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Nanoparticles formation in a laser-induced plasma plume in the ambient air has been investigated by
using numerical simulations and physical models. For high irradiances, or for ultrashort laser pulses,
nanoparticles are formed by condensation, as fine powders, in the expanding plasma for very high pairs
of temperature and pressure. At lower irradiances, or nanosecond laser pulses, another thermodynamic
paths are possible, which cross the liquid-gas transition curve while laser is still heating the target and
the induced plasma. In this work, we explore the growth of nanoparticles in the plasma plume induced
by nanosecond pulsed lasers as a function of the laser irradiance. Moreover, the influence of the ambient

gas has also been investigated.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Nanopowders formation is frequently observed by interaction
of table-top pulsed lasers with a target. The energy deposited by
the laser beam at the target surface, gives rise to a shock wave
followed by an ablation front in the target [1-3]. In the nanosec-
ond regime, laser ablation produces a thin liquid layer followed
by the expansion of a plasma in the ambient gas, i.e. the plasma
plume. For high laser irradiances, I, > 10'©W cm~2, or ultrashort
laser pulses, ablation is often accompanied by nanoparticles (or
nanopowders) formation [4]. Usually, the final plasma temperature
exceeds a critical value and nanopowders are mainly composed of
particles formed by condensation [5,6].

For low laser irradiances, 10° <I, <108 Wcem—2, or very long
laser pulses, laser energy may be just enough to melt and then to
vaporize the matterin the target surface. In this regime, solid matter
and heated layer are separated by a sharp boundary. The temper-
ature gradient in this boundary remains quasi-constant during the
laser energy absorption, and the solid/liquid interface can expand
toward the ambient gas. Observations of the target after laser irra-
diation usually show surface modifications and small holes due to
direct ejection of liquid fragments.

For intermediate intensities, 108 <I, <10 W cm~2, combined
effects are observed, and the expanded vapor can contain lig-
uid fragments. The expanding mixture can follow a complex
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thermodynamic path which crosses the saturation curve (i.e. the
binodal) up to the gas state, then it expands adiabatically and
gives rise to the growth of powders by condensation. Analytical
solutions of such flows are difficult to be obtained because the
absorption coefficient depends on the target state. Indeed, reflec-
tivity decreases with temperature, thus absorption becomes higher
at the end of the laser pulse. Modeling of such processes requires
realistic equations of state (EOS) as well as an accurate knowledge
of the thermal and thermodynamic properties of the target. For
these reasons, numerical simulations are required.

In this work, the 1D hydrodynamic code ESTHER [7] was used to
study the properties of the plasma induced by a nanosecond laser
shot on a metal target in order to obtain realistic thermodynamic
paths followed by the plasma plume during and after the laser
pulse. By this method, we analyze the influence of the laser treat-
ment conditions, namely the laser irradiance and the ambient gas
nature, and we address the possibility to obtain nanoparticles by
condensation. Finally, experimental observations of the nanopow-
ders collected during the laser irradiation of a titanium target are
reported and compared to numerical simulations.

2. Experimental and simulation details

Nanopowders were obtained by surface laser treatment in the
ambient air of a commercially pure titanium target with a Kaluti
System Nd:YAG laser (A=1064nm, full-width at half-maximum
(FWHM) of the laser pulse T, =40ns). Powders were collected on
glass plates placed close to the target. The collected powders were
studied by scanning electron microscopy (SEM) and transmission
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electronic microscopy (TEM)[8]. Raman spectroscopy and TEM in
diffraction mode were used for the structural characterizations.

The laser energy deposit was simulated with the 1D hydro-
dynamic code ESTHER, which leads to the knowledge of
thermodynamic paths followed by the plasma plume during and
after the laser pulse over a period of 3750 ns. This numeric tool
is associated with a nucleation model calculating the size of the
formed nanoparticles. It is now accepted that nanopowders forma-
tion in expanding plasmas is mainly due to the non-equilibrium
condensation [5,9]. Indeed, during the plasma plume expansion
both temperature and density decrease, thus the thermodynamic
path crosses the liquid-gas saturation curve, i.e. the binodal. Typi-
cal expansion velocity is of a few tens of kmh~1[1,10], so that the
hydrodynamic expansion time may be shorter than the equilibrium
condensation time. Three configurations are possible according to
the efficiency of the laser heating. For laser fluences below about
0.4GWcm~2 in our experimental conditions, heating is not effi-
cient enough to produce a high velocity expanding plasma and
condensation cannot take place even in equilibrium conditions. A
liquid-solid mixture is produced at the target surface and micro-
metric debris are ejected at small velocities. This situation can
also be found for larger fluences at the periphery of the inter-
action region due to the spatial energy distribution in the laser
spot. Condensation can only take place when the thermodynamic
path crosses the non-equilibrium saturation curve (the binodal).
It must be noticed, however, that the laser fluence is limited to
that required for ambient air ionization, i.e. a few GW cm~2. In this
situation, a self-regulated regime exists where ablation velocity
does not increase any more with laser irradiance, which is par-
tially absorbed in the ambient air. This self-regulated situation is
complex and should be avoided to ensure accurate diagnostics.

