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Abstract

Laser-Induced Breakdown Spectroscopy (LIBS) was employed feinenand real time process
monitoring during nanoparticle production by laser pyrolysis. Lpgmlysis has proved to be a reliable
and versatile method for nanoparticle production. However, an onfheeal time monitoring system
could greatly enhance the process optimization and accordingly iepi®performances. For this
purpose, experiments aiming at demonstrating the feasibility ohdime monitoring system for silicon
carbide nanoparticle production using the LIBS technique were carried out.edanddaser pulses were
focused into a cell through which part of the nanoparticle flux diverted tiherproduction process was
flowed for LIBS analysis purposes. The nanoparticles were vaporized whihilaser-induced plasma
created in argon used as background gas in the process. Tempesalyed emission spectroscopy
measurements were performed in order to monitor nanoparticle stoéthyorRromising results were
obtained and on-line Si{Cstoichiometry was successfully observed. These results put forward the

possibility of real time correction of the nanoparticle stoichiometry duhiegroduction process.

Key words

LIBS, on-line monitoring, process control, laser pyrolysis, compaosit@particles



1. Introduction

Over the last years, research in the field of nanostructured materials s&yrtthe become
increasingly important. Such materials designed at a nanometric scale are expeshkanvtoew
properties of great interest to a wide range of industrial applications. loothtisxt, the development of
nanoparticle-based materials has advanced rapidly and along with it the onegenéric and safe
nanoparticle production systems. Producing and commercializing nanopartiae-trederials for
different applications (composites, cosmetics, catalysis, optics,...) require industrial equipments
permitting large-scale production of a wide range of nanoparticles.efunthe, these industrial lines are
expected to produce nanoparticles with constant quality (size distributioniceheomposition).

For this purpose, the development of an on-line monitoring systemiraj@wreal time analysis,
both qualitative and quantitative, of some characteristics of the nanopartickesasube chemical
composition and the size is highly desirable. The monitoring of sortteesé characteristics will thus
provide quasi instantaneous feedback for process control. This psingdry importance while the
development of composite nanoparticles arouses a growing interest. Thepartiales are elaborated
from several elements with the aim of creating materials with advdunetionalities. The large number
of elements these nanoparticles consist of has actually emphasized therneedine stoichiometry
control. In addition to process control, production safety requirencentd be satisfied by utilizing on-
line monitoring systems to secure the installations producing, haratishgntegrating nanoparticles. A
tool devised both for in-situ and real time chemical and physical identificafimanoparticles could
detect their release in the ambient air and therefore could assure safeéydperating personnel and the
surrounding environment.

Among all the methods known, the continuous nanoparticle synthesiespes are very
interesting for nanoparticle production at industrial scale. Indeed, véitle ttechniques, nanoparticles are
produced continuously by injecting a continuous flow of reactants i@actor leading to large daily
production rates. Some of these methods are already developed at industrifar db&eproduction of
metals or oxides nanoparticles (for example ;Ti@noparticles by the Aerosil® process of DEGUSSA)
and the development of industrial processes for non-oxide nanoparticl@sestly in progress. Laser
pyrolysis is one of these promising techniques. Basically, its prin@pts on the interaction between a

continuous high-power CQaser beam and a continuous flux of gaseous or liquid reactants. iReacta



molecules absorb laser radiation which results in their dissociation. Afterwaoliscules recombine
with one another within the pyrolysis flame to form nanoparticles.eliyeia wide range of nanoparticles
can be produced. The process yields a continuous high produat®mf nanoparticles with a good
control of their size, structure and chemical composition [1]. Furthermarmparticles produced in this
way are usually weakly agglomerated. In addition, the method isefécjent to produce composite
nanoparticles which characteristics can be easily adjusted by varying smeeegimg parameters such as
the laser power density, the flow rate, the composition and dilution oéglcéants.

