 10" 5 20/ — n,——410° §
X Fi re r 1 2% [ . 1 =
- - ¢ 7 ] -1 1 B 2]
2 sk \“//__310“’%3515 e T 510" 5
+~ 7[ e = :I Ve —— e B
£10 Uf— =10"E 10 T,—g10" g
o - = 5] N =
~ _%'/__ ......... . = Z = _[_//_ ......... . = Z
—I' \ N —l' . 1
50 73 10" 50 S T ——=10"
jl R I ! [ LA
e (A Z | ]
0 [T L1 L1 L1 Ololﬁ 0 [T R L1 L1 01016
0 5 10 15 2 0 5 10 15 2
Time ¢ (ns) Time 7 (ns)

Figure 1. Ion temperature T, (solid red curves), electron temperature T, (solid green curves), surface temperature T, (dashed-dotted
blue curves) , number density of ions and neutral atoms n, (dashed red curves), and electron number density n, (dashed green
curves) versus time t obtained with models I (a), II (b), III (c), and IV (d) at F;, = 9 Jem? and 7, = 200 nm. The simulations
based on models III and IV are performed at S = 0.7.

The largest electron, T,, and ion, T,, temperatures as well as the relative fraction of electrons compared to heavy particles
n,/n, are observed in the simulation based on model I, when the volumetric boiling is not accounted for (Fig. 1(a)). The
maximum number density of neutral atoms and ions, as expected, is observed in the simulation based on model II, when
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the volumetric boiling is accounted for without the generation of clusters (Fig. 1(b)). In terms of maximum densities and
temperature, model III is an intermediate model between models I and IT (Fig. 1(c)). The results based on model IV, when
the presence of clusters in the plume is accounted for, are characterized by the minimum temperatures, T, and T, in the
plume and minimum degree of the ionization at the end of the laser pulse (Fig. 1(d)). Overall, the simulations reveal only
moderate differences between the parameters of the gaseous component of the plume obtained using models III and TV.
Practically, it means that, if a computation model cannot account for the presence of clusters and interphase mass and
energy exchange, the most accurate predictions of the gaseous plasma parameters can be obtained if the flux of the ablated
material accounts for the volumetric boiling at realistic mass fraction of clusters.
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Figure 2. Relative laser energy flux absorbed by the gaseous phase E ,/E, (solid red curves), absorbed by clusters E¢ o /Ej (solid
green curve), scattered by clusters E¢ s /E, (solid blue curve), and incident to the irradiated surface E,,/E, (dashed cyan curves)
versus time t obtained with models 1 (a), II (b), III (c), and IV (d) at F, = 9 Jem™ and 7, = 200 nm. The simulations based on
models III and IV are performed at S, = 0.7.

To characterize the absorption and scattering of laser radiation by the two-phase plumes, the ratios of instant energy fluxes
absorbed by gas, Ej ,(t), absorbed by clusters E¢ 4(¢), and scattered by clusters, E¢ (), to the laser energy flux
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t

Ey(t) = flo(adf (23)

0

were calculated (Fig. 2). The laser energy flux received by the target is equal to E,, (t) = Eo(t) — (Ego(t) + Ecq(t) +
Eg4s(t)). The maximum degree of plasma shielding is realized in simulations with model II, where the volumetric boiling
is taken into account but the whole ablation flux consists of atomic vapor (Fig. 2(b)). When the clusters are present in the
two-phase plume, the leading mechanism of the laser radiation extinction is the scattering of light by clusters, while the
absorption by the gaseous plasma provides the smallest contribution. Despite the quantitative similarity between
temperatures and densities of the gaseous component obtained with models IIT and IV (Fig. 1(b, ¢)), the degree of plasma
shielding measured by 1 — E,, (t;)/E,(t,) is more than twice larger in the case of model IV compared to model III.
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Figure 3. Ablation depth |X,,| versus time ¢ obtained with models I (solid red curve), II (dashed green curve), III (dashed-dotted
blue curve), and IV (dashed-double-dotted magenta curve) at F;, = 9 Jem? and r;, = 100 nm. The simulations based on models
III and IV are performed at S, = 0.7.

The generation of clusters at the target material fragmentation also strongly affects the total ablation depth (Fig. 3). The
minimum ablation depth is predicted by model I, where the volumetric boiling is not accounted for. The maximum ablation
depth is realized in the simulation based on model III, where the plasma shielding effect is minimal. When the scattering
and absorption of laser radiation by clusters and interphase mass and energy exchange are accounted for (model IV), the
ablation depth becomes ~3 times smaller compared to model III. Thus, the relatively good agreement between models IIT
and IV in terms of the gaseous plasma parameters in Fig. 1 is not translated into a good agreement between these two cases
in terms of the alation depth primarily because the absorption and scattering of laser radiation by clusters strongly affects
the total degree of radiation attenuation by the two-phase plume.

