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Abstract Laser induced breakdown spectroscopy is a fast non-caoteetwhique for the
analysis of the elemental composition of any sample. Oudas to advance this tech-
nique into a new regime where we use pulse energies below10bhis regime is referred
to as microLIBS omLIBS. Preliminary pulse emission scaling of Na in latent éryints
has been investigated fer 130 fs, 266 nm pulses with energies below(lb The single
shot limit of detection is expected to be approximately (8J5or this case. A 2D map of
a fingerprint on a Si wafer has been successfully acquiretyusjwJ) pulses. The detec-
tion sensitivity of micro-laser-induced breakdown spestopy (LIBS) is improved by
coupling it with a resonant dual-pulse method called laptateon-laser induced fluores-
cence (LA-LIF). This technique was investigated using aewat sample containing a low
concentration of Pb by weight as an analyte which was ablayea 266 nm, frequency-
quadrupled Q-switched Nd:YAG laser at an energy~0170 uJ. After a short delay the
resulting plume was re-excited with a nanosecond laseeputsed to a specific transition
for the element of interest. In the case of the resonant plulak LIBS the limit of detection
was found to be 73 ppb for Pb in water. This result is promiging could be implemented
with fiber or microchip lasers with multi-kHz repetition egt as excitation sources for a
portableuLIBS water monitoring system or a fingerprint scanner.

1 Introduction

Laser-induced breakdown spectroscopy (LIBS) is an eleahehtiracterisation technique that
examines the spectrally resolved emission from a lasereed plasma to determine the ele-
mental composition of a sample. A short intense laser pslssed to ionize a small area of
a sample. The sample may be in the gas, liquid or solid phdse.h®t dense plasma created
by the laser pulse expands into the ambient gas and cootlyahiring the initial expansion.
As the plasma cools, electrons and ions recombine, emétetromagnetic radiation at wave-
lengths characteristic of the elemental composition ofatginal target. The key advantages
of LIBS are:

1. Measurement speed: A LIBS measurement can be perfornvegllinnder a millisecond

2. Universal sensitivity: LIBS can detect all conventioel@iments in solid, liquid or gaseous
form

3. Limited sample preparation: little or no sample prepareis required.

4. Environmentally robust: LIBS can be performed under areexely broad range of con-
ditions



5. Portable: LIBS systems can be made portable based oncongtiact laser sources and
detectors with a little effort, especially compared to milégive techniques

For a summary of current state of the art for the LIBS techajdhe reader is referred to
either of two recent books devoted to LIBS [1, 2]. The potndf LIBS for use in hostile
environments such as in nuclear or fusion reactor settinfi study of radioactive materials
has been demonstrated by a number of groups [3—7]. The apphcof LIBS to radioactive
elements has been studied by Wachter et al. [3] and Stoffels §]. Remote inspection of
nuclear power reactor fittings has been demonstrated byeBa&tial [4] and Whitehouse et al.
[7]. Study of dust on interior tokamak surfaces has beeropad by [8].

One of the key disadvantages of the LIBS technique untilmégdnas been the large laser
energies required. In order to improve the sensitivity tH&3 technique has typically employed
laser pulse energies in the range of 10-100 mJ, focal spes siz the order of 10@m, and an
accumulation of 10-100 spectra for a single measuremesbrime applications, a second laser
pulse is used to reheat the ablation plume, or to selectietyte a specific analyte. This
approach is known as dual-pulse LIBS, and has recently meswed [9].

This article reports on the expansion of the realm of higlsgieity LIBS to much lower
pulse energies. This new regime, referred to as microLIBSLAOBS, utilizes pulse energies
below 100uJ. This extension to the LIBS technique allows the probingnoéller sample spots
for microanalysis applications, and would allow the use béifior microchip lasers which
currently produce pulse energies in the range of 1 to sevenadireds of microjoules. This
technique will allow online monitoring of effluent pollutian industrial settings and may, with
further development, be applied to online, real time veatfan of drinking water standards.