Though this method assures a good control of compound stoichigsteichiometry variations
in the course of nanoparticle production are not to be neglected. Taysptiuction rate of nanoparticle
compounds with the right stoichiometry could be enhanced with dim@and real time quality control.
With this aim in view, the LIBS technique was selected. LIBS has beanrdgrated to be a versatile,
reliable analytical method for multi-elemental analysis of solid [2], ligB]ddas [4,5] and aerosols [6,7]
both for qualitative and quantitative measurements. It has the advantageghbeintrusive and no
sampling is required. Moreover, measurements can be performedaié rdistances, in real time and in-
situ without sample preparation. All these characteristics make LIBS autemiticwvell adapted tool to
analyze materials which are not easily accessible or for which confinementiredequ

The LIBS analysis method has already been utilized in diverse industphtations. Its
potential in the steel industry at different stages of the production chain haty desmn demonstrated
[8,9]. For instance, the LIBS technique has been applied for omlimétoring of molten steel in ordes t
improve the steel quality and to obtain a better production gain. In tieanundustry [10], LIBS has
been selected as the most adequate technique when in-situ material analyses wete hegais the
most practical method to implement in a hostile environment with higipeesatures and level of
radiation. Recently, concerns have been raised regarding particles of migrcanetrsubmicrometric
sizes emitted in ambient air (from different sources such as plants, engines....) and their possible hazard
towards human health and environment. Several studies have demortsieatdBS potentialities for
particle detection [11]. LIBS was therefore used for on-line monitoahgnetal laden aerosols in
industrial production, combustion processes [12,13,14], envira@anparposes [15,16] and promising
results were obtained. All these studies point out the advantages of LIB®d&ess control and particle

detection both on-line and in real time.



In this paper, we report the results of a study coupling for the finstttie LIBS technique and a
laser pyrolysis reactor. The LIBS equipment was integrated into a lasgygiy unit developed by the
French Atomic Energy Commission (CEASaclay, France) with the aim of monitoring on-line and in
real time SiG composite nanoparticle stoichiometry. These nanoparticles are synthesized prior to
nanostructured silicon carbide elaboration, the latter being a promising matertabli temperature
applications in the nuclear energy industry. Our main objectivecemtsed on nanoparticle stoichiometry
determination while the process was being operated. Stoichiometry calcula®rachieved using
temporally-resolved emission spectroscopy measurements followedabymap analysis. The results

obtained are reported and discussed.

2. Experimental set-up: LIBS & laser pyrolysis
2.1 Instrumentation
2.1.1 Laser pyrolysis experimental set-up

The experimental set-up (figure 1) consists of a reactor equippbdawitnlet nozzle at its
bottom, an outlet duct at its top and many optical windows among wlish fbr the laser beam passage
and the pyrolysis flame monitoring. Reactants, namely, Sitdl GH, for SiG; nanoparticle synthesizing
are admitted in the pyrolysis reactor through the inlet nozzle, thebaitgg flat or cylindrical. Reactants
can be injected with different flow rates. A continuous high-powes la€er beam is expanded to twice
its starting diameter with an optical system and focused in the vertical diresiiogn a 500 mm focal
length zinc-selenium (ZnSe) cylindrical lens. The resulting 30 mm vatlightical cross-section beam
passes through the reactor perpendicularly to the above mentioned reactamifgt cot from the
nozzle. A wide range of laser power density values for reactant irradatoaccessible by adjusting the
distance between the cylindrical lens and the nozzle. The position of oraxXimeusing is attained for a
distance between the cylindrical focusing lens and the nozzle matchéntertb focal length and
corresponds to the maximum irradiance of 50 kW/cin co-flow of argon gas is injected around the
reactants in order to confine the reaction. At the same time, a streamgasf sweeps all the inner
window surfaces to avoid particle deposition. Eventually, the ratioles are evacuated from the reactor
with argon as a carrier gas. Then, they are directed towards theanideie collector thanks to a pump

placed downstream of the collector and connected to an exhaust-treaysiem €onstituted of a



scrubber and a washét.should be noted that the production rate of this unit can go belydug of

silicon carbide (SiC) nanopatrticles per hour.