The mass fraction of clusters in the plume ¢ = p¢/(pc + pqo) (here, p, and p. are the mass densities of the atomic
component and clusters in the plume, respectively) strongly reduces in time. By the end of the plume, ¢, can be a few
times smaller than B, (Fig. 4). This highlights a very strong effect of interphase mass transfer from clusters to the gas
phase during the laser pulse. The large evaporation rate is supported by the laser heating of clusters, so that the mass
fraction of clusters reduces much slower after termination of the laser pulse. With the reduction of the average radius of
clusters generated at the target surface from 200 nm to 50 nm, ¢ at the end of the pulse reduces from ~0.22 to ~0.03.
The strong evaporation from clusters has important consequences for the total degree of plasma shielding. On one hand,
cluster evaporation reduces the total amount of energy that can be absorbed and scattered by clusters. On the other hand,
it delays the onset of strong ionization in the gaseous plume, so that the absorption by the gaseous plasma in the two-phase
plume becomes weaker than in the plume, where all material is assumed to be ablated in the form of atomic vapor.
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Figure 4. Mass fraction of clusters in the plume ¢, versus time t obtained with model IV at F;, = 9 Jem? and f; = 0.7 for 13, =
200 nm (solid red curve), 100 nm (dashed green curve), and 50 nm (dashed-dotted blue curve).

It is worth noting that the results of the modeling of two-phase laser-induced plasma plumes can be sensitive to certain
model assumptions. An example of such sensitivity is given by the model of high-temperature vaporization of clusters.
All results shown in Fig. 1-4 are obtained assuming equilibrium ionization of vapor emitted from the cluster surface at the
average cluster temperature and corresponding saturated vapor pressure. At the same time, the process of emission of
charged particles that accompanies the strong vaporization of small clusters at relatively large temperatures is not well
understood. As an alternative to the model of equilibrium ionization, one can assume that only neutral atoms in the ground
energy state are emitted from the cluster surface, so that Fg,, = —(W¢p)/mg, B2y, =0 whenn > 0orz >0, Q,c =0,
and Qg ¢ = —(Qgp). The variation of the plume parameters obtained in the simulations based on model IV and this
assumption is illustrated in Fig. 5. These results can be compared with the corresponding results obtained with the
assumption of equilibrium ionization, which are shown in Fig. 1(d) and 2(d). The total degrees of plasma shielding in
both cases are close to each other due to the dominant contribution of scattering by clusters. At the same time, the
assumption of emission of only neutral atoms reduces the relative density of electrons n,/n, in about two orders of
magnitude to ~0.002, while the electron temperature remains at a level of the threshold temperature T,,;,. As a result, the
contribution of absorption of laser radiation by the gaseous component, E, ,/E,, becomes marginally small.

4. CONCLUSIONS

The developed computational model enables simulations of two-phase gas-cluster non-equilibrium plasma plumes induced
by irradiation of a metal target with nanosecond laser pulses. The model accounts for the generation of large clusters due
to fragmentation of the irradiated surface and all-way coupling between the atomic component of the plume, clusters, and
radiation. Due to the assumption of a homogeneous distribution of plume parameters, the computations based on this
model are relatively fast. This opens opportunities for parametric studies of the effect of plasma shielding in a
multidimensional parameter space in engineering applications.

The results of simulations obtained with this model indicate that the leading mechanism of laser attenuation in the two-
phase plumes induced by nanosecond laser pulses in the regime of volumetric boiling is the scattering of laser radiation
by clusters. The degree of attenuation of the laser radiation due to its absorption and scattering by clusters can be a few
times larger than the degree of absorption by the gaseous component of the two-phase plume. The simulations also reveal
very strong evaporation of clusters during the laser pulse, which is supported by the absorption of laser radiation by
clusters. At the end of the pulse, due to cluster evaporation, the plume mostly consists of atomic components, even if the
clusters dominate the flux of the ablated material. In the range of parameters considered in simulations, a decrease in the
average cluster size in the ablation flux increases the rate of cluster evaporation and reduces the mass fraction of clusters
in the plume by the end of the laser pulse.
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The developed model can be generalized for predicting the effect of clusters on the plasma shielding in plumes induced
by individual ultrashort laser pulses and bursts of pulses with high intra-burst repetition rates. The prediction of the plasma
shielding effect under conditions of burst laser ablation is the subject of the author’s current work.
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Figure 5. (a), ion temperature T, (solid red curve), electron temperature T, (solid green curve), surface temperature T,,, (dashed-
dotted blue curves) , number density of ions and neutral atoms n, (dashed red curve), and electron number density n, (dashed
green curve) versus time t; (b), relative laser energy flux absorbed by the gaseous phase E ,/E, (solid red curve), absorbed by

clusters E¢ 4 /E (solid green curve), scattered by clusters E¢ s /Eq (solid blue curve), and incident to the irradiated surface E,, /E,
(dashed cyan curve), as well mass fraction of clusters in the plume ¢, (dashed-dotted magenta curve) versus time t. These results
are obtained using model 1V at F;, = 9 Jem?, 1, = 200 nm, and . = 0.7 with the additional assumption that only neutral atoms
are evaporated from clusters.
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