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A study of ns-laser ablation is presented, which focuses on the transient behavior of the physical
processes that act in and above a copper sample. A dimensionless multiphase collisional radiative
model describes the interplay between the ablation, collisional, and radiative mechanisms.
Calculations are done for a 6ns-Nd:YAG laser pulse operating at 532nm and fluences up to
15J/cm?®. Temporal intensity profiles as well as transmissivities are in good agreement with
experimental results. It is found that volumetric ablation mechanisms and photo-processes both
play an essential role in the onset of ns-laser induced breakdown. © 20713 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4826505]

Nanosecond-laser ablation results in a variety of closely
connected processes, acting above and beneath the sample
surface such as melting, evaporation, plume expansion, and
laser-induced breakdown. In the latter process, a hot plasma
can be formed, which shields the target from the laser beam
and reduces the amount of energy deposited in the sample.'
Such feedback effects often thwart the experimental identifi-
cation of the individual mechanisms. Contrary to experi-
ments, theoretical models allow an independent study of the
various processes.

An adequate description of ns-laser induced plasma for-
mation requires a detailed knowledge of the temporal and
spatial evolution of the bound and free electrons as well as
the heavy species in the ablated material. In principle, this
can only be achieved through a full kinetic description, in
which all collisional and radiative processes occurring in
the plasma are considered and resolved.*” In the past,
collisional-radiative models were introduced to handle this
problem.®'” In such models, a set of rate equations attempts
to resolve the various physical processes in the plasma on
their characteristic time scale. Non-equilibrium studies of
ns-laser induced breakdown in metal vapors at variable laser
settings revealed the important role of photo-processes.™” It
was found that single’ and multi-photon ionization® and res-
onant as well as non-resonant photo-excitation’ play a pre-
dominant role during UV-VIS-laser induced breakdown.

In most of these models, however, surface evaporation
was treated as the main ablation mechanism.”*® In the present
work, it will be demonstrated that this picture is incomplete
and results in a mismatch between experiment and theory.
Surface evaporation implies that a clear phase boundary
between the liquid and vapor phases exists and binodal rela-
tions hold. At sufficiently high laser irradiances, however,
the sample will reach or exceed the critical temperature, and
the liquid-vapor interface vanishes. This implies that the
ablation mechanisms and hence the entire target treatment
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need to be revised. Since ablation results in the insertion of
matter into the plume above the sample, it can be expected
that a change in the ablation mechanism will influence the
breakdown process in the plume.

In this work, a model is presented that accounts for the var-
ious ablation mechanisms in the target, as well as for the main
processes in the plasma. The spatial and temporal evolution of
the target is described by a one-dimensional hydrodynamic
model, accounting for energy (Eq. (l1a)), mass conservation
(Eq. (1b)), as well as pressure relaxation (Eq. (1¢)):

DU(x,t) 0 T (x, 1)
?— aK(T)T‘FSlaS(xa t)a (1a)
D p(x, 0
% = _ap(xv [)U(X, t)v (1b)
D P (x,1) _ (Pm(x,1) *Ppl)
Dr tmeann) (1o

Here, U, p, T, v, k, and S),s denote the internal energy and
mass densities, the temperature, the material velocity, the
thermal conductivity, and the laser source term, respectively.
The sample tends to adjust its pressure P,, to the outer
plasma pressure P, on a time scale characterized by the me-
chanical relaxation time rmech.“’lz The system of equations
is closed by a tabulated multiphase equation of state.'*'*
The thermodynamic state of the material and kinetic rela-
tions define the acting ablation mechanism. Equations
(la)—(1c) are simultaneously solved in a reference frame
attached to the ablating surface. The material derivative
D/Dt represents the corresponding coordinate transformation
and contains the surface recession velocity v;.

Fig. 1 shows several processes occurring during ns-laser
ablation. Three ablation mechanisms can be distinguished:
evaporation or condensation (I, v.,), ablation due to bubble
growth in the metastable region (II, vp,y), and fragmentation
in the supercritical region (III, v.;). Hence, the recession ve-
locity can be expressed as v;(f) = ey (£) + voub (1) + Verit (£)."
A collisional radiative model treats the plasma (see Fig. 1).