Condensation is a typical non-equilibrium supersaturation pro-
cess, which occurs during the expansion of the plasma plume when
it reaches the spinodal. This possibility to obtain non-equilibrium
condensation is shown in Fig. 1a which displays the thermody-
namic paths obtained for a 4.78] cm~2 laser shot at a wavelength
A =1064 nm on a titanium target. Several pulse durations were used
for these calculations, T,(FWHM) =40, 10, 5 and 1 ns, corresponding
to a laser irradiances I, =0.12, 0.48, 0.96 and 4.8 GW cm~2, respec-
tively.

Heating and subsequent hydrodynamic processes take place
simultaneously from the beginning of the laser pulse. At very short
duration pulse, laser energy is mainly used to expand the solid and
to vaporize it producing a liquid-gas mixture. In the case of 10ns
pulse duration (Fig. 1a (bottom)), the saturation curve is crossed
and the plasma gas produced is heated up to about 7000 K for a time
t=22ns. Then the gas, i.e. the plasma, expands in the ambient air
where the binodal is crossed again. At this point, thermodynamic
conditions are favorable to non-equilibrium vapor condensation,
i.e.nuclei formation [11]. These phenomena have been widely stud-
ied in the case of fs-lasers, but in the nanosecond regime more
complex hydrodynamic processes take place. Moreover, in this
work the laser/target interaction is carried out in an ambient gas
which has a counter-pressure effect. A shock wave is generated
in the ambient air because of the expansion of the plume, which
modifies the adiabatic expansion. Fig. 1a (bottom) shows the ther-
modynamic path in the region of the saturation domain. From
t=9ns to 11 ns, the shock wave produced by laser energy depo-
sition interacts with the plasma plume/air contact surface, which
enhances heating and compression. Then, the shock wave crosses
the contact surface, which relaxes pressure up to a time of 12 ns.
Temperature follows increasing up to a time t=22ns. Then, the
plasma plume expands quasi-adiabatically, the edge of expansion
wave being shocked to a pressure which depends on the ambient
gas pressure. Condensation can start at about 255 ns, which corre-
sponds to a distance of a hundred of micrometers from the target
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Fig. 1. (a) Calculated thermodynamic paths for the contact surface between plasma
and ambient air for a laser pulse operating at 1064 nm with a fluence of 4.78 ] cm~2.
Several pulse durations, t,, were used: (top) 40, 5 and 1ns (bottom), 10ns.
Characteristic times of the plasma plume evolution are indicated. (b) Schematic
representation of the saturation parameter 6.« for a gas temperature T and an
equilibrium temperature Teq.

surface. It can be seen that the saturation temperature decreases
when theirradiance increases, which can modify subsequent nucle-
ation conditions. Indeed, the gap between binodal and spinodal
curves increases when temperature decreases. For a given expan-
sion time of the plume, the residence time in the non-equilibrium
region increases, which leads to the growth of larger nuclei.

Now, we address the possibility to obtain particles a few
nanometers in size. A simple criterion proposed first by Zel'dovich
and Raizer [11] enables to express the saturation degree 6. This
parameter is directly linked to the notion of saturation pressure,
which can be calculated by using the Clausius—-Clapeyron law.
According to the previously described thermodynamic paths, pow-
ders formation is mainly due to a non-equilibrium condensation
mechanism of plasma [12]. Moreover, we assume that condensa-
tion process is homogeneous. So, condensation centers are formed
and collisions between particles can induce agglomeration. In other
words, a first liquid droplet, i.e. a nucleation center, is formed, then
it grows by sticking of others liquid particles. Depending on the
thermodynamic path followed by the plasma, the produced par-
ticles will display different sizes and structures. The higher the
irradiance, the more the plasma relaxes and the higher the gap
between binodal and spinodal curves at equilibrium is. However,
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Fig. 2. Electron microscopy views of powders collected during the laser treatment of a titanium target: (a) SEM view showing micrometric particles, (b) TEM image showing

nanoparticles.

as it was explained before, a maximum fluence value exists which
corresponds to the direct ionization of the ambient air. This leads to
a particular nuclei production away from equilibrium conditions.