Our group has studiedLIBS for microanalysis [10-13]. Rieger et al. studied thalsg
of LOD with energy, demonstrating LODs comparable to higargy LIBS experiments [10].
Cravetchi et al. demonstrated single-shot classificatioaluminum alloy precipitates [11],
followed by the acquisition of a 2D surface map of an alumiralloy sample [12]. Taschuk et
al. recently demonstrated_IBS detection and mapping of latent fingerprints using.30 fs,
~ 85 ud pulses at 400 nm [13].

In this paper, two recent applications @EIBS will be presented and potential scaling to
microfluidic lab on a chip applications will be proposed. Tingt is an extension of the mapping
of latent fingerprints to pulse energies compatible withrfitremicrochip lasers. The second is
the detection of Pb in water using a dual-pulddBS technique. In our case, the second pulse
is tuned to a resonant absorption for Pb, selectively enhgrice Pb emission and thus improv-
ing the achievable LOD. This technique will be of significarterest in online monitoring of
industrial effluents and may, with further developementapglicable to online, near real-time
verification of drinking water standards.

Optical detection techniques for latent fingerprints haserbstudied by many groups [14—
18]. Laser-induced fluoresence for fingeprint detection fivasdemonstrated in 1976 by Da-
lyrymple et al. [14]. Remote LIBS detection of latent fingenps was recently demonstrated
by Lopez-Moreno et al. [19]. A more detailed discussion @ fingerprint literature is given
in [13]. In the present paper, the scalingidfIBS fingerprint detection and mapping to much
lower energies is investigated.
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Figure 1. Schematic diagram of the setup useddfdBS measurement of fingerprints.

Resonant dual-pulse LIBS technique have been studied bsnaenof groups [20-25]. The
technique was first demonstrated by Kwong et al. in 1979, whasured the concentration of
chromium in metal alloys and organic substances at the ppeh[20]. Most work has been per-
formed with solid samples [20-23]. Recently the technigag lbeen applied to liquid samples
by Koch et al. [25], who measured the concentration of indiubulk water samples. However,
the high energies used to date, limit the portability of tkeishnique. In this paper, the_LIBS
technique is extended with a resonant dual-pulse methooharee the LODs achievable with
conventionallLIBS.

2 Experimental Setup

2.1 Fingerprint Detection

The experimental setup used to detect and map fingerprisit®ign in Fig. 1. The pulses from
a Ti:Sapphire (Spectra-Physics Hurricane) laser whickypees~ 130 fs (FWHM) at 800 nm
are frequency tripled to 266 nm, producing maximum pulseges of~ 15 uJ on target. The
pulse width of the tripled beam is estimatedal 30 fs (FWHM) on target.

The beam was focused onto the target using a 15X Schwarzaehj&ttive. The LIBS
plasma emission was imaged 1:1 onto the spectrometeranmetislit with a pair of 90alu-
minum off-axis parabolic mirrors. A grating with 600 linesim! and a blaze angle of 400 nm
was used in the spectrometer giving a reciprocal lineared#spn of 0.168 nm channel or 6.5
pmpum~t. The entrance slit of the spectrometer was fi@®for all experiments.

Spectra were recorded using an ICCD (Andor iStar DH720-25.ndue to the low pulse
energies used inLIBS, short delay times are necessary to achieve an optingmalso noise
ratio (SNR) [26, 27]. The delay time was calibrated usingtecad laser light to measure the
arrival time of the laser pulse at the target. A gate delayrd &nd gate width of jis was used.
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Figure 2. Schematic diagram of the LA-LIF setup. A frequegowdrupled Nd:YAG laser (266 nmy 10ns
FWHM) with a pulse energy of 200uJ, ablates the waterjet target. Pulse energy is controdiedj@ combination
of a half-wave plate and Glan-Taylor prism. The energy ofah&ation pulse is monitored using the calibrated
photodiode. LIBS emission is observed along the laser axis.

The fingerprint preparation procedure described in [13] wsesl here.

