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Small angle x-ray scattering was used to probe in-situ the formation of nanoparticles in the plasma

plume generated by pulsed laser irradiation of a titanium metal surface under atmospheric

conditions. The size and morphology of the nanoparticles were characterized as function of laser

irradiance. Two families of nanoparticles were identified with sizes on the order of 10 and 70 nm,

respectively. These results were confirmed by ex-situ transmission electron microscopy

experiments. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4703930]

Irradiation of a metallic surface by a pulsed laser source

can lead to the formation of a plume for pulse durations

shorter than several tens of nanoseconds.1 Such treatments

are currently used industrially for marking or cleaning metal-

lic substrates such as iron2 or titanium.3 In laser ablation, the

plume is essentially composed of high pressure, partially ion-

ized plasma which expands into the ambient gas, extending

typically over several millimeters and lasting some micro-

seconds.1,4 Pulsed laser ablation of metals gives rise to parti-

cle generation with characteristics depending on the laser

fluence and the pulse duration.5–7 Typically, for laser irradi-

ances above 1 GW cm�2, metal oxide nanoparticles are

formed.2 These nanopowders have been mostly studied by

ex-situ electron microscopy techniques and atomic force mi-

croscopy.5,7,8 A few in-situ studies of nanoparticles in the

plasma plume by optical methods have been reported for the

case of ultrafast (femtosecond) laser ablation of metals.6,9,10

In the case of nanosecond laser irradiation, however, optical

techniques are hindered by the presence of nanoparticles,

mesoparticles, and even micro-debris in the plasma plume

because the energy fluence per pulse is lower than in the

femtosecond regime and thus a molten pool that ejects drop-

lets can be formed around the irradiated zone due to thermal

diffusion. Indeed, in the nanosecond laser irradiation time

scale, thermal diffusion characteristic time is comparable to

laser irradiation time.8,10,11 Third generation synchrotron

radiation based small angle x-ray scattering (SAXS) allows

in-situ probing of the presence of nano and mesoparticles in

such complex media to be performed. In the previous work,

we have used SAXS to study particle size distributions in

diffusion flames12 and in microwave-generated fireballs.13

In this paper, we report recent experimental results

obtained using SAXS on the SWING beamline at the SOLEIL

synchrotron, where nanoparticles formed in a short-pulse laser

induced plasma plume have been probed in-situ. In this experi-

ment, the size and morphology of the nanoparticles formed in

a titanium plasma plume have been studied as function of laser

irradiance. It is worth noting that in our previous work,12,13 it

was possible to consider the system under study as being in a

quasi-steady state, but this is no longer the case in the present

experiment. Here, the plume is in constant expansion and the

spatial and temporal time scales are very different.

In these SAXS experiments, titanium plates (commercially

pure grade 4, Cezus) with dimensions of 15 � 20� 1 mm3

were used as targets. They were irradiated under atmospheric

pressure in air by the fundamental harmonic of a Nd:YAG

laser operating at 1064 nm with a full width at half maximum

of 5 ns and a total Gaussian beam pulse duration of �18 ns.

The laser beam irradiance absorbed by the target material was

between 0.5 and 1.2 GW cm�2, the diameter of the beam on

the titanium target being 110 lm. In the previous experiments

with a similar laser source irradiating a titanium target in air,

the general shape of the plume was found to be hemispherical,

its height and width being about 2.8 and 5 mm, respectively.1

The x-ray beam from the synchrotron (80lm high� 300 lm

wide) intersected the plume at a height of 500lm cutting the

axis of the laser beam at the center of its width (Fig. 1). The

laser plume undergoes a rapid spatial expansion, which is

FIG. 1. Experimental setup displaying the synchrotron scattering experi-

ment in the presence of the plume.a)Electronic mail: luc.lavisse@u-bourgogne.fr.
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slowed down due to its compression in the ambient air. Its ve-

locity along the axis of the incident laser beam, calculated

under similar thermodynamic and material conditions, is about

105 m/s.14 This is considerably lower than that reached when

the plume expands freely into vacuum. Thus, the time needed

for the ablated material coming from the target to reach a

height of 500 lm is about 5 ns. According to numerical simula-

tions of laser irradiated targets and subsequent hydrodynamic

processes,11,15,16 this time corresponds approximately to the

time necessary for the formation of nanopowders.

The energy of the x-rays was chosen to be 9 keV to

reduce absorption by the ambient air and the detector was

positioned at 3 m from the target plume. In this configura-

tion, the measured scattering vector, q ¼ ð4p=kÞsinðh=2Þ,
where k and h are the wavelength of the incident x-ray radia-

tion and the scattering angle, respectively, covers the range

from 0.002 to 0.3 Å�1. Fig. 2 shows a typical background

subtracted scattering intensity, I(q), as a function of the scat-

tering vector q. Since above q � 0:05 Å
�1
; IðqÞ tends

towards zero, the useful q range was in fact between 0.002

and 0.05 Å�1. Since the particle size can be approximately

estimated by the expression D ¼ p=q, our measurements

could detect particles with a range of sizes typically from 6

to 170 nm.