2.1.2 LIBS experimental set-up

The experimental set-up of the LIBS system mounted on the lasdygigrprocess is depicted
on figure 2. In order to carry out the LIBS experiment, a metallic flel devoted to LIBS analysis
through which part of the nanoparticle flow was diverted was installed omdbess. A bypass line was
specially designed to achieve this diversion and to enabbe-fine continuous sampling from the main
stream of nanoparticles. Using the bypass line, the inlet end of the cell nveectaml to the nanoparticle
production conduit upstream of the nanoparticle collector. The outlet end wad liokthe exhaust
conduit downstream of the collector. The pre-existent pressure diffebetaeen the two connection
points sufficed to make the nanoparticles carried by the argon gas strealatecitbrough the cell for
LIBS analysis purposes. A small filter collector was placed downstream ofltheutiet to prevent the
particles from being released in the main line. A laser pulse of 5 ns dueatidsD mJ energy originating
from a Q-switched Nd-Yag lasek € 1064 nm) operated at 20 Hz was focused inside the cell using a
fused silica plano-convex lens of 50 mm focal length the cell was fitted Tih.resulting beam waist
value was about 100 um leading to an estimated fluence value of 150at dme focal point. The LIBS
signal originating from the plasma created in the argon-nanoparticlerenivas collected through a
quartz window perpendicularly to the LIBS laser beam with a telescope ofifrb@cal length. The
plasma emission was imaged onto the entrance a 50 um diameter core opticahfibfiber was linked
to an Echelle spectrometer (Mechelle 5000, resolution of 0.1 nm at 500 mipped with a fast

intensified CCD camera (Andor Istar, model DH7IBF03).

2.2 Nanoparticle synthesizing parameters

The LIBS experiments planned required nanoparticle stoichiometry and caticento vary.
Table 1 reports the parameters used to produce nanoparticles foudlisT¢te experiments were carried
out with a defocused beam (-150 mm) corresponding to an ened@0 aV/cnf. The relative flow rates
of SiH; and GH, were set so that nanoparticles having the following theoretical stoichiom8i@es

SiC,, SiC, and SiG could be synthesized, the chemical yield for laser pyrolysis experimenty us



mixtures of SiH and GH, being close to 1 (all Si and C atoms are recovered in a condensgd 1at.
The mass concentration was varied from 1.6 to liy2per cm by changing the ratio between the
reactants flow rate and the argon flow rate. The production rate in massalwakated considering a

chemical yield of 1 for all the conditions.

3. Foreword: stoichiometry

Stoichiometry determination requires to establish a relationship between the measured
spectroscopic intensities and the densities of the different elements tipaniies consisted of prior to
vaporization. A simple equation links the measured intensity ratiaheioelemental density ratios
provided several conditions are fulfilled. The plasma has to be in localaheguilibrium state (LTE)
and optically thin for the transitions observed. If these conditioesnagt, the equation yielding

stoichiometryS by relating the integrated intensity ratio to the density ratio writes

N, 15 AR Z% 0 A Ex -E?
S=— = bbb, aa P KT @
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wherea andb are the elements studigfandkl the selected transitions farandb elements respectively,

Ifji and IE, the measured integrated intensitieé% and iﬁ, the wavelength of the selected

transitions,Z2 and Z" the partition functions ot andb elements in a given ionization stag®; et

g statistical weight of upper states with the correspondE@ and EE energies,P{]?l and Aﬁ
transition probabilities,N & and N b total number ofd andb atoms in a given ionization stage ahd

the electronic temperature.

Basically, stoichiometry determination consists of measuring the ratibeofotal number of
atoms of each element. With the above formula, only ratios of totaberunf atoms in a given ionization
stage is accessible. Nevertheless, stoichiometry can be inferred frowf tatal number of atoms in the
neutral state on the condition that the ion density be negligible comparedt tof theutral density.
Temporally-resolved emission spectroscopy allows the determination ofigthtetemporal window
matching this criterion and the other two: LTE and optically thin plagmthe paragraphs to follow, a

brief description of our time-resolved spectroscopic measurements wiksenped. LTE validity will be



discussed and the electronic temperature calculated. Finally, plasma optical thigikinkessexamined

and stoichiometry results will be presented and discussed.

4. Results
4.1 Linesidentification

In order to identify all the emitting species of interest vaporised withénplasma and to
determine the best recording parameters for stoichiometry determinatieretsolved spectroscopic
measurements were carried out. Series of spectra were recorded as a @dnctierdelay {y;) and ICCD
gate width. Two series of measurements corresponding to twosrahgiene delay were performed. In
the first series a 100 ns ICCD gating time was chosen withdaetay varying from 200 ns to 2.2 us. In
the second series, the time delay was varied from 2.2 us to 60 psgibg width of 2 ps. In order to
enhance the sign&éb-background ratio, spectra were accumulated over several laser-induckd spar
events. Each spectrum consisted of an accumulation of 400 ands2@Ghots for the first and second
series respectively. The same recording parameters were used durirgpaohsation of nanoparticles
with different stoichiometry (Si, SiC, S)CSIC, and SiG). Lines identification was performed using the
NIST [18] database.

