Quantum Electronics 44 (4) 325-329 (2014)

©2014 Kvantovaya Elektronika and Turpion Ltd

PACS numbers: 42.62.-b; 52.38.Mf; 79.20.Eb; 81.15.Fg
DOI: 10.1070/QE2014v044n04ABEHO015345

Possibility of applying a hydrodynamic model to describe the laser
erosion of metals irradiated by high-intensity nanosecond pulses

K.V. Kozadaev

Abstract. We report the results of experimental investigations of
the production and development of plasma-vapour plumes upon
irradiation of metal targets by nanosecond (10—100 ns) pulses with
a high (103-10'° W cm~2) power density under atmospheric condi-
tions. The transition from a quasi-stationary thermal mechanism of
metal erosion to an explosion hydrodynamic one takes place when
the radiation power density increases from 108 to 10° W cm 2. The
resultant experimental information is extremely important for the
laser deposition of metal nanostructures under atmospheric condi-
tions, which is possible only for power densities of 103—10° W cm™2,
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1. Introduction

In accordance with the fundamental works concerned with
the interaction of high-power laser radiation with materials
[1-5], it is customary to assume that the laser erosion of met-
als by pulses of moderate (10°-103% W cm™) and high
(103-10° W cm™) power density may be described in the
framework of a thermal damage model (the so-called quasi-
stationary ablation). According to the basic assumptions of
this model, the character of metal sputtering by laser radia-
tion is determined by the combined motion of heating, melt-
ing, and vaporisation fronts into the target, resulting in the
removal of the material. Therefore, in the course of erosion
there exists a sharp boundary between vapour and condensed
substance, the energy transfer in the condensed phase is
entirely due to electron thermal conduction, and in the gas-
eous phase it is entirely due to its dynamics [1]. The same
model underlies more recent works concerned with the theo-
retical description of laser material ablation by high-intensity
nanosecond pulses [6—8].

According to Ref. [1], at a laser power density 7 above
10" W cm™ the sharp boundary between vapour and con-
densed substance becomes nonabrupt and turns into a macro-
scopic transition layer, which is in essence a very dense metal
vapour. The structure and dynamics of this layer may be
described by the complete system of hydrodynamic equa-
tions, whence this model of laser erosion draws its name — a
hydrodynamic model. This transition layer may be compared
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with an explosive, which detonates to generate an overheated
vapour cloud and a shock wave propagating into the target.
The resultant plasma cloud, owing to its high density, is
opaque to the incident laser radiation. And therefore by
screening the target surface, subsequently it completely deter-
mines the character of surface—laser pulse interaction [1]. In
this case, the objective of theoretical simulation of suchlike
laser erosion is seriously complicated by the absence of reli-
able information about the absorptive properties of the mac-
roscopic layer [6].

Uglov and Kokora [9] pointed to the ‘explosive’ character
of laser erosion of metals even under the action of pulses with
I ~ 10° W ecm™% proceeding from the hydrodynamic model,
Anisimov and Luk’yanchuk [6] gave theoretical estimates for
nanosecond pulses (10—100 ns) for 7 ~ 10°-10'© W cm™2. In
this connection, the question about the limits of applicability
of the thermal and hydrodynamic models for describing the
laser erosion of metals by such pulses remains open.

The present work is concerned with the experimental
investigation of the production and development of the
vapour-plasma substance upon irradiation of metal targets by
high-intensity nanosecond laser pulses. Our objective is to
determine more precisely the irradiation parameters whereby
there occurs a transition from the ‘quasi-stationary’ character
of laser erosion to the ‘explosive’ one.

2. Experiment

To experimentally study the optical characteristics of laser-
produced plasma (using the techniques of transverse laser
probing [10, 11] and laser-induced plasma spectroscopy [12])
in this work we employed a research complex, which com-
prised the means for monitoring the dynamics of the spectral,
spatial, and phase structures of laser-produced plasma plumes
(LPPs) of metals with a high temporal resolution.