At the supersaturation limit (spinodal), condensation reaches
its maximum, characterized by the maximum saturation degree,
Omax. The maximum condensation rate is reached and the size of
the formed nuclei corresponds to a critical radius, r', which is the
smallest radius of a condensation center, so it is the radius of the
first formed liquid droplet. Then, the equilibrium curve (binodal) is
reached very quickly. For a given plasma density, p, the degree of
saturation, 6, is defined by [11]:

Teq\ [ Teq—T

0_1n(T>_< o > 1)
where Teq is the equilibrium temperature calculated with the
ESTHER code by using an equilibrium equation of state, and T is
the expanding plasma temperature determined by extending the
isentropic expansion curve in the non-equilibrium zone (Fig. 1b).
For a given saturation degree, the nuclei formation rate, I(9), cor-
responds to the number of condensation centers per vapor atom
and per time unit, assuming a constant supersaturation [11]. The
maximum value of I(#) corresponds to the highest nuclei formation
rate and the highest saturation degree, Omax. The critical radius r
is related to Omax by the equation [11]:

_ 20wR
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*
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where o is the surface tension, w is the volume of liquid per
molecule, R is the gas constant, Ly,p is the vaporization heat and
k is the Boltzmann constant. It must be emphasized that r" is not an
average value but the radius at the condensation maximum. Once
the maximum saturation degree 6.y is reached, condensation con-
tinues thanks to new liquid droplets. Centers growth can continue
by condensation or by sticking. In order to simplify the equations,
we consider separately each process. The droplet growth rate by
condensation, g.,,4, can be calculated from the kinetic theory of
gases with the Hertz—-Knudsen model [9]. Contrary to condensation,
the growth rate by sticking, g.ick, can be modeled with a continu-
ous approach which takes into account scattering before cohesion
ofindividual particles. Growth rates are calculated at the maximum
saturation degree, Omax.

3. Results and discussion
3.1. Experimental characterization of the collected powders

Fig. 2 shows typical electron microscopy images of powders
collected on a glass plate during the laser treatment on a Ti

target with the experimental conditions described in Fig. 1, namely
laser fluence equal to 4.78 ] cm~2, T, (FWHM) =40 ns and irradiance
I,=0.12GW cm~2. SEM observations (Fig. 2a) show that powders
are composed of micrometric particles together with quite smaller
particles forming an almost continuous layer. TEM observations
(Fig. 2b) show nanoparticles less than 30 nm in diameter. Nanopar-
ticles are mainly composed of titanium dioxide, TiO,, in anatase or
rutile phases depending on the nanoparticle size. It is worth to note
that the structure of TiO, nanoparticles changes from the anatase
to the rutile phase for particle sizes above 15-20 nm.[8,13]

Micrometric particles are only collected near to the target sur-
face due to their larger mass which limits the free-fly time. These
micrometric particles are ejected from the plasma mixture after
crossing the saturation domain.

3.2. Modeling the influence of the ambient gas

Aside from the thermodynamic paths, the ESTHER code enables
to analyze the formation of nanoparticles as a function of different
experimental parameters related to the laser irradiation conditions
and the nature of the sample. Moreover, the chemical nature and
the pressure of the ambient gas are also important parameters to
be studied.

In order to study of the influence of the ambient gas molar
weight, we have done ESTHER simulations with the same laser
irradiation conditions reported by Clair et al. [14,15] in a experi-
mental study using argon as ambient gas. Copper (Cu) was used as
a target and the laser parameters were the following ones: fluence
18.8]/cm?, Tp(FWHM) =6 ns, irradiance Ip =3.1 GW/cm?.

The positions of both the shock wave and the contact surface
were calculated with the ESTHER code and compared to the exper-
imental results obtained by spectroscopy diagnostics and thermal
emission, respectively. Fig. 3 shows a good agreement between cal-
culated and experimental results. Then, ESTHER simulations have
been done using air as ambient gas. Results are compared in Fig. 3b
with those obtained using argon as ambient gas. They show the
influence of the ambient gas molar weight. Shock waves, as well as
plume velocities, decrease with the inverse of molar weigh ratio, as
expected by Hugoniot’s relations. This shows that the number and
the diameter of nuclei can be modified by the increase of ambient
gas molar weight, which modifies the expansion path.