© 2013 AIP Publishing LLC
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FIG. 1. Schematic representation of target and plasma. Collisional and radia-
tive processes in the plasma are depicted. The plume of length (L)) expands
at the sound speed, cpi. Ppi, Poub, and Pyiq are plasma, bubble, and liquid
pressures, respectively. Three ablation mechanisms are shown, starting at
the liquid surface (solid line, S). Recession velocities due to evaporation (I,
Uey), bubble formation (I, vy,p), and (super)critical fragmentation (III, vcy)
are indicated. The fluxes Fi and velocity ug at the end of the Knudsen layer
(K) are shown in case 1. Ry, and S, express the volumetric particle and
energy sources that enter the plasma for cases II and III.

The plasma plume of length Ly, is assumed to expand at the
sound speed cp1.7’15 16 Spatial averaging of a system of Euler
equations over the plume length, Ly, results in a set of ordi-
nary differential equations, which describes the expanding
plume:

dN; _ Fxn — FoiN

I I + Ri + Ryoli, (2a)
P
dUi FKU- — Fpl U Cpl — UK
=—= — — P Si + Svoli, 2b
dt Lpl Lpl ot ol, (2b)
dL
d—tp‘ = cp. (2¢)

The species (i=electron and atom) number and internal
energy densities are denoted by N; and U, respectively.
Since each atom will reside in a certain charge state k excited
to level m, N; should be interpreted as N‘l; in the case of
heavy species. The particle and energy fluxes of the species
at the end of the Knudsen layerlz‘”’18 (Fg) and the plume
domain (Fp,) are included. The volumetric ablation mecha-
nisms account for the particle (R,,) and energy sources
(Syo1) of the different species. R; and S; denote the particle
and energy sources due to the collisional and radiative mech-
anisms in the plasma.

Collisional processes, such as inverse Bremsstrahlung,
electron impact ionization and three body recombination; elec-
tron impact excitation and de-excitation; as well as radiative
processes, such as photo ionization and recombination, radia-
tive decay and Bremsstrahlung, are included (see Table I).

Note that optical transitions are observed between 352
energy levels in Cu™." This illustrates that the computational
cost would rise tremendously if one would evaluate all opti-
cal transitions in copper. Instead, three steps are employed to
simplify the model: (1) The maximum considered charge
state is 2, i.e., only energy levels up to the ground state of
Cu”" are included in the model; (2) only energy levels that
participate in the most persistent, optically allowed transi-
tions, are selected; (3) energy levels that belong to similar
electron configurations are combined and averaged according
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TABLE 1. Collisional (c) and radiative (r) mechanisms included in the
model. The corresponding references, forward, and backward reactions are
indicated.

c Inv. Bremsst.'®%° Cup® + e(€) + Mjgser — Cup 4 e(€)
c Ei. ion./tb.rec.>' Cup® +e(e) < Cu," +e(€) +e(e”)
c Ei. exc./deexc.*?* Cup* +e(e) « CuX +e(€)

r Phot. ion./rec.'® Cup® + NphotonWiaser = Cugk™ + e(e)
r Rad. dec.'”** Cup* — Cup® + Jmy

r Bremsst.'® Cup* +e(€) — Cup* +e(€) + hv

to their respective statistical weights. This strategy finally

In order to illustrate the influence of the ablation mecha-
nism on the absorption processes in the expanding plume,
two calculations are done and compared with the results of a
plasma transmission measurement.”® The first calculation is
performed with a commonly employed model, denoted as
the “reduced model.” Here, only surface mass removal
mechanisms are considered: evaporation and condensation.
In this case, it is assumed that the equation of state of liquid
copper is governed by the liquid-vapor equilibrium line, i.e.,
the binodal. The liquid part of the binodal starts at the melt-
ing point and ends at the critical point. The target cells are
assumed to experience a metal-dielectric transition near the
critical point and become fully transparent to the incoming
laser light when they reach the critical state.””?® As a result,
the laser light will start to penetrate through the target, and
an evaporation front can at all times be attached to the ablat-
ing target surface. In the second calculation, the “full model”
is employed. Here, both surface and volumetric mass re-
moval mechanisms are considered, whereas no additional
assumptions are made with respect to the equation of state or
eventual onset of transparency.

