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This study focused on two alternative methods to increase the analyte response 

using laser induced breakdown spectroscopy (LIBS) specifically on gaseous and aerosol 

phase analytes. The first, using a dual-pulse LIBS configuration to enhance analyte 

response of elements in an air sample and aerosol particles consisting of calcium; and 

second, using a particle focusing lens as a way to feed aerosols into the laser-induced 

plasma to produce higher particle hit rates and/or an enhanced analyte response. 

Dual-pulse LIBS has previously demonstrated to significantly enhance the analyte 

peak-to-base and signal-to-noise ratios for solid and liquid phase analytes. This study 

focused on the effects of an orthogonal dual-pulse laser configuration on the atomic 

emission response for both purely gaseous and calcium-based aerosol samples. The 

gaseous sample consisted of purified (i.e., aerosol free) air, from which nitrogen and 

oxygen spectral emission lines were analyzed. Measurements for the gaseous system 

xi 



resulted in no notable improvements with the dual-pulse configuration as compared to 

single-pulse LIBS. Experiments were also conducted in purified air seeded with calcium-

rich particles, which revealed a marked improvement in calcium atomic emission peak-

to-base (~2-fold increase) and signal-to-noise ratios (~4-fold increase) with the dual-

pulse configuration. In addition to increased analyte response, dual-pulse LIBS yielded 

an enhanced single-particle sampling rate when compared to conventional LIBS. 

Transmission measurements with respect to the plasma-creating laser pulse were 

recorded for both single and dual-pulse methods over a range of temporal delays. In 

consideration of the spectroscopic and transmission data, the plasma-analyte interactions 

realized with a dual-pulse methodology are explained in terms of the interaction with the 

initially expanding plasma, which differs between gaseous and particulate phase analytes. 

 A particle-focusing lens is a way to reduce the cross-section of the flow and eject 

a narrow streamline of particles. This study focused on the notion that if a streamline of 

particles could be injected directly into the center of a laser-induced plasma by a particle 

lens, higher aerosol sampling rates and better analyte response could be achieved. 

Following all experiments and analysis, it was determined that a particle lens with exit 

cross-section diameter of 0.0295” showed a decrease in particle hit rates and an 

unchanged analyte response when compared to that of a ¼” diameter standard thin walled 

tube. The average hit rates decreased about 75% with the particle lens and resulting 

analyte response of all individual hits for the two injection methods were nearly the same. 

The lower particle hit rate with the focusing lens was partially attributed to a reduction in 

particle transmission (as measured with a particle counter), while other effects such as 

changes in the effective plasma sampling volume were also considered.
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CHAPTER 1 
INTRODUCTION 

1.1 Overview 

Laser-induced breakdown spectroscopy (LIBS) also referred to as laser-induced 

plasma spectroscopy (LIPS) had its inception in the 1960s with the development of the 

first laser. As instrumentation progressed and became less expensive, LIBS grew in 

popularity as an analytical technique. Since the 1980s research and published literature 

has increased, including many literature reviews [Schechter 1997, Smith 2001, Tognoni 

2002, Radziemski 2002, Lee 2004, Winefordner 2004], as LIBS has begun to obtain 

recognition on the likes of other analytical techniques such as inductively coupled 

plasma-mass spectrometry (ICP-MS) and inductively coupled plasma-atomic emission 

spectrometry (ICP-AES) [Winefordner 2004]. 

A LIBS system entails tightly focusing a pulsed laser beam onto the medium of 

interest, in which the resulting increase in irradiance acts in disassociating molecules and 

creating a volume with high ion and free electron densities along with high temperatures 

(in excess of 30,000 K) called a plasma or spark. As the plasma temperatures cool and the 

ionization degree falls, the electronically excited atoms within the plasma relax and emit 

elemental specific radiation (i.e., atomic emission) which can be analyzed with a 

spectrometer in combination with an intensified charge coupled device (ICCD) detector. 

The measured spectral lines can be used to carry out measurements relating species 

existence, concentration, and mass. The LIBS technique has the ability to perform 
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analysis on gases, liquids, solids, and, an important research topic, aerosol systems. 

Because of simple and relatively inexpensive instrumentation, its aptness for real-time in 

situ measurements, and its prospect to being applied to micro-systems, LIBS shows huge 

promise to becoming a prominent analytical technique in the future.  