In the early times of the laser spark event (200 hg<<2 us), many widened argon lines were
detected up to approximately 2 ps delay time. The strongly widepédithéHat 656.279 nm originating
from the laser pyrolysis reaction also appeared in the spectra.trbimg $ine widening observed is
characteristic of Stark broadening and suggests a high electronic densigy éarly times of plasma
expansion. Singly ionised Ar and Si ions (Ar Il at 480.602 nm @nd at 385.602 nm, 386.26 nm,
412.807 nm, 413.089 nm, 504.103 nm, 505,598 nm,7834m and 637.13 nm) were identified. Line
intensities of these ions decreased rapidly due to plasma recombinationiohlsesere no longer visible
beyond 2 ps time delay. No carbon ions were seen in the recqeidas Many neutral Ar and Si lines
were detected with a good sigriatbackground ratio and their intensity lines increased with decreasing
ion concentration. Neutral carbon is usually not easily detected becausdoof ftansition probability
values. Thus, only the strongest C line at 247.85 nm was obsguvied our measurements. Figure 3
shows a spectrum recorded (time delay 4.2 ps, ICCD gate width Auping vaporisation of SiC

nanoparticles within the plasma created in argon as background gas. ®partiale concentration value



was calculated to be 5.3 pg per cubic centimetres according to table 1. Bt loze at 247.85 nm and
six Si lines were clearly identified. Many argon lines were identified and fegedlasma analysis
purposes both for electronic temperature and density measurementstinfeordelay beyond

approximately 8 us, molecule formation@fwas observed. No other molecule formation was detected.

4.2 Plasma analysis
4.2.1 Electronic density

The temporal evolution of the electronic density was obtained from Star&ddming
measurements. The electronic density was calculated by fitting compeatetdaswith experimental data.
In the early times of the laser spark event, the plasma i$yhimtized and Stark broadening dominates
over other broadening effects. Spectral line shapes were then simulatptarsintzian profiles for these
functions are well suited to approximate Stark broadened lines [19]. BHal LEBS conditions, one
generally assumes ion contribution to Stark broadening is negligible wésalts in the simplifying of
the Stark width expression [20]. A linear dependence of the Stark audtie electronic density, was

then assumed for the calculations according to the well known formula

N

AZ stark ® 2Wret T‘Zf @)
Ne

In the above equatiomfAgark is the measured Stark width (FWHMNe is the half width at

half-maximum Stark parameter for a given electron densh'i)gef. The apparatus width of the

spectrometer was measured using a mercury-argon calibration lagg50t886 and 751.465 nm argon
lines and the Hline at 656.279 nm were chosen for electronic density determinati@iddc widths of
these lines have well known tabulated values [21, 22]. Figure 4 shosyparimental spectrum recorded
with a 4.2 us time delay and a 2 us gate width and compared withutéated profile. The computed
spectrum fits the experimental profile very well for an electronic densiue of 9 18° cmi®. Seventy
percent of the values measured using thdir¢ fall within the range of 20 to 50 percent agreement with
those obtained from argon lines. The rest of the points scores badly thighiange of 50 to 90 percent
agreement. Figure 5 presents the temporal evolution of the electronic ddunsity SiC and Sig

nanoparticle vaporization. No significant differences of electronic densities weeevedtbsfor both



stoichiometries. Electronic density values of SiC ands $i@ almost identical for time delays ranging
from 2 ps to 10 us. For time delays inferior to 2 us, the slight detiffityence could be accounted for
by the difficulty encountered when simulating strongly widened éxgetal lines appearing in the early

times of the plasma formation.

4.2.2 Electronic temperature
The electronic temperature was calculated using Boltzmann plot method basedalotting

equation

In{lnminm}:— En +C (3)
gn Anm

n and m being the upper and lower levels of the selected transition respecliyglihe integrated
intensity of the transitioni,, its wavelengthg, statistical weight of the upper state lewl,, transition

probability, E, energy of the upper state levél,the electronic temperatude Boltzmann constant, ar@

a constant.