Background scattering intensity in air was first recorded

without any laser firing. Then, for each laser irradiance, i.e.,

laser repetition rate (see Table I), at least 20 measurements,

with 1 s acquisition time, were performed in a row without

interrupting the laser. In order to obtain sufficient scattering

signal intensity, a 1 s acquisition time was necessary to build

up sufficient particle density although each individual plume

lasts only for a few microseconds.14 Due to the high repeti-

tion rate of the laser, the density of particles from one plume

adds to the decaying plume from the previous shot, thus, pro-

ducing a cloud of particles. As a consequence, it was not pos-

sible to spatially map the plume, the scattering signal being

an average of many shots corresponding to the repetition rate

(for example, 1 s acquisition time at 75 kHz laser repetition

rate induces a cumulated scattering intensity over 75 000

plumes).

Analysis of the scattering pattern has been performed

using the two level Beaucage unified exponential/power-law

fitting function17
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This unified function describes the scattering of particles

which contain multiple levels of related structural features

and can be applied to a wide variety of systems, such as pol-

ydisperse mass fractal, surface fractal, and diffuse surface

particles. Basically, each structural level is represented, in its

particular range of q values, by a Guinier exponential form

at low q and an associated power-law in the high q range; the

so-called Porod region. The subscripts 1 and 2 refer to larger

and smaller structural features, respectively. Rg denotes the

radius of gyration and Rsub denotes the high-q cut-off for the

power-law describing the mass-fractal regime, whose low q
limit is at Rg;1. For fractals, Rsub is usually equal to the sub-

structure radius of gyration, Rg;2. G, B, and P are the expo-

nential pre-factor, the constant pre-factor specific to the type

of power-law scattering, and the power-law exponent associ-

ated with each structural level, respectively. To fit this equa-

tion to our data, the small angle scattering (SAS) macro

package from Ilavsky of the Advanced Photon Source has

been used.18 In the present case, all the background

subtracted scattering x-ray intensities were fitted using a

two-level function. Typical experimental data and the corre-

sponding fitted curve are shown in Fig. 2. The goodness of

fit is determined by calculating the standardized residual and

this is also shown in Fig. 2. It should be noted that a single

family fit to the data yields much larger standardized resid-

uals and this gives us confidence in attributing the data to

two families.

FIG. 2. Typical SAXS intensity, I(q), as a function of scattering vector q
obtained with a 20 kHz repetition rate of the laser. The experimental inten-

sity (þ) is fitted (—) using the two levels unified exponential/power-law

function (see Ref. 18).

TABLE I. Evolution of the radius of gyration Rg and of the Porod index P
versus the irradiance of the laser. Rg and P have been determined from the

analysis of the background subtracted scattering intensity for the overall

ðRg;1;P1Þ and the substructure ðRg;2;P2Þ particles. These values are the aver-

age of 20 measurements.

Laser Particles

Parameters Overall Substructure

Repetition rate

(kHz)

Irradiance

(GW cm�2)

Rg;1

(nm) P1

Rg;2

(nm) P2

20 1.2 74 2.1 6.7 4.0

50 0.75 66 2.1 8.0 4.0

75 0.5 55 1.9 16.0 4.0
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Each individual background subtracted scattering inten-

sity is analysed as mentioned above, and the averaged values

of the radii of gyration for both the smaller and larger particles

are shown in Table I as a function of the irradiance of the

laser. It has to be noted that when the repetition rate of the

laser increases, its irradiance decreases as already demon-

strated for such a laser source.8 The smallest detected particles

having radii of gyration of the order of 7 nm increase slightly

in size when the irradiance laser decreases. The average

power-law exponent (Porod index) has also been evaluated

and a value of 4 for these smaller particles has been found, in-

dependent of the irradiance of the laser. This means that these

particles have a smooth surface and the transition between the

particle and the surrounding medium is sharp.12,19 For the

larger particles, the radii of gyration increases from 55 nm at

0.5 GW cm�2 to 75 nm at 1.2 GW cm�2. The value of the

Porod index obtained close to 2 indicates that the scatterer is a

Gaussian polymer chain which is consistent with an agglomer-

ation of smaller particles.19 These in-situ observations can be

explained qualitatively by modelling based on the thermody-

namic path of the plasma.20 Given the height of the observa-

tion (500 lm), one should observe small particles in the core

and large ones at the periphery.

In order to complete this study, ex-situ conventional

transmission electron microscopy analyses of powders de-

posited on a sampling plate during the pulsed laser irradia-

tion of the target have been made with a 200 kV JEOL 2100

(LaB6) microscope. Fig. 3(a) shows a general view of the

collected particles displaying a necklace type organisation.

Fig. 3(b) shows that the size of the individual particles as

well as the observed smooth and sharp interface with the me-

dium are consistent with SAXS results.

In conclusion, we report here SAXS measurements per-

formed on a plasma plume generated by a pulsed laser on a

titanium target, demonstrating the existence of at least two

families of nanoparticles. The smallest, with radii of gyra-

tions of about 10 nm, grow in the plume by condensation and

then aggregate to form structures in the form of a necklace

of about 55–75 nm in size, depending upon the irradiance of

the laser. Modelling based on saturation and condensation

processes in the plume is now in progress allowing realistic

thermodynamic paths to be obtained, which can explain the

formation and also the size of these particles.
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