1.2 Laser Induced Breakdown Spectroscopy (LIBS) Process  

1.2.1 Plasma Formation 

A laser-induced plasma, qualitatively characterized by a bright spark followed by 

an audible shock wave, is created when the irradiance of the laser beam exceeds the 

dielectric strength or the breakdown threshold of the medium [Weyl 1989]. For example, 

air has a breakdown threshold that can range from 90-1600 GW/cm2 for a 1064 nm laser 

source, and from 30-380 GW/cm2 for 266 nm lasers [Smith 2001]. Beam irradiance can 

be increased by focusing the beam to its diffraction limit, by using short duration pulses 

(~ ns to fs), and by simply increasing the laser pulse energy. The two mechanisms that 

primarily result in plasma formation are multi-photon ionization and cascade ionization, 

also known as avalanche ionization. 

 Multi photon ionization is the process when electrons are excited by some 

incident radiation source, to the point that their energy becomes great enough to break 

away from the atom and become free electrons. Typically, for the process to occur with 

visible and IR radiation souces, the energy from multiple photons are needed, therefore 

the probability for occurrence is based on photon density. Multi photon ionization can be 

described in the following equation. 

M + n(hν) → e- + M+                                                                        (1.1) 

In which M is the neutral atom and n(hν) is n number of photons when combined create a 

free electron and an ionized atom. The number of photons needed, n, is dependent on the 
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energy of a single photon. For example, since a photon with a wavelength of 532 nm is 

more energetic than one of 1064 nm (2.33 eV vs. 1.17 eV), the 532 nm light would be 

able to achieve ionization with less photons than that of 1064 nm light (i.e., in order to 

ionize N2, n532 = 4–6 photons, while n1064 = 8–12 photons). 

 The second mechanism responsible for plasma creation is cascade ionization. 

Since free electrons are not quantized, the radiative energy absorbed from the incident 

laser by the free electrons are converted into translational energy which causes them to 

collide with neutral atoms or molecules resulting in their ionization and another free 

electron, represented in the following equation. 

e- + M → 2e- + M+                                                                            (1.2) 

The relationship above shows that the free electrons are doubled with every 

occurrence of cascade ionization, therefore causing an exponential increase in the number 

of free electrons. Cascade ionization is thought to be the prominent mechanism in plasma 

creation, but since free electrons are needed, multi photon ionization is said to initiate the 

breakdown process. However, due to the higher energy per photon, for shorter 

wavelength laser sources (<1 µm), such as the 266 nm (4.67 eV)source, the process of 

multi photon ionization is more important in the plasma creating process, whereas it takes 

a back seat to cascade ionization when dealing with longer wavelength sources (i.e., 1064 

nm) [Martin and Cheng 2000]. 

1.2.2 Temporal Evolution and Decay of a Laser-Induced Plasma 

Although plasma characteristics can vary based on laser power, laser wavelength, 

optical setup, sample material and concentration, the following represents the evolution 

and life of a typical laser-induced plasma. By the end of the laser pulse, plasma 

temperatures and free electron number densities rise to their maximum, as much as 
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40,000 K and 1018–1019/cm3, respectively, as approximately 50% to 90% of the laser 

pulse energy is coupled into the plasma. It should be noted that radiant emission from the 

plasma (also known as the continuum radiation) in the ultraviolet-visible range occurs 

shortly after the laser pulse reaches the focal spot and is representative of emission from a 

blackbody. The spectral distribution of the continuum can vary with plasma temperature, 

for example, a hotter plasma will shift the continuum to smaller wavelengths and vice 

versa for cooler plasmas. 

Continuum emission is the result of two processes, recombination (free-bound) and 

Bremsstrahlung (free-free). Recombination occurs as an ion captures a free-electron 

resulting in emission of the excess energy as the free electron becomes bound. 

Bremsstrahlung emission occurs as a free electron decelerates near and then past an ion 

causing an energy adjustment resulting in the emission of a photon equal to the energy 

change. 

Generally, plasma temperatures and free electron densities peak by the tail end of 

the laser pulse, although the plasma continues to grow in volumetric size and continues 

its strong broadband continuum emission, which dominates atomic lines early in time. 

After a few microseconds the plasma has significantly cooled due to energy transfer from 

radiation, recombination, and quenching, and the continuum effects become less 

dominate, therefore spectral atomic lines become detectable. Since the bound electrons 

are quantized, as they start to relax to electronic ground states, photons, with frequencies 

inherent to each atom present in the plasma volume are emitted (similar to laser induced 

fluorescence). The optimal delay after the laser pulse in which atomic lines are best 
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resolved over the continuum emission is elemental dependent and can range from 1 to 30 

µs (Buckley 2000). 