The 17 strong argon lines which were chosen for the Boltzmimts are listed in table 2. In
order to carry out calculations using different spectral regions,chellg / ICCD system was calibrated
with a deuterium tungsten-halogen light source (BMQ3CAL, Ocean Optics). The blackbody radiation
emitted from the lamp allowed calibration of the acquired spectra. The caloslatie therefore more
precise for this calibration gives access to a wide range of lines withediff upper energy levels. One of
the Boltzmann plot used for temperature determination is displayed ire f§yuThe evolution of the
plasma temperature is shown in figure 7 as a function of time délay irradiating SiC nanopatrticles. It
should be noted that the electronic temperature did not show a great sgnsitigtoichiometry and

concentration variations within the ranges investigated.

4.2.3 LTE validity
Plasmas with high electronic densities (namely, electronic densities superidt ¢enfpsuch as
laser-induced plasmas are very close to the local thermal equilibrium (LT&@asBumption of LTE is

usually made for laser generated plasmas obtained in air or argon at aticospssure [23]. Usually,

1C



the LTE validity verification consists of calculating the lower limit of electensityN, for the LTE to

be established according to a criterion such as the Mac Whirter criterion:
Ng >N, =16102 /T, €3 4)

where 4E is the highest energy difference between upper and lower energy (eV@lgpopulated
according to LTE conditions and between which a transition is posBibaethe calculation oN, , the
chosen electronic temperature value corresponded to the maximum time del@ypusf for which
electronic density could be measured, that is to say, a value of &286@ K according to figure 7. The
upper and lower energy levels of the 419.10 nm argon line matchdkie abteria for the evaluation of
AE which value equals therefore 2.95 eV according to table 2. Eventdallyglue was found to be 4.5
10" cm®. According to the electronic density graph of figure 5, LTE valiiittherefore established for
time delay below 10 us. Beyond this delay range, electronic densiguree@ent became uneasy as Stark

broadening effect was diminishing.

4.2.4 Temporal window choice

Equation (1) allowing stoichiometry calculation only applies under LTHlitons. The LTE
criterion was found to be fulfilled for time delay values under 10 pisréasons explained previously
(3), ion density must be negligible compared to that of neutrals for equadico be applied. Temporal
evolution of lines emitted from the plasma showed that no ion emisgsndetected for time delays
higher than 2us. Total number of Si and C ions are therefouenagsto be negligible and stoichiometry
determination can be achieved using equation (1). The best Boltzmann’s plots were obtained for a time
delay of 4.2 ps which eventually resulted in our selecting this védoeall our stoichiometry

measurements.

4.3 Stoichiometry calculation. Discussion

Stoichiometry was evaluated in accordance with equation (1) taking intonadteu above
plasma analysis results. Two lines had to be chosen for stoichioraéttyation. As explained in section
(4.1), carbon line at 247 nm was the only neutral carbon line availalli tbe spectra recorded and was
therefore automatically chosen. The Si line at 288.157 nm was selected fagatvams. It had a better
signalto-background ratio than the other detected transitions. Furthermore,dtgatkitity proved to be
higher than the other recorded lines. Spectroscopic characteristics of thesardimeported in table 3.

The strong transition probability of the aforementioned Si line makesriego self absorption. With the
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aim of verifying whether it was subject to self absorption, a flowasfoparticles containing only the Si
element was produced and analyzed. The LIBS intensity of this Swhsestudied as a function of
nanoparticle concentration. To this end, the spectra were recorded with Vieesatexted delay of 4.2 pus
but with an extended gate width of 20 ps. A fast analysis of all the Si spgatmat reveal any signs of
strong self absorption. No self-reversed lines were observed. Figlrtew8 & graph representing the
288.157 nm Si line intensity evolution as a function of concentrationntigsity proved to be linear
within the concentration range investigated. This result points out thatbselfption was virtually non-
existent under our experimental conditions. Self absorption of C lseassumed to be negligible as its
transition probability was weaker than that of Si at 288.157 nm. Thedtsrascount for the optically
thin plasma hypothesis necessary for equation (1) to be applied.