The research complex permits us to investigate the follow-
ing optical characteristics of plasma-vapour plumes:

1) dynamics of spectrum-integrated LPP glow with a tem-
poral resolution of 10 ns;

2) time-integrated LPP glow spectrum with a spectral res-
olution of 0.12 nm;

3) dynamics of an individual LPP spectral line intensity
with spectral (0.2 nm) and temporal (10 ns) resolution;

4) dynamics of the intensities of the incident, transmitted,
and scattered components of the probing radiation with a
temporal resolution of 10 ns;

5) dynamics of the phase composition of the plasma-
vapour plume (the effective diameter and density of dust
phase particles) over time intervals of different duration (from
1 us to 2 ms) with a temporal resolution of 10 ns.
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The research complex is schematically represented in
Fig. 1. The following basic units may be marked out in its
structure: the unit for producing the driving pulse and record-
ing its characteristics (I), the unit for investigating the spectral
LPP characteristics (II), the unit for laser LPP probing (I11),
the unit for experimental data processing (IV), and the timing
unit (V).

Figure 1. Schematic representation of research complex: (/) main la-
ser; (2, 3) beam splitters; (4) driving-pulse shape monitor; (5) driving-
pulse energy monitor; (6—8) mirrors; (9, 19) lenses for focusing the
driving radiation; (/0) integral LPP glow sensor; (11, 23, 28) optical
filters; (12, 16) optical systems for imaging the LPP onto the entrances
of spectral instruments; ( /3) spectrophotometer; ( /4) monochromator;
(15, 29) PMs; (17, 31) target; (18, 30) LPP; (20) integrating sphere;
(21, 22) prisms; (24, 27) probe radiation intensity monitors; (25) probe
laser; (26) auxiliary alignment laser; (32) portable computer; (33) mul-
tichannel A to D converter; (34) clock pulse generator; (35) optical
decoupler of main laser firing.

3. Vapour-plasma substance production
at atmospheric pressure

According to classical notions, the optical radiation incident on
a metal surface interacts with conduction electrons in a thin (~1
um) surface layer, with the result that a part of radiation energy
is reflected and the remaining part goes to rise the electron gas
temperature and subsequently to heat the lattice itself [1-3].
From here on, all discussions correspond to the case when
there is no laser-induced breakdown of the atmosphere — the
effect of low-threshold air breakdown and its influence on the
laser erosion of materials are discussed at length in Refs [13,
14]. The energy of electromagnetic radiation may be trans-
ferred into the metal by three main mechanisms of thermal con-
duction: the phonon, electron, and radiative ones. It is com-
monly supposed that phonon thermal conduction plays an
appreciable role only at temperatures below 100 K and is there-
fore disregarded in laser plasma research. In the lattice tem-
perature range of up to several thousand degrees the energy
transfer mechanism is almost completely determined by elec-
tron thermal conduction. Lastly, radiative heat conductivity
prevail when the temperature ranges from several thousand to
tens of thousands degrees [1].

For a pulse duration t ~ 10 ns, the laser radiation energy
dissipation in metals is qualitatively different both from the
case of longer pulses (r > 1 us) [1-5] and from the case of
ultrashort ones (r < 100 ps) [15, 16]. This is due to the three
main factors. First, the rise time of a nanosecond pulse (~1 ns)
approaches the characteristic excitation-energy relaxation
time for the electron gas in a metal lattice (according to theo-
retical estimates, ~10719 s [1]), i.e. the rate of excitation trans-
fer from the electron gas to the lattice is comparable to the
input rate of the radiant energy which gives rise to this excita-
tion. Greatly diminished in this case is the role of electron
thermal conduction as the main mechanism of transferring
into the target the energy absorbed by conduction electrons.
Second, under high-intensity laser irradiation the reflectivity
of a metal surface is not a constant value: beginning from
some threshold intensity (according to different estimates, 7 <
100 MW cm™ [1, 17, 18]), the initially high reflectivity
(0.7-0.99 in the optical range, depending on the type of
metal) may decrease several-fold during the irradiation,
thereby lowering the absorptivity to 50% of the incident radi-
ation energy [1]. Third, owing to a sharp lowering of the elec-
trical conduction of metals observed in their rapid heating to
temperatures of 1000—1500 K, the depth of radiant energy
penetration into the metals becomes several times longer.
This fact impels us to reconsider the initial estimate of the
depth of the metal surface layer in which the laser radiation
interacts with conduction electrons: for laser irradiation of
sufficiently high intensity it may range up not to 1 um but to
5 um and over [2].