After 30 to 50 µs, the neutral atoms start to combine, creating molecules which can 

emit at their own emission bands. Emission can occur up to about one hundred 

microseconds after the initial pulse, but is hard to detect after about 50 µs due to the low 

signal levels. After a couple hundred microseconds, the plasma has essentially dissipated 

and returned to near ambient conditions. 

1.2.3 Atomic Spectral Emission Collection 

Since light from the plasma emits equally in all directions, the collection devices 

can be arranged through multiple configurations, but certain ones do have their 

advantages. In most cases the emitted light is focused onto the tip of a fiber optic bundle 

and transmitted to a spectrometer in which the light is diffracted and dispersed so that a 

specific wavelength range of the emitted light is analyzed. The dispersed light is then 

applied to the surface of an intensified charged coupled device (ICCD) creating a 

spectrum, so that intensities of specific wavelengths representing species in the plasma 

can be analyzed.  

1.3 LIBS Signal 

1.3.1 Analyte Response 

When analyzing spectra, one can qualitatively determine the existence of certain 

elements through the existence of atomic spectral lines, but this is only a fraction of what 

makes LIBS a robust technique. It is known that the intensity of the atomic signal is 

proportional to the number of emitting atoms/ions. This is important because it allows 

LIBS to be a quantitative technique to measure analyte concentration.  
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So what is the best way to represent signal intensities so that concentration 

measurements can be extracted? Rather than measuring the absolute intensity, which is 

the combination of the background (continuum emission) and the atomic signal, a better 

and more widely used measurement includes taking the integrated peak above the 

continuum and normalizing it by the intensity of the continuum [Hahn 1997]. This ratio is 

called the peak-to-base (P/B) and is advantageous due to the ability to minimize shot-to-

shot variations by normalization to the continuum [Carranza and Hahn 2002a]. Another 

popular measurement among LIBS researchers to quantify analyte response is the signal-

to-noise ratio (S/N). In this measurement, the analyte signal, which may be the full width 

integrated emission peak area, is divided by the spectral noise, which may be represented 

by the root-mean-square (RMS) of the continuum intensity adjacent to each peak. The 

RMS describes the average square of the deviation of the continuum from a linear fit of 

itself, and is representative of the smoothness of the continuum region, which therefore is 

a measure of analyte signal limitation [Ingle and Crouch 1988]. 

1.3.2 Calibration 

In most cases when LIBS is applied to detecting amounts and concentrations of 

certain species within a medium, calibration must be made, with the exception attributed 

to studies such as those by Ciucci [1999] and Bilajic [2002] in which calibration free 

LIBS procedures were developed. Calibration methods include analyzing spectra from 

standards, which contain varying concentrations of analyte within a medium identical as 

possible to that of the sample for which the concentration information is sought. By using 

the same material in the standards as in the sample of interest (i.e., matching the matrix), 

plasma matrix effects can be avoided. In general, matrix effects are alterations in analyte 

emission due to the changes in plasma characteristics such as temperature, electron 
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density, quenching of atomic spectral lines by other species, and the loss of emitting 

elements due to recombination. For example, significance of these effects was shown in a 

study done by Gleason and Hahn [2001], in which mercury spectral lines were shown to 

differ as the concentration of oxygen in the surrounding gas was altered. They concluded 

that the reduction in the recorded mercury emission was due to molecular oxygen species, 

mainly O2 and NO, quenching the mercury atomic signal. Also, Ismail [2004] 

demonstrated such plasma matrix effects, showing that the detection limits of manganese, 

silicon, magnesium, and copper varied when they were embedded in an aluminum 

standard versus a steel standard. 

1.3.3 Calibration Curve 

Calibration curves that are linear are preferred when performing concentration 

analysis using LIBS. However, nonlinearities are not uncommon, and do occur for 

various reasons such as exceeding the concentration limit, quenching, and recombination. 

Mentioned before, as the concentration of the analyte increases so too does the intensity 

of the atomic signal. As the emission intensity of the analyte grows, it can reach an 

intrinsic limit equivalent to the emission of a blackbody radiator from Plank’s law. This 

then causes the wings of the atomic line to widen, Figure 1-1, and can be thought in terms 

of line broadening or self-absorption. 