Fig. 2(a) shows the calculated temporal evolution of sur-
face temperature (T, red) and reflectivity (Rs, black) during
the initial ablation stage. Fig. 2(b) interrelates the surface
temperature (red) and the calculated laser intensity at the sur-
face (/,, grey). Also, the experimental laser intensities before
(I, blue) and after plasma absorption (/,, blue) are shown.
During laser irradiation, the target heats up and the surface
temperature rises (see Fig. 2(a)). As a result, the reflectivity
decreases® and more laser energy couples to the target. As
soon as the material exceeds the normal boiling point, evapo-
ration starts. Depending on the employed model, the surface
cells will arrive in a thermodynamic state in the vicinity of
or at the critical point.

In the reduced model, the critical point is reached at
around 8 ns (see Fig. 2(a), dash). At that instant, the material
experiences a metal-dielectric transition, becomes transpar-
ent, and the reflectivity drops to R 2 0.03.%” Around 11 ns,
the evaporated matter starts to absorb a significant amount of
laser light (see Fig. 2(b), grey, dash). Subsequently a hot
plasma is formed above the target, which tends to shield the
copper sample from the laser beam. As a result, the intensity
at the surface decreases. Since the laser light penetrates the
transparent, critical target layer, a lot of heat is deposited in
the copper sample and the material can be sustained for a
while in the critical state. Accordingly, the critical state is
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maintained up to 16ns (see Fig. 2(a), dash), whereas the
laser intensity decreases already around 11 ns (see Fig. 2(b),
grey, dash). After 16 ns, thermal cooling starts, the surface
temperature decreases and the reflectivity increases again.

Contrary to the reduced model, the full model accounts
for both evaporation and volumetric ablation mechanisms.
The solid lines in Fig. 2(a) represent the corresponding tem-
perature and reflectivity profiles. After evaporation, the ma-
terial finally arrives in a state close to the critical point. In
the metastable liquid state between binodal and spinodal,
homogeneous nucleation can result in bubble formation and
growth. Eventually, target cells will be converted into a mix-
ture of liquid and gas (see also Fig. 1). Note that this mecha-
nism plays a minor role in the present calculations.'> Above
the critical temperature and density, the copper liquid
behaves as a supercritical fluid. In this state, the material
cannot sustain its surface tension and the target fragments.
As a result, a lot of material will be removed in a short time
from the target. The laser triggers breakdown in the ablated
material, followed by plasma absorption. As a result, a
decrease of the surface temperature and hence an increase of
the reflectivity around 8ns are observed. Subsequently, the
dense plasma above the sample will tend to expand, whereas
its density decreases. Correspondingly, the laser irradiance at
the surface rises again around 9ns in Fig. 2(b) (grey, solid),
whereas the surface temperature reestablishes its critical
value around 9 ns. Every time a surface cell arrives in the
supercritical region, fragmentation results in an increase of
the plume density and hence an increase of plasma absorp-
tion. As a result, a fine structure in the intensity profile is
observed around 11ns. Afterwards, around 13ns, cooling
starts: the surface temperature now decreases, whereas the
reflectivity increases again.

A comparison between the calculated intensity profiles
at the surface reveals that their shapes are quite different
(see Fig. 2(b)). Besides, the full model exhibits a fine struc-
ture, whereas the reduced model does not. Moreover, the
onset of shielding occurs 3ns later in the reduced model,
contrary to the full model and the experiment. Hence, this
indicates that the plasma responds differently when the abla-
tion mechanism changes. Overall, one observes that the pat-
tern produced by the full model matches well with the
experiment.

Fig. 3 displays the temporal evolution of the species
temperatures in the two models. Besides, a temperature

8

Time (ns)

laser profiles before (/,eyp, blue, dash-
dot) and after plasma absorption (/,exps
blue, solid) are indicated, respectively.

