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ABSTRACT

We propose a new technique suitable for on-lineitodng of gas phase synthesis of
nanopatrticles. It is based on aerodynamic focustnnoparticles followed by Laser-Induced
Breakdown Spectroscopy (LIBS) under vacuum. Therlasosses a beam of particles at low
pressure so that the plasma-produced photonsdodigzed are emitted only from the patrticles.
Unlike previous experiments, the background frotariaction with the gaseous component is
totally eliminated from the collected spectra. Viazuallows also for easier spectra collection in
the UV range. Moreover, as the nanoparticle beamyidy collimated, the optical interface
windows are not obstructed by particle depositiod the system can be kept running for hours.

INTRODUCTION

Laser-Induced Breakdown Spectroscopy (LIBS) isdelyi used method in research for
elemental analysis. It allows remote specific didacof most of the chemical elements in a
sample and at ppm-level concentrations in solidpes1]. This technique was already used
with nanosized aerosols to probe the chemical caitipo stability of SiC nanoparticles during
their production by laser pyrolysis [2]. Howevédretbackground from interaction with the
ambient gas reduced dramatically the signal-toen@s$io in the spectra and even hid some of
the signal contributions. Furthermore, unavoidgdalgicle deposition on optical windows at
atmospheric pressure is a drag to its use as @ieatftechnique in continuous-wave mode on
high-throughput production plants. Here we proppsew experimental setup for eliminating
these difficulties by performing the laser-particieeraction in vacuum.

EXPERIMENTAL DETAILS

Nanoparticle beam generation

The principle of the experiment is to cross a be&molated nanopatrticles with a highly
focused laser beam under vacuum conditions andalyze the plasma-emitted light in the UV
and visible range. The experimental arrangemestiasvn in Figure 1. An Aerodynamic Lens
System (ADLS) produces the collimated nanopartelam under vacuum from an aerosol
stream at atmospheric pressure. This is achievedivying the nano-aerosol flow through a 200




pim limiting entrance orifice followed by a seriddaur compartments separated by diaphragms.
The geometry of the ADLS used in this study is taeh to the design proposed by Jayne et al.
[3]. Itis part of a dedicated multipurpose sourthamber available at the PLEIADES beamline
at the French national synchrotron radiation faclBBOLEIL [4]. This equipment has already
been used for nanopatrticle studies in the gas ghasgeraction with synchrotron radiation [5].
Laser-Induced Breakdown Detection (LIBD) has alserbused to probe nanoparticle beam
profiles from an ADLS [6]. Beam diameters of lelsart 100 um were measured with silicon
nanoparticles at a distance of 20 cm from the ADLU8et. In the ADLS, the trajectories of the
nano-aerosols get closer and closer to the axtseegamove through the lens and the beam is
finally collimated in an expansion vacuum chamteha ADLS outlet. The nanoparticle beam
passes entirely through a 1.5 mm diameter skimmeeanerges into a high vacuum region
before crossing the laser beam. The pressureg iexghansion and in the interaction chambers
are maintained respectively at around 1 x 10-3 rahdrl x 10-6 mbar. The ADLS has been
tested with two different sources of nanoparticléee first one is a commercial setup (Atomizer
model 3076, TSI Inc.), which produces a diphasiwwftomposed of an inert carrier gas and the
sample in the aerosol form by atomization of aiicguspension of nanopatrticles. The second
alternative nanoparticle source is a laser pyrslysactor, in which nanoparticles are synthesized
in situ in the gas phase [7]. In this case, a spafl of the aerosol stream is sampled and driven
to the ADLS.

L aser-induced breakdown spectroscopy

The excitation source is a Q-switched rod-typerflaser with an ytterbium-doped photonic
crystal fiber as an active gain medium (Boreasit€dFrance). The laser emits in the infrared
(A=1030 nm) with a nominal pulse width varying frono220 ns for repetition rates between 1
and 25 kHz, respectively. At the cavity output, thaximum pulse energy is 2 mJ and the
maximum average power is 25 W with an excellentrbpeofile (M? close to 1). The laser
beam is guided and introduced inside the vacuurmbkausing an optical fiber (numerical
aperture, N.A.=0.05, core diameter=105 pm, lengéhnz), which ensures a good quality beam
allowing suitable irradiances for the plasma folioratThe beam is collimated with a 100-mm
focal length UV grade lens. A 45° highly reflectinerror reflects the beam toward a microscope
objective (N.A.=0.25, effective diameter, E.D.=15nmagnification=10) which focuses the
laser beam. Calculations based on Gaussian beapagation predict a focal diameter of 21.4 +
2.3um. With this optical configuration, we introduce thigeetive volumeVeff, defined as the
portion of the interaction region where the laseaxdiance is higher or equal to the breakdown
threshold irradiance of a particle. A breakdowresold irradiance of 5.7 GW/éwas
previously estimated with similar silicon nanopelgs [6]. This value is quite high compared to
what is usually observed for solid targets. Thisi&@nly explained by the particulate nature of
the target in our case. In addition, the plasmaghemission duration was measured around
200 ns, compared to several microseconds in theafesxperiments at atmospheric pressure.
Under these conditions, Laser-Induced Breakdowe®iein was used to measure a particle-
sampling rate of 0.04 % (percentage of laser putdegacting with a particle). This low value is
due to the very small effective volume (3.8 ¥ l@¥) compared to the number density of the
particle beam. It also means that an interactidh miore than a single particle is very unlikely