At low analyte concentrations, the signal response grows proportionally with the 

number of analyte atoms. When the atomic concentration becomes too high, the emission 

irradiance of a blackbody emitter is reached, and subsequently an increasing fraction of 

the emitted radiation is self-absorbed by atoms in lower energy states, and the curve starts 
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Figure 1-1. Spectral line representation with increasing atomic concentration (a→h). 
Once the concentration reaches a certain amount, the emission intensity 
reaches a limit given by Bb

λm (blackbody radiator). The wings then start to 
widen causing calibration curves to flatten [Ingle and Crouch 1988]. 

to level out, as seen in Figure 1-2 [Ingle and Crouch 1988]. Therefore, it is important to 

perform LIBS measurements in the concentration range that gives a linear response, 

which is typically on the order of under 10%, indicated by the concentration region to the 

left of the dotted line in Figure 1-2. 

Other sources that affect the calibration curve of growth include quenching and 

recombination. Quenching is a non-radiative decay of atomic emission. It is species 

specific and is a function of the analyte concentration as well as the concentrations of the 

constituents of the plasma matrix. Recombination, like quenching, is species specific and 

is also a function of analyte concentration. It occurs when the analyte and another matrix 

containing species have a high affinity for each other resulting in non-radiative energy 

 



9 
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Signal 
Response 
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S/N) 

 
Saturation 
Regime 

 

Figure 1-2. Calibration curve of growth. At first, the curve increases linearly until a 
certain concentration is achieved and the maximum linear atomic emission 
intensity is reached, equal to that of a blackbody radiator. At this instance 
self-absorption begins, and the curve begins flatten out. 

loss due to their combination (e.g., Hg + O → HgO). The last two sources of nonlinearity 

may or may not be important, but should be at least considered when investigating matrix 

effects. 

1.3.4 Limits of Detection 

When looking at a calibration curve, a figure of merit which should be explained is 

the limit of detection (LOD). The LOD is the smallest concentration of analyte that can 

be trusted as present in a sample with a specified level of confidence [Ingle and Crouch 

1988]. It should not be confused with the sensitivity, which is the slope of the calibration 

curve [Kaiser 1978]. The LOD is important in quantifying an analytical technique and is 

the measurement that expresses advancements in a technique. The LOD is defined by the 

following relationship: 

LOD= Kσ/S                                                                                       (1.3) 
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Where K is the safety factor (most commonly 2 or 3), σ is the standard deviation of the 

background signal (taken from a sample containing no analyte or the spectral RMS of the 

noise), and S is the calculated sensitivity of the calibration curve (i.e., slope). 

1.4 Aerosol Based LIBS 

 Though LIBS is a popular technique for applications in liquids and solids, the 

gaseous phase, including aerosols, was the basis of the following study and is therefore 

reviewed in detail. An aerosol is defined as solid or liquid particles suspended in a 

gaseous medium. Aerosol particles  range from 1 nm to 100 µm, with the particles on the 

lower end of the size distribution (< 2.5 µm) receiving more recent research attention due 

to their increased health implications [US EPA 1996]. Many techniques based on mass 

spectrometry principles have been used to determine aerosol characteristics, but more 

recently LIBS has become a candidate analytical technique in the field of individual 

particle analysis. Due to its small sample size (i.e., plasma volume) in which single 

particle analysis can be accomplished coupled with statistical calculations, studies have 

demonstrated LIBS as an applicable species, mass concentration, and size detector in the 

laboratory and in the field. 

1.4.1 Mass Concentration and Size Detection 

Radziemski and co-workers throughout the 1980s developed time-resolved LIBS to 

overcome high continuum effects at early times and optimize their analyte signal, where 

they were able to detect chlorine and phosphorous aerosols down to 60 and 15 ppm 

respectively [1981]. Later, Essien [1988] detected traces of cadmium, lead, and zinc 

down to detection limits of 0.019, 0.21, and 0.24 µg/g, all of which were below the 

permissible limit reported by the Occupational Safety and Health Administration 

(OSHA). In their study, a liquid solution with known metal concentration was nebulized 
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to form an air stream containing a sub-micron range of aerosols. Other metal aerosols 

have been analyzed and detection limits determined, such as As, Be, Cd, Hg, Pb, Sb and 

Cr [Zhang 1999, Neuhauser 1999]. Also, elements such as F, Cl, and C [Dudragne 1998] 

along with compounds including phosphine (PH3), arsine (AsH3), and fluorine (CF3H) 

have been investigated in similar manners [Sneddon and Lee 1999, Peng 1995, and Singh 

1997]. 