12

estimate is inserted, assuming Saha-Boltzmann distributed
atomic states (T spg, blue). The inset in Fig. 3 shows that a
non-equilibrium plasma is initially encountered in both mod-
els. During volumetric ablation, the electrons will frequently
collide with the heavy species. Hence, contrary to the reduced
model, the full model achieves already during the early abla-
tion stage a state close to LSBE and the onset of shielding
starts earlier (Afgea = 31ns). At later times, a two tempera-
ture LSBE plasma is found in both models. After the end of
the laser pulse, a Maxwell equilibrium is almost established
and a state near Local Thermodynamic Equilibrium (LTE) is
met. Afterwards, as the plume expands, its density decreases
and the species experience fewer collisions. As a result, the
species temperatures differ again in both models.

Fig. 4 shows the plasma absorption coefficients at
A =532 nm. In both cases, breakdown starts with the genera-
tion of free electrons by single and multi-photon ionization.
Afterwards, collisions become increasingly important, and
inverse Bremsstrahlung absorption is observed: first, elec-
trons absorb laser energy in the electric field of neutrals;
finally, electron-ion inverse Bremsstrahlung starts. In short,

4 5 [full model
i \=LTE 2-
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FIG. 3. The evolution of the electron (T, red) and ion (T, black) tempera-
tures is shown for both models. The subfigure illustrates the situation when
ablation starts. Tpsgg (blue) is a temperature estimate, assuming
Saha-Boltzmann distributed atomic states.
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FIG. 4. The total (xror, red) and partial plasma absorption coefficients due
to electron-neutral (oqpen, black), electron-ion (oqpei, green) inverse
Bremsstrahlung, and photo ionization (xppr, blue) at 4 = 532nm are
depicted, respectively.

the calculations illustrate that photo-ionization®® and not
inverse Bremsstrahlung® initially predominates during UV-
VIS laser irradiation, whereas the plasma should rather be
modelled by a 2T-LSBE model and not by a LTE model.**~*
In Fig. 5, calculated (black) and experimental (blue)
transmissivities of laser light are compared. Note that the
experiment is conducted in argon at atmospheric pres-
whereas the calculations assume a vacuum.
Nevertheless, the influence of argon on the transmission pro-
files can be neglected: as the copper plasma acquires a large
amount of thermal energy initially, the region between the
contact discontinuity and the external shock front will play a
minor role during the initial expansion stage.'*> When both
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FIG. 5. Calculated and experimental transmissivities vs fluence are shown
for 4 = 532nm. The subfigure depicts temporal intensity profiles, taken at
13.6J/em™.
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surface and volumetric ablation mechanisms are included
(full model), a good agreement between experiment (blue)
and theory (solid, circles) is obtained. However, if only sur-
face ablation is considered (reduced model), the calculated
profile (dash, diamonds) deviates considerably from the ex-
perimental one. While the experimental breakdown threshold
is around 2J/cm2, the reduced model shows a threshold
around 5 J/cmz. Moreover, the transmissivities tend to satu-
rate above a fluence F = 8 J/cm”.

The inset in Fig. 5 shows a temporal intensity profile
taken at a fluence F = 13.6 J/cm?”. Contrary to the multiphase
model and the experiment, the reduced model (dash) exhibits
a clear bimodal pattern in its intensity profile. In this case,
the plume experiences a significant density decrease during
expansion, and the laser intensity at the target surface rises.
This effect was systematically observed for fluences above
F=8J/cm?. In this fluence range, the intensity patterns are
characterized by similar integrals and hence similar trans-
missivities. This illustrates again that the ablation mecha-
nism affects the plasma response strongly.

In conclusion, a dimensionless multiphase collisional
radiative model describing ns-laser ablation has been pre-
sented. Initially, a non-equilibrium plasma is formed and
photo-ionization predominates. Afterwards, collisional ioni-
zation starts and a two-temperature LSBE plasma is
observed. It is found that the plasma responds differently to
the various ablation mechanisms. In the multiphase model,
both surface and volumetric ablation mechanisms are
included, and a good agreement with the experiment is
achieved. However, if only surface ablation is considered,
the plasma response changes and a serious mismatch
between calculations and experiment is observed. This dem-
onstrates that a multiphase approach is indispensable in the
computational study of ns-laser ablation.*>
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