The combined effect of these factors has the consequence
that the disruption of metals by nanosecond laser pulses is
hard to describe in the framework of the traditional thermal
disruption model even for 7> 108 W cm=2. When the rise time
of a laser pulse is sufficiently short (108-10~s), even for 1 ~
108-10° W cm™ the abrupt interphase boundary between the
condensed metal phase and its vapour becomes nonabrupt
and turns into a macroscopic transition layer, whose thick-
ness is determined by the depth of light pulse penetration
(5—10 wm) [19]. In this layer there occurs dissipation of the
laser pulse energy, resulting in its fast (as fast as permitted by
the inertia of the matter) transformation to an overheated,
rapidly expanding vapour (according to the estimates of
Refs [10, 11], its initial expansion velocity amounts to
10-20 km s7'), which subsequently forms the erosion
plume. This vigorous gas-dynamic process imparts a sub-
stantial recoil pressure momentum to the laser target, gen-
erating an acoustic shock wave propagating into the target
material [20].

The combination of all the indicated processes eventually
gives rise to a characteristic target surface relief (Figs 2c—2e),
which is significantly different from the relief produced under
irradiation both by long [19] and ultrashort [15, 16] pulses. As
is evident from the photographs, for a thermal disruption
mechanism, which is typical for long-pulse irradiation, the
resultant glassy target relief is a rather deep layer of solidi-
fied metal melt (Fig. 2b). ‘Explosive’ laser-produced erosion
of the target surface gives rise to a characteristic microchan-
nel structure with rather sharp edges. The roundings and
roughness of the channel walls are estimated at a few
micrometres. This is an indication that the liquid phase is
practically missing from this laser irradiation regime
(Figs 2c—2e). The combined effect of several factors (the ini-
tial target relief, the nonideality of target material, the non-
uniformity of incident radiation intensity distribution in the
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Figure 2. Photographs of target surface relief (a) prior to and (b) after irradiation by a long pulse of moderate intensity as well as (c, d, e) after ir-
radiation of nickel, zinc, and lead, respectively, by a 100-ns long pulse with an intensity of 10° W cm=. The images measure 150x300 pum.

focal spot, the boundary gas-dynamic conditions, etc.) on
the processes in the macrolayer gives rise to the recurrent
pattern in the form of a microchannel network (possible for
smooth and highly homogeneous targets is a pattern in the
form of a microcrater set [21]).

With increasing power density of nanosecond pulses the
microchannel structures become somewhat smoother due to
the back action of the surface plasma on the target. This
becomes possible due to the screening of the irradiation
region by the laser-produced plasma and the complex nature
of its interaction with the ambient gases (in a vacuum this
effect is hardly pronounced [22]).

The detonation of a metal macrolayer, which possesses
considerable excess energy, has the effect that there appears
an intensely glowing plasma-vapour plume at the surface
plasma region with a short delay relative to the onset of laser
irradiation (5—10 ns for a pulse of duration r =20 ns [11] and
30-40 ns for r = 100 ns [10]). This plume rapidly expands into
the ambient medium and interacts with the irradiating laser
pulse [12].