Not only have concentration measurements been studied, but also size data has 

been reported in the literature [Hahn 1998]. Hahn and Lunden [2000] calculated a size 

histogram for sub-micron to micron sized calcium and magnesium aerosols. Their finding 

proved that LIBS was a valid technique when sizing aerosols, as their measurements 

closely corresponded to those by a light scattering technique. They determined a lower 

size LIBS detection limit for the aerosols of 175 nm, and that size measurements could be 

precisely made even in the presence of other aerosol types. Size measurements were 

made by first determining the concentration of the aerosol by means of comparing the 

unknown to a known calibration curve. Next, the absolute mass was calculated using the 

determined mass concentration and the known plasma volume. Lastly, by knowing or 

assuming the composition of the particle and its density, the equivalent diameter was 

evaluated. 

1.4.2 Continuous Emission LIBS 

Because of the fast response time possible with LIBS, in situ measurements are one 

of the biggest advantages in aerosol detection, and therefore explain much research 

involving continuous emission studies [Zhang 1999, Neuhauser 1999, Nunez 2000, 

Ferioli 2003]. Carranza [2001] studied atmospheric air, from which concentrations of 

elements (aluminum, calcium, magnesium, and sodium) where measured over a 6 week 
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period spanning the 4th of July holiday. Using conditional analysis (methods explained 

later) they found an order of magnitude increase in aluminum and magnesium during the 

days adjacent and containing the holiday as a result from the increased fireworks activity. 

Single shot analysis was also made to measure particle diameters, and a histogram was 

created yielding sub-femtogram mass limits of detection for calcium, and around 2-3 

femtograms for magnesium and sodium based particles. Buckley [2000] performed 

continuous emission studies of various toxic metals on location at two waste incinerators. 

Detection limits ranged from 2-100 µg/dcsm for Be, Cd, Cr, Hg, and Pb. A conditional 

analysis was also used to improve detection limits over that of more traditional LIBS 

procedures. 

1.4.3 Conditional Analysis 

Typically ensemble averaging of spectra from 100s to 1000s of laser pulses is used 

to account for the random noise effects from the instrumentation [Radziemski 1994], thus 

providing a decrease in the spectral noise. This is useful when the element to be analyzed 

is constantly inside the plasma volume (e.g., a gas phase element). However, when 

working with aerosols, especially at concentrations near the detection limit, most of the 

plasmas created are absent of the analyte of interest. This is evident in the statistics 

offered by Hahn [1997], in which they calculated sampling rates as low as approximately 

0.1 % corresponding to about 5 particles/cm3. This means that a total ensemble average 

would decrease the spectral response (peak-to-base and/or signal-to-noise) due to the fact 

that most of spectra being averaged only contain continuum information and no elemental 

spectral emission lines. To rectify these issues, Hahn [1997 and 2000] proposed a 

conditional analysis approach that would discard the spectra that did not contain atomic 

information while retaining and averaging spectra that contained spectral lines of interest. 
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Spectra were retained if the ratio of the atomic emission intensity and the adjacent 

continuum signal exceeded a given threshold. This approach allowed for particle hit rates 

to be determined as well as improving detection limits to the parts-per-trillion. Others 

have incorporated similar ideas into their research including Schechter [1995], Cheng 

[2000], Martin and Cheng [2000], and Carranza and Hahn [2002a]. 

1.4.4 Fundamental Aerosol Studies 

To understand variations in spectral intensity and particle plasma interactions, 

fundamental single particle analysis studies have been performed. Specifically, single 

particle vaporization and their respective signal response as a function of aerosol size has 

been studied. Cremers and Radziemski [1985] collected beryllium particles on  filters 

allowing for the collection of sizes ranging from 50 nm to 15 µm. Spectral information 

was recorded on beryllium particles throughout the range of sizes. They found that the 

analyte response of the 15 µm particles strayed from the linear increase that occurred for 

the smaller particles as size was increased. They attributed this to the fact that once the 

size reached about 10 µm, incomplete vaporization occurred affecting the analyte 

response. This was the accepted upper-size limit for many years. Carranza and Hahn 