Plotting such graph also aimed at detecting possible saturation ofBlSesignal which may
have occurred in case of incomplete nanoparticle vaporization within the pldsuoadly, the grain size
of nanoparticles varies within a range of 20 to 100 nanometers wieliced by laser pyrolysis.
Carranza and Hahn demonstrated incomplete vaporization of micrometric-sitetepaven for high
laser irradiance and concluded the existence of an upper particle size ofm2ldeyond which
vaporization was not completed [24]. In addition, possible depletion @imeamic-sized particles from
the plasma core was also reported [25]. Previous experiments carried auut laboratory at INERIS
showed linear dependence of LIBS intensity on particle sizes ranging fionm4to 500 nm while
irradiating NaCl particles under comparable experimental conditions. In the pvas@ntthe detected
LIBS intensity showed a linear dependence both on concentration and paréicle s

Eventually, all the criteria necessary for proper use of equation (1) WwilteduStoichiometry
was calculated with a 4.2 us time delay recorded spectra and a 2 psdjatasastated in 4.2.4. The
results obtained are reported in table 4 and are in good accordance wktiote theoretical values.
However, calculations performed with equation (1) suggest that stoichiometrynihetibon can be
strongly temperature dependent. This is evidenced by writing stoichioraktiye uncertainty

as_AG/k S [EE] ar,
S 121} kTe  Te

®)

The first term in equation (5) is related to relative errors on line raticuneaents including

implicitly different uncertainties such as spectra repeatability and potesgifi-absorption
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underestimation. These experiments pointed out that repeatability increased witkirngcoéaumber of
accumulated spectra, as often verified in LIBS experiments. However ceniragpts had to be carried
out in the allotted time corresponding to the reactor availability. For thisldsst pyrolysis reactor
LIBS coupling, temporally-resolved emission spectroscopy measutenveere performed. These
experiments carried out for different stoichiometry and concentration timeeeconsuming and did not
lead us to record spectra with a large number of accumulations. Specéspoading to the selected
temporal window and recorded with a larger number of accumulatmrid have enhanced our results.

One characteristic of the LIBS technique applied to particle analysis is the particle presence
probability within the laser-induced plasma. For low micrometric-sized pacticieentration values such
as a few micrograms per cubic meters, it has been demonstrated #nticla pit (a particle vaporized
within the plasma and leading to LIBS detection) could be modeled vAtlisson probability law [26].
Thus, the laser-induced plasma corresponding to one shot may be ignitedtsitly particle of the
analyte passing through the plasma volume. No spectroscopic signa&nigettorded for that shot
lowering thereby the signad-background ratio of the resulting spectrum and its repeatability. Wnder
experimental conditions, the concentrations were of the order of eifeewgrams per cubic centimeters,
that is to say, 10times higher than the aforementioned low concentrations (Table Iypeititle sizes
ranging from 20 to 100 nm. An average particle number of moreaharthousand was always present
within the plasma volume assuring LIBS detection for each laser shgastifging ensemble averaging
(i.e. accumulation of LIBS spectra) [11]. Within the concentration rarmrgbep during our LIBS
experiment, the discrete nature of particles did not occasion particle misscab$amalyte particles of
the plasma) improving thereby sigrnatbackground ratio and repeatability. In future experiments,
depending on particle concentration, further investigations could be necéssapectra optimization
either by increasing the number of accumulated spectra (in accordandhenitme resolution wanted
for process monitoring) or by improving data processing.

The second term of equation (5) evidences that stoichiometry relativeaimnigevalue strongly
depends on a correct temperature determination and increases with increasjygdéference between
the two upper state levels. The impact of the temperature uncertaistpioniometry determination is
displayed on figure 9. This graph indicates that an error of drd&680 K in the temperature calculation

induces a variation in stoichiometry determination of about 25 % (takingdéatmunt the variations of the
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partition functions with temperature). Yet, an accurate determination ofabma temperature remains
difficult. The use of the Boltzmann’s plot method for temperature calculation implies that all the lines
used be not self-absorbed. This condition is not always easily adhitwough it is necessary to avoid
calculation errors. These results actually highlight the need foeliable tool allowing plasma
characteristics determination with a better accuracy than by using Boltzmann’s plot method or by
measuring Stark broadening directly on a spectrum.