[6].




The plasma emission is collected with a fusedasitiptical fiber located at 4 mm from the
plasma, connected to a spectrometer (SP2300i, Aetpripped with an intensified CCD camera
(iStar, Andor) with 2048*512 pixels. The collectiohphotons under vacuum offers the
possibility to work easily in the UV spectral regjallowing for efficient detection of a large
number of elements with a large signal to noise rat

As the particle beam is very well collimated, notjgée deposition was observed on the optical
elements during tens of hours.
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Figure 1. Experimental setup. A collimated beam of nanoges is produced by an
aerodynamic lens system and crosses a focuseddeaer. The plasma-produced photons are
collected and analyzed. Either commercial aerosokgators or in situ gas phase synthesis
processes are possible.

RESULTSAND DISCUSSION

The proof of concept is performed with a collinthbeeam of 80 nm spherical Silicon
nanocrystals. They were first synthesized by lagenlysis and further transferred in suspension
in pure Ethanol to finally be injected by the comane aerosol generator. The reason for this
choice is only practical. As the particle densg#ynuch higher in the case of the in situ synthesis
reactor, the commercial aerosol generator is exjgsrially the less favorable configuration in
terms of signal quantity. With a 20 kHz fiber-lasecused in such a way to get at least 10
GWi/cn? intensity on the particle beam, exploitable speate recorded within a few minutes,
allowing for continuous-wave or at short time in@s in-process monitoring of particle
chemical composition. The spectra shown in Figuaee2recorded with an average laser power
of 10.7 W at 20 kHz, corresponding to a laser iaade of 11.6 GW/cfon the target. The



global spectrum resulting from the interactionltod taser and the silicon nanoparticles in the UV
range between 180 and 320 nm is shown in Figuré @es obtained using a 600 grooves/mm
grating. Figures 2b and 2c focus on the 249-25mn284-292 nm regions respectively using
the same grating but with different software acijois parameters. The global UV spectrum is
relatively noisy, yet typical contributions fromlison atoms are very clearly observed around
250 and 290 nm. Higher resolution spectra showkigare 2b and 2¢ confirm the presence of
sensitive Si lines at 250.7 nm, 251.4 and 251.qumresolved), and at 288.2 nm. The
acquisition proceeds to the addition of individsjpéctra during 400 s. This duration corresponds
to 12 x 16 laser shots. The laser and the detector are nohsynized. It is then estimated that
the collected signal in 400 s corresponds to thecbe interaction of about 5000 nanoparticles
with the laser. As the laser-particle interactiaowrs in the vacuum, the plasma forms, expands
and cools very rapidly. This leads to a negligiatinuum radiation usually observed in LIBS
at atmospheric pressure, which is due to the Brieaidang and radiative recombination
phenomena [1]. This justifies the fact that no tiresolved detection was used in this work. In
addition, we checked that the spectrum shape whddimes was an instrumental background,
since the same acquisition in the absence of natidpa yielded exactly the same pattern.
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Figure 2. Spectra from silicon nanoparticle. Global UV-raspectrum (a), 249-255 nm-range
spectrum (b) and 284-292 nm-range spectrum (ced.from silicon element are clearly
observed.



CONCLUSION

We have demonstrated the feasibility of on-line itwinmg of nanoparticle elemental
chemical analysis by LIBS under vacuum. The satafudes an aerodynamic lens to produce a
dense and collimated beam of nanoparticles on whielaser is focused. The proof of concept
is performed with 80 nm silicon nanopatrticles poegly synthesized by laser pyrolysis and
injected with a commercial aerosol generator. Spestiowed exploitable silicon lines in the UV
range within a few minutes acquisition time thdbwabk for real time monitoring.
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