[2002c] performed a series of experiments in which silica micro-spheres ranging in 

diameter from 1 µm to 5 µm were analyzed and single shot spectra were recorded. A 

linear increase in analyte response was detected up to diameters equaling 2.1 µm after 

which the increasing diameters caused the analyte response to flatten. They also believed 

that this was due to incomplete vaporization of the aerosol once diameters reached 2.1 

µm. This study also concluded that particle vaporization was more dependent on the 

plasma-particle interactions rather than a laser-particle interaction, due to the fact that the 

latter interaction would produce sampling rates much lower than were observed. It was 
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theorized that some plasma-particle interaction, such as thermophoretic forces and vapor 

expulsion, was responsible for the inconsistencies found as particle diameters were 

increased above the upper size limit. Hohreiter [2006] expanded on the theory established 

by Carranza, in their study which included a combination of plasma imaging and 

spectroscopy. Through there methods, Hohreiter determined that there is a finite amount 

of time after the laser pulse when the plasma is energetic enough to disassociate particles 

(about 15 µs for their study). This means that a particle with sufficient size may not be 

fully disassociated, due to the fact that there is a limited amount of time for disassociation 

to occur, thus agreeing with the aforementioned literature by Carranza and Hahn. 

Other fundamental studies have focused on the forces produced by the expanding 

plasma volume and the affect they have on the aerosol and gaseous analytes. This is 

important to understand so that attempts in plasma modeling [Gornushkin 2004] can 

advance. Historically, it was assumed that atomic emission was independent of the 

analyte source, and that different sources would generate similar responses as long as 

equal concentrations of analyte were fully disassociated [Dudragne 1998 and Essien 

1988]. For example it was shown that SF6 and HF yielded identical fluorine signals as 

long as the mole fractions of fluorine were the same [Tran 2001]. However, in a study by 

Hohreiter and Hahn [2005a], five equally concentrated different forms of carbon analytes 

were examined (2 in the solid state and 3 in the gas phase) and were found to have very 

different spectral emission responses despite almost identical plasma characteristics (i.e., 

temperature and electron density). The solid state analyte had a much stronger response 

than the three gas carbon analytes, which was believed to be attributed to a physical 

interaction between the analyte and the expanding plasma. More specifically, the 
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expanding plasma was affecting the smaller lighter gas phase analyte, forcing it to the 

perimeter and thereby reducing the amount of analyte present within the laser induced 

plasma, and therefore decreasing the spectral response. Oppositely, the larger aerosols 

withstood the force from the plasma expansion remaining engulfed in the plasma 

providing strong emission lines. This physical plasma-particle phenomenon will be 

discussed more in later chapters and can be used to explain some of the signal 

improvements found in the current study. 

1.5 Dual-Pulse LIBS 

Dual-pulse LIBS has been previously investigated to a large extent on solid and 

liquid phase analytes, where it has been demonstrated to significantly enhance atomic 

emission signal intensity, and more importantly, to enhance the analyte peak-to-base and 

signal-to-noise ratios. While the first use of an additional laser pulse to reheat the plasma 

dates back to the early 1990s [Uebbing 1991], in recent years significant efforts among 

many research groups have focused on enhancing laser-solid interactions, atomic 

emission intensity, and detection limits with dual-pulse techniques [St-Onge 1998, Stratis 

2000, Gautier 2005]. More specifically, Stratis [2000] used an orthogonal pre-ablation 

spark to obtain 11 and 33-fold enhancement in spectral response of copper and lead, 

respectively, in comparison to single laser LIBS. In their study, an orthogonal system was 

used, in which a laser pulse was brought in parallel to the sample surface and focused a 

few millimeters above it to form an air plasma or air spark. A few microseconds later a 

second laser pulse, which was focused on the sample, traveled through the location of the 

first plasma and ablated the sample material, forming the LIBS plasma from which 

analyte emission was analyzed. Figure 1-3 illustrates the dual-pulse orthogonal 
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configuration along with another setup, which takes advantage of two in-line pulses. 

Others to find similar enhancement results, some up to 40 times, include 

 

First Laser Pulse 
Focused on the 
Sample 

Figure 1-3. Illustrations representing two setups used in many of the dual-pulse 
studies; [A] An orthogonal configuration and [B] An in-line configuration. 

Sattman [1995], Angel [2001], Coloa [2002], Scaffidi [2004], and Hohreiter [2005b]. 