On the basis that laser-induced plasmas generated at atmospheric pressure arsevertheo
LTE state, the spectra emitted during LIBS experiments could actually bahusing a LTE model.
By comparing recorded spectra with synthetic spectra, characteristics suwbctaonic temperature,
electronic density, plasma composition and subsequently stoichiometrg chtdomined using a model
including diverse functionalities such as self-absorption modeling [RA2®rrect fit guarantees plasma
characteristic determination with uncertainties lower than with any other methodsm8dehcould be
of great interest for future and advanced experiments concerning rnéglegapcess control using LIBS.
As the nanoparticle sampling flow concentration passing through the iaradilan be varied at will by
designing the right bypass line, the best laser-plasma-particle coupliid bbednvestigated to approach
as close as possible of the LTE state. Thus, stoichiometry of cdmpasioparticles containing more
than two elements could be determined with the best accuracy.

The results obtained in the course of our experiments point ouiffibalty met when trying to
obtain quantitative results without using calibration standards. Irrdheefvork of these experiments, a
calibration free method was favored for this first attempt. The possibilitging a hanoparticle sampling
flow as a reference for calibration is not ruled out. However, the nhathde applied leading to the
elaboration of a reliable nanoparticle sampling flow usable as a calibration staedwihs to be

determined.

5. Conclusion

Experiments aiming at demonstrating the feasibility of an on-line LiBS8itoring system allowing real
time stoichiometry measurements during nanoparticle production by laséysiyhave been carried out.
Part of the nanoparticle flow produced by the process was divertadjtha flowing cell where the LIBS

plasma was created. Time-resolved spectroscopic study of the laseednolasma was performed with
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the aim of determining nanoparticle stoichiometry. Temporally-resolved electramisityd and
temperature measurements were obtained from Stark Broadening analgisi8odmmann plot
respectively. LTE validity was established and subsequently, stoichiometrycalaslated using an
equation relating line intensities to Boltzmann’s law. Stoichiometry values found were in good agreement
with the expected values. However, stoichiometry calculation proved tetsitive to the uncertainty
related to electronic temperature determination. A deeper study of the laser & plasmoparticle

coupling combined with LTE modeling could greatly enhance these pngmesults.
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Table 1. Reactants and argon flow rates, pressure within the chamddaser power utilized during SiC
nanoparticle synthesizing by laser pyrolysis. The theoretical nanoparticte praduction values are

indicated.
Theoretical SiH, C.H, Ar Theoretical Pressure Laser
compound Flow rate Flow rate Flow rate | Production (mbar) Power (W)
(I/min) (I/min) (I/min) (g/h)

SiC 0,8 0,4 170 86 950 1000
SiG, 0,4 0,4 170 56 950 1000
SiC, 0,2 0,4 170 41 970 1000
SiGs 0,1 0,4 170 33 970 1000
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Table 2. Wavelengths, transition probabilities ,ﬁ<107, upper and lower level energiesaid kand
statistical weights of the upper statesfgthe 17 argon lines selected for the Boltzmann plots.

A (nm) Aj*10'(s) | Ei(ev) E; (eV) 9
696,54 0,639 13,3279 11,5484 3
706,72 0,38 13,3022 11,5484 5
7147 0,0625 132826 11,5484 3
727,29 0,183 13,3279 11,6236 3
738,39 0,847 13,3022 11,6236 5
763,51 2,45 13,1718 11,5484 5
794,81 1,86 13,2826 11,7232 3
801,47 0,928 13,0949 11,5484 5
810,36 2,5 13,1531 11,6236 3
811,53 3,31 13,0757 11,5484 7
826,45 1,53 13,3279 11,8281 3
840,82 2,23 13,3022 11,8281 5
842,46 2,15 13,0949 11,6236 5
419,10 0,0539 14,6806 11,7232 5
420,06 0,0967 14,4991 11,5484 7
426,62 0,0312 14,5289 11,6236 5
430,01 0,057 14,5061 11,6236 5
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Table 3. Wavelengths, transition probabilities .ﬁ<107, upper level energies,Hower level energies;E
statistical weights of the upper statgsod the Si and C selected lines for stoichiometry calculation. Z are
the partition functions of Si and C in the neutral state calculated for tenmeevatue T of 14800 K.

Element A (nm) A; *107(sh) Ei(eV) E; (eV) g Z T (K)
Si 288,16 18,9 5,082 0,780 3 16,87 | 14800
C 247,85 3,4 7,684 2,684 3 11,51 | 14800
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Table 4. Stoichiometry values calculated from equation (1).

Compound Calculated
Stoichiometry
SiC 1.1
SiC2 25
SiC4 3.7
SiC8 8.7
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