Experimental investigations into the gas-dynamic pro-
cesses occurring in the laser erosion of metals by nanosecond
pulses in the presence of rarefied gases or at atmospheric pres-
sure [10—12] reveal qualitative difference in comparison with
the vacuum case as regards the formation and glow of the
vapour-plasma plume as well as its interaction with the inci-
dent radiation [23, 24]. As shown experimentally in
Refs [10-—12], the dynamics of integral plume glow under
irradiation of metals (Zn, Pb, Ni, Cu, Ag, Au) by 20- and 100-
ns long pulses (with their respective rise times of 5 and 30 ns)
for I ~ 108 W cm™ reproduces the temporal pulse shape
almost completely (with a short delay of 50%—60% of its

duration). This testifies to the absence of significant interac-
tion between the erosion plume and the incident radiation,
which is additionally borne out by the data obtained by plume
probing with auxiliary radiation at heights 2 = 1 and 2 mm
from the target surface: the vapour-plasma plume remains
practically transparent for the probing radiation throughout
its lifetime (only the plumes of fusible Zn and Pb represent a
minor departure from this rule for 100-ns long pulses). A
sharp increase in glow intensity as well as a significant length-
ening of its descending part are observed on raising the power
density of irradiating nanosecond pulses up to 10° W cm2.
Simultaneously the plume transmittance to the probing radia-
tion becomes lower (see Fig. 3); in this case, the probe radia-
tion loss in the plume may be as high as 90% or more.

These facts suggest that the significant interaction between
the erosion metal plume and the descending part of a nano-
second pulse begins when its intensity approaches 10° W cm2
(it is pertinent to note that this figure may somewhat vary
with specific metal type due to the difference in thermophysi-
cal metal characteristics), the onset of appreciable radiation
absorption by the plasma plume occurring considerably ear-
lier than predicted by the thermal disruption model: even
40-50 ns after the onset of irradiation for T = 100 ns and 10 ns
later for 7 = 20 ns instead of the 100—200 ns calculated [1].

The investigations of Refs [11, 12] showed that the peak of
erosion plume glow for 7 = 20 ns (I ~ 10° W cm™) is located
at less than 1 mm from the target surface, while for pulses of
similar intensity with 7 = 100 ns [10] at 1-2 mm (which is
attributable to the higher energy density). This permits char-
acterising the spatial scales of erosion plumes early in their
nonstationary formation in atmospheric conditions. The data
obtained in the probing of erosion plumes at 1 and 2 mm from
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Figure 3. Time-dependent LPP transmittance for the probing radiation at (/) 1 and (2) 2 mm above the target for (a) zinc, (b) lead, and (c) nickel,
as well as (3) irradiation pulse and (4) integral plume glow intensities as functions of time. The irradiation pulse duration is equal to 100 ns and the

intensity is equal to ~1 GW cm™.
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Figure 4. Dynamics of spectral luminosity under different conditions (see text).

the metal target surfaces permitted estimating the velocity of
their propagation through these spaces at 4—15km s forz =
20 ns [11] and at 7-20 km s! for ¢ = 100 ns [10] (I =
10° W cm™), depending on the type of metal. The fact that
shortening the leading edge of a pulse does not entail an
increase in the initial velocity of the plasma plume suggests
that these velocities are the limiting ones for the irradiation
regime under discussion and that the initial plume dynamics
is determined only by the macrolayer detonation velocity (i.e.
by the amount of imparted excess energy).

Investigation of the spatiotemporal structure of erosion
metal plumes (Zn, Pb, Ni) for pulses with 7 = 20 ns (I ~
103-10° W cm2) showed that the recorded time dependences
of the glow in individual spectral intervals may be divided
into two groups:

1. The plume glow in the spectral intervals corresponding
to bright spectral lines of the metals. By way of example
shown in Fig. 4a is the time dependence of the emission inten-
sity in the spectral range corresponding to the characteristic
line of Pb I lead atoms at a wavelength of 405.7 nm [curve
(1)]. The emission in this range is due to the superposition of
two processes: the continuous spectrum [curve (2)] is initially
observed with a short (~50% of the irradiating pulse dura-
tion) delay relative to the onset of irradiation, and then there
appears, with a delay of 600—700 ns relative to the onset of
irradiation, the characteristic line itself, which emerges in the
course of recombination of the corresponding ions [curve (3)].