Recent studies have examined the mechanisms for this dual-pulse enhancement, focusing 

on the laser-solid coupling [Hohreiter 2005b, Linder 2005], as well as the hydrodynamics 

of the overlapping laser pulses, shock waves, and subsequent density effects [Corsi 

2004]. The exact mechanisms of signal enhancement with dual-pulse LIBS are complex 

due to the combinations of laser ablation, analyte dissociation, and plasma excitation of 

atomic species.  Previous studies have shown that enhancements in atomic emission 

intensity, peak-to-base, and signal-to-noise measurements with a dual-pulse system are 

not simply the result of added energy from the pre-ablation laser-induced plasma.  In fact, 

dual-pulse signal enhancements are coupled to other physical phenomena such as 

enhanced ablation, shock-induced plasma rarefaction (i.e., reduced density), or thermal 

lensing from the pre-ablation plasma [Angel 2001, Coloa 2002, Hohreiter 2005b, Linder 
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2005]. While much has been learned from these studies of solids and liquids, the 

extension of dual-pulse LIBS to gas-phase and aerosol systems brings along a new set of 

dynamics which have not been explored prior to this study. 

1.6 Objective 

Laser induced breakdown spectroscopy is an up and coming quantitative aerosol 

detection technique, but has problems competing with other analytical techniques, 

especially when comparing detection limits. The objectives of this work are to present, 

test, and compare possible solutions to increase analyte response in aerosol based LIBS, 

consequently bettering limits of detection. A dual-pulse system and the use of a particle 

focusing lens to introduce aerosols into the plasma were two such methods considered in 

this work to enhance analyte response. 

This study is the first to address a dual-pulse laser system for a gaseous and aerosol 

application, noting that much research has been done on solid and liquid samples as 

described above. Spectra and plasma transmission data from calcium aerosol samples and 

air samples were collected and analyzed for both the single and dual laser cases. 

Differences in measurements between the techniques and between the two different 

samples were noticed, thereby helping to explain previously addressed plasma-particle 

interactions. 

The second part of the study focused on the idea that analyte response could be 

enhanced when a particle lens was used to introduce aerosols directly into the laser 

induced plasma. A particle lens aerodynamically focuses aerosol particles so that a tight 

streamline of particles can be achieved, thus creating a more concentrated cross-section 

of particles entering the plasma. Spectral response and hit rates of calcium aerosols were 

compared when they were introduced through a particle lens versus a standard ¼” thin 
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walled tubing. The following study will show that the LIBS technique can still be 

improved from its current state. 

 



 

CHAPTER 2 
EXPERIMENTAL METHODS 

The current study was based on two experiments, LIBS improvements from a 

dual-pulse system, and from introducing a particle focusing apparatus. As in all LIBS 

configurations, the two experimental setups can be divided into (1) the plasma creation, 

by means of focusing a laser source so that the threshold of the sample is reached, (2) the 

collection of the spectral emission from the plasma with the use of a spectrometer and 

ICCD, and (3) the analyte generation and introduction into the sample chamber. 

2.1 LIBS Experimental Setup and Procedure 

2.1.1 Plasma Creation Methods 

High irradiance is needed to cause a breakdown in a gaseous material. This is done 

by using a pulsed laser (10–20 ns duration and 50–300 mJ/pulse) and by focusing the 

beam to reduce the cross sectional area. All the beam energy profiles followed a Gaussian 

trend, peaking at the center of the beam and exponentially decreasing to its minimum at 

the edges. Figure 2-1 shows a typical setup employed for plasma creation.  

 
 
 

Nd:YAG 
laser 

Gallilean Telescope

Aperture 

Condensing Lens 

Plasma  
 
 
 
 
 
Figure 2-1. Optical setup for the delivery of the laser irradiance to the sample volume 

resulting in the creation of a plasma. 
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Based on light focusing laws, the diffraction limit is inversely proportional to the incident 

beam diameter, meaning that a tighter focus can be achieved when the beam diameter 

approaching the condensing lens is large. For this reason, a Gallilean telescope is often 

used to widen the laser beam prior to its final plasma creating focus. The Gallilean 

telescope utilizes an expansion lens followed by a lens that collimates the expanding 

beam. The aperture following the Gallilean telescope trims off the light on the edge of the 

beam to allow for a more uniform beam profile before it reaches the focusing lens. 