2.2 Resonant Dual-Pulse uLIBS

The experimental setup used for the LA-LIF experiments istasvn in Fig.2. The ablation
pulse used was typically 170J, 10 ns pulse at 266 nm. The pulse was focused with>a
objective to form an approximately 10 um diameter spot on the water jet. Different samples
were prepared with different concentrations by weight afllas analyte. The resonant excita-
tion pulse was from a frequency-doubled XeCl-pumped dyerlasth an energy of the order
of 10 uJ and its pulse width was 9 ns. The spatial beam profile of tkepRitse at the location
of re-excitation was 20Qlm along the x and z directions. The timing of the resonantepwias
controlled by a delay generator (Stanford DG535), and tladiare-excitation position of the
resonant pulse was adjusted by the final tuning mirror. Theeleagth was tuned to resonantly
excite the 283.306 nm transition of Pb, which populated theatdms from the ground state
to the 7S, ,, state in accordance with the energy level diagram showndn Bi The probe
wavelength was the 405.895 nm transition of the Pb atoms.

The plasma created was imaged in the x-y plane and projeciedtioe entrance slit of a
1/4 m, /3.9 imaging spectrometer (Oriel MS260i) equippethwan intensified CCD (ICCD).
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Figure 3. Simplified energy level diagrams for Pb. The laseited transitions and the fluorescence transitions
are indicated. The energies of the levels are indicated iremambers [28].

A grating with 2400 lines mm! was employed. Some of the important factors that affect the
Signal to Noise Ratio (SNR) in the LA-LIF experiment are temporal separation between the
two pulses A7) and the re-excitation location in the plume and also thegrétion time of the
signal. The LOD is defined as the point at which the signaliobthis30 above the average
noise scaled to a bandwidth equal to that used to measuraiiksien line area. The expanding
plasma was probed at different spatial positions and agréifft probe delay times in order to
determine the conditions leading to the best SNR.

3 Resultsand Discussion

3.1 uLIBSFingerprint Mapping

The scaling of Na emission from latent fingerprints on Si wafgas studied for laser pulses
at 266 nm and energies below 3. An average of 100 single shots taken along a 5 mm line
through the fingerprint were taken to quantify the averagparse of the latent fingerprints.
Note that this averages the response over all positionifiigerprint. The data presented in
Fig. 4 is collected from three different fingerprints, alepared in the same manner. It can be
seen that there are some variations between the fingerpnmples but the data does show a
consistent trend.

Using+v/ N5 SCaling and the data presented in Fig. 4, it is expectedhkdirhit of single
shot detection of Na will occur at 3.5 uJ. The current data was taken with a 0@ slit. In
the case of fingerprints on Si substrates, a much wider gpeeter slit can be used since the
spectral signatures are well understood. Using a|o@0slit width, a 2D map of a region of a
thumbprint was acquired using a grid spacing oi&0. The analysis method was as presented
previously in [13]. The resulting images are presented m F5. The fingerprint is clearly
visible in the 5uJ 2D map. The substrate shielding phenomena observed arhegkrgies
is still observed here giving a negative print based on theatien of the second order 288.2
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Figure 4. Fingerprint (Na) emission scaling for 266 nm, 18@dlses. The limit for reliable single shot detection
of Na fingerprints is of the order of 3,nJ.
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Figure 5. SNR of Na (top) and Si (bottom) for a portion of ataténgerprint. The fingerprint ridges are clearly

visible in both images.
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Figure 6. The SNR of the Pb emission spectra at different-jpése temporal separations is shown using the
resonant dual-pulse technique.The ablation pulse enagyis 17Q1J. The resonant pulse energy ig8and the
gate width for each spectra is 100 ns. At very small pulsersgipas the continuum masks the Pb emission signal
whereas at the optimum pulse separation the continuum leasaked significantly.

nm Si line. At these pulse energies, it would be possible sordhinate fingerprint from the
background Si substrate either by using the direct elerhsigaature of the print, or by the
supression of the Si signature. This result demonstragstb use of microchip or fiber lasers
with a fewpJ pulse energies would be suitable for a portatlEBBS fingerprint scanning system
for simple smooth substrates such as Si wafers.