2. The plasma plume glow in the spectral regions that do
not contain the characteristic narrow lines of the metals.
Given by way of example again is the corresponding depen-
dence for the LPP of lead at a wavelength of 500.0 nm
(Fig. 4b). One can see that by and large the emission dynamics
in this spectral range reproduces the temporal shape of the
integral plume emission and corresponds to the emission of
the continuous spectrum.

Figure 4c shows the spectral-temporal shape of the emis-
sion of continuous spectrum. It has the shape of an asymmet-
ric hill with a very steep front slope and a gently rear slope,
with the emission peak at a wavelength of ~450 nm reached
approximately 40 ns after the onset of irradiation. In this
case, the bulk of continuum emission is spatially confined
within a height of 1 mm above the target.

According to the thermal model of laser-produced ero-
sion, the picture of LPP emission must be qualitatively differ-
ent: initially there is bound to be a burst of characteristic
metal line emission arising from the sequential appearance of
metal melt (formation of the melting front) and metal vapour
(formation of vaporisation front) and the subsequent interac-

tion of this vapour with the incident radiation. Next, due to
the absorption of radiation energy the vapour heats up, ion-
ises, and produces continuous plasma emission. For instance,
according to the theoretical estimates of Ref. [7], when laser
pulses with 7 = 15 ns irradiate aluminium with an intensity 7 ~
10° W cm™, a plasma plume begins to emerge with a delay of
~15nsrelative to the onset of irradiation and becomes opaque
(screens the target) 15 ns later. The duration of these pro-
cesses (the LPP emergence and the attainment of opacity
peak) agrees nicely with the data of the present work, but the
succession of aggregate states in the irradiation region (solid—
fluid—vapour—plasma) is not confirmed by the data of spec-
tral analysis. According to the thermal model, the plasma is
heated during 15—-30 ns after the onset of irradiation, and we
should observe a different emission dynamics of characteristic
lines: their spectral signal must appear 20—-30 ns earlier than
the continuous spectrum and the leading edge of their emis-
sion must therefore be longer. However, the perfect synchro-
nism of these processes testifies to a different character of
plasma production — to the detonation of the macrolayer,
whereby the plasma is produced omitting intermediate aggre-
gate states.

The resultant experimental information is of paramount
importance in developing technologies for the laser deposi-
tion of metal nanostructures under atmospheric conditions
[24—26], which is possible only in the 108—10° W cm range.
Because, on the one hand, the liquid phase layer, which forms
under the thermal character of disruption, is sputtered due to
active gas-dynamic processes and gives rise primarily to large
droplets (of diameter 10 um and over) [27] and, on the other
hand, the strong laser radiation—plasma interaction in the
hydrodynamic character of erosion drastically impairs the
transfer of radiant energy to the target surface, thereby lower-
ing the efficiency of action and, consequently, the removal of
material.

4. Conclusions

According to experimental data, for the nanosecond range of
laser pulses the transition from the quasi-stationary thermal
mechanism of metal erosion to the explosive hydrodynamic
one takes place when the irradiation power density is increased
from 108 to 10° W cm™. This transition is characterised by a
sharp strengthening of the interaction between the laser radi-
ation and the vapour-plasma plume and the consequential
lowering of its transmittance (to 10% and below) in a time
corresponding to the duration of the leading edge of irradiat-
ing pulse, which is well below the estimates of the thermal
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erosion model. That this laser erosion mode corresponds to
the hydrodynamic model is also borne out by the resultant
relief of metal target surface, the independence of the initial
velocity of the plasma-vapour plume on the steepness of the
leading edge of the laser pulse, and the emission dynamics of
the characteristic metal spectral lines.
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