3.3. Modeling nanoparticles formation

Fig. 4 shows the calculated saturation degree, 6, as a function of
the plasma density with the laser irradiance values used in Fig. 1 in
the case of 5 and 10 ns pulse durations. In these conditions, the sat-
uration curve is crossed and adiabatic expansion can get into in the
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Fig. 3. Plasma plume edge and shock-wave positions: (a) ESTHER simulations and experimental measurements [14] for laser treatments using argon as ambient gas, (b)

comparison of ESTHER simulations using argon and air as ambient gas.

non-equilibrium saturation zone, as confirmed by the evaluation
of the saturation parameter 8 (Eq. (1)). For 10 ns pulses, it is shown
that condensation begins earlier, at a higher density than in the
case of 5 ns pulses. Moreover, the maximum saturation parameter
is higher, which means that particles have more time to nucleate
and condensate. This is confirmed by plasma plume velocity which
is two times smaller with 10 ns pulses [1].

For a pulse duration of 40 ns, laser irradiance, i.e. heating con-
ditions, is not enough to reach condensation conditions (Fig. 1).
Indeed, the thermodynamic path stays very close to the saturation
curve. Thus, it is a critical regime, where condensation is low. On
the other hand, in the case of 1 ns pulses, the thermodynamic path
crosses the saturation curve, but the adiabatic expansion is not long
enough to apply the previous model.

For pulse durations of 5 and 10 ns, we have calculated the con-
densation parameter, fmax, the critical radius, 1, the condensation
and sticking rates, (8cona and Zsick, respectively), the total num-
ber of condensation centers formed either by condensation or by
sticking, which gives an estimate of the final particle radius rycjeus-
Furthermore, the model allows to estimate the onset time, At, cor-
responding to the saturation parameter, and the height above the
surface where particles are formed, hpgwder- All these results are
summarized in Table 1.

Firstly, the calculated values of g.,nq and g Show that conden-
sation is the dominant mechanism leading to the increase of nuclei
radius. Indeed, for both pulse durations g is about 1, whereas
Zcond 1S about a few hundreds. The final particle radius was esti-
mated about 1 and 5 nm, for laser pulses of 5 and 10 ns, respectively.
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Fig. 4. Saturation degree, 6,
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as a function of the plasma density for pulse durations

Table 1

Simulation results obtained for 5 and 10 ns laser pulses with the ESTHER code cou-
pled with a nucleation model: the total number of condensation centers created
by condensation, gconq, the condensation centers radius, ', the final nucleus radii,
Thucleus, the onset saturation time, At, and the height above the target surface where
particles are formed, hyowder-

7p (ns) Irradiance Zeond T (MM)  Tnudews (NM) At (ns) hpowder (Mm)
(GWcm~2)
10 0.48 154  0.09 4.7 1780 3.0-4.0
5 0.96 308 0.18 1.2 600 0.7-1.5

Thus, decreasing the laser irradiance, increases the radius of the
nuclei population. We can also notice that the radius of condensa-
tion centers for 5 ns pulsesis larger than that for 10 ns pulses. On the
other hand, the residence time At in the non-equilibrium zone is
longer in the case of 10 ns pulses, which leads finally to bigger nuclei
for 10 ns pulses. Furthermore, these results show that condensation
mechanism is faster for short pulse durations. Numerical simula-
tions allow also to estimate the height above the target where the
particles are formed (Table 1) taking into account the shock wave
position and the plasma height at the maximum saturation degree
Omax- We can conclude that the higher the irradiance, the closer
to the target the particles are formed. Finally, similar trends are
expected by increasing the pressure or the molar weight of ambi-
ent gas which will reduce the plume expansion velocity in a similar
way that the irradiance decrease.

4. Conclusions

The hydrodynamic code ESTHER, coupled with a nucleation
model, has been applied for determining the conditions leading
to the nanoparticles formation in the plasma plume induced by
nanosecond pulsed laser treatment of metal targets. The sizes of
condensation centers and resulting nuclei, the condensation rate
and the height above the target where nanoparticles are formed
have been calculated by this method. Two main conclusions can be
drawn: firstly, the nuclei size increases when the laser irradiance
decreases, and, secondly, the higher the irradiance, the closer to the
target the particles are formed.
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