3.2 Resonant Dual-Pulse uL1BS of Pb
3.21 System Timing Optimization

The timing between the two laser pulses and the detectongjingi very important to control
in a uLIBS experiment. The probe time, or the pulse separatiof)( is critical to the signal
enhancement. If the 2nd pulse re-excites the plume too,dhadystrong plasma continuum
and competing line emission masks the enhancement of thalglge to the second excitation
pulse. If the plume is re-excited too late, the plume will d@@xpanded too much and only a
small fraction of the species of interest can be excited. Xthewas varied from 50 ns to 2300
ns and also the spatial postion for the maximum SNR was med$ar eachAT'. Fig. 6.The
best signal was obtained at’&l’ of ~ 300 ns. A longer detector integration time is generally
preferred because it leads to more signal integration. Mewes the resonance enhanced
Pb signal is short-lived, a longer integration time will pralccumulate more intensifier noise
spikes, which result in a higher noise level. To find the idiei@gration window for our system,
the AT and gate delay were fixed at 300 ns, the gate was turned on mteanhen the re-
excitation happens. The best SNR was obtained for a gatd widi0-20 ns which is consistent
with the 10 ns excitation time and 10 ns lifetime of the Pb ugpate.
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Figure 7. (a) The emission intensity for the single pulkéBS is shown for a sample containing 10 ppm of Pb and

150 ppm of Al as analyte. In the single pulse case we cannettleb at such low concentrations. (b) The emission
intensity of the same sample containing Pb and Al is shownme ittee plume was re-excited at the temporally and

spatially optimum positions to selectively enhance thetBma. The Al emission is the same as in the single pulse
case but the emission of the Pb atoms is enhanced.

3.2.2 Scaling of Laser Pulse Energies

To find the optimum pulse energies both for ablation and t&ton a parametric study of the
effect of the two pulse energies was made. It was found thateaéin ablation energy of 1{QJ
the emission signal does not increase significantly. Thenas pulse energy was also varied
and it was found that pulses of the order of WDwere sufficient to give full excitation of the
plasma plume for 12fJ ablation pulses.

3.2.3 Emission Line Spectrum and LOD

The selectivity of the emission enhancement is shown inFigr a sample containing 10 ppm
of Pb and 150 ppm of Al by weight in water. A probe delay time 603hs was chosen to
enhance only the Pb emission where the emission of the adsMilines was still visible.

Fig. 8 shows the LA-LIF spectrum of a sample containing 100 ppPb by weight. A
10000 shot average yeilds a SNR of 12 which corresponds t®@-4ot LOD of 73 ppb for
Pb in our system.

4 Extensionto Lab on a Chip Applications

The single and dual-pulselIBS techniques can be applied not only to waterjets but also
crofluidic systems where the small laser energies would bgetible with the excitation of 10
um scale size extruded droplets. Such applications inclededn a Chip (LOAC) or micro-
Total Analytic Systems|(TAS) for the analysis of very small fluid samples. A conceptua
layout of such a device is shown in Fig. 9. Such systems coudepbeneficial for point of
care medical diagnostics of fluid composition as one speajiptication area.
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5 Summary and Conclusions

We have demonstrated that by the resonant dual-pulse tpehtine sensitivity of the LIBS
can be increased with orders in magnitude reduction in tketiab pulse energy, which makes
the realization of a field portable spectrometer more reali€ven though we are in the 100
ppb range for Pb significant improvements can be made. Resgiproaches are to increase
the resonant pulse energy, improve the collection optidsiategrate more shots using higher
repetition rate lasers. In addition, a more sophisticatedyais of the signal such as noise spike
rejection and an emission line fitting approach may be engaloy

A 2D map of a fingerprint on a Si wafer has been successfullyiaed using 5uJ pulses,
demonstrating that fiber or microchip lasers with kHz repetirates could be used as the
excitation source for a portabjeLIBS fingerprint scanner.

TheseuLIBS techniques can also be applied to microfluidic Lab on g Gpplications
for the measurement of elemental content of micro speciraéfigids. Considerable work is
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still required in order to determine the optimum configuwatand LODs obtainable for such
systems.
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