2.1.2 Emission Collection 

Different configurations are used to direct the plasma emission onto the fiber optic 

before it is processed by the spectrometer. In this study, a back collection method was 

used. Due to variations in laser pulses and presence of aerosols, the location of the 

plasma can fluctuate along the beam path ranging up to a millimeter or two. Rather than 

collecting the light from the side, which would result in the fluctuating focused light 

missing the entrance into the fiber optic, back collection was used so that the error from 

the spatial variation in the plasma formation is minimized. 

Once the plasma is created, equally intense light is emitted in every direction with a 

portion of it being collimated by the same condensing lens used to focus the plasma 

forming laser. The plasma light was then turned by a pierced mirror, allowing for the 

laser beam to pass through and the emission to be reflected, and focused by a condensing 

lens onto a fiber optic bundle leading into a spectrometer. The light was then dispersed by 

the 0.275-m spectrometer (Acton SpectraPro-275) and finally recorded by a 256x1024 

element intensified CCD array (Princeton Instruments model: 1024MLDS-E/1). The 

spectrometer used a 2400 groove/mm grating, which provided an approximately 30-nm 

wavelength range with 0.12 nm spectral resolution. The intensifier on a CCD served two  
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Figure 2-2.  Optical setup for the collection of plasma emission from the sample 

volume. 
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purposes, to allow for adjustment of signal gain and to allow for small time frames in 

which light is being transmitted (gate width) to the CCD array. The latter is especially 

important at small delays after the laser pulse, since the continuum light is so intense that 

it would saturate the CCD camera if small gate widths were not applied. The laser Q-

switch is used to trigger a delay generator, which in turn triggers the ICCD, so that light 

can be acquired at desirable delays after plasma creation.  

2.1.3 Aerosol Generation 

For all aerosol samples, a pneumatic-type medical nebulizer (Hudson model 1720) 

was used to convert an aqueous solution into an aerosol spray. For all experiments, 5 lpm 

of HEPA filtered air, regulated by a digital flow controller (Allicat Scientific), were used 

to drive the nebulizer. The nebulizer sprayed the aerosol solution into a secondary flow of 

air used to dry out the aerosol droplets and to transport them into the plasma sample 

volume. Figure 2-3 shows a general schematic for the aerosol generation system. The co-

flow rates indicated in Figure 2-3 are those used in the dual-pulse study. 
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Figure 2-3. General schematic of the aerosol generation system. The co-flow rates 
were those used in the dual-pulse study [Hahn 2001].  

Experiments were run to test the analyte concentration consistency in the nebulizer 

spray. It was possible that what was exiting the nebulizer may not be at the same 

concentration as the solution in the nebulizer due to the selective evaporation of the 

matrix water. If the spray concentration was not the same as the liquid solution in the 

nebulizer, then after elapsed running time, the concentration of analyte would be 

enriched, growing linearly with elapsed time, as compared to the original solution. This 

was tested by running the nebulizer for 10 and 20 minutes, both with a solution 

containing copper analyte at the same initial concentration, and then comparing what was 

left over inside the nebulizer to the original solution. The original solution, along with the  
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Figure 2-4. Chart displaying Cu analyte counts of remnant solutions from a nebulizer 
as a function of nebulization time. Error bars represent the standard 
deviation. 

remnant solutions, were run through an ICP mass spectrometer, from which particle 

counts of each sample were extracted. Figure 2-4 shows the average particle counts for 

the original sample as well as the samples taken after 10 and 20 minutes. Each 

measurement was done in triplicate, while each ICP-MS measurement was done in 

duplicate. 

Figure 2-4 shows no trend along with very little difference between all three 

samples, indicating that the concentration in analyte was not changing and therefore the 

concentration of the aerosol spray exiting the nebulizer was the same as the solution 

inside the nebulizer over these time scales. 
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2.2 Dual-Pulse LIBS: Gas and Aerosol Study 

2.2.1 Laser Configuration 

Two Q-switched Nd:YAG lasers operating at their fundamental wavelength of 

1064 nm and at a repetition rate of 5 Hz were used in all measurements for this 

experiment. A schematic of the optical configuration is shown in Figure 2-5. The first 

 

 
 
Figure 2-5. The experimental apparatus for a single and dual-pulse LIBS 

configuration. 

laser (Continuum Precision II 8000), which will be referred to as Laser 1, used a laser 

beam energy of 100 mJ/pulse, and was focused to the center of the sample chamber (a 

six-way vacuum cross) using a 100-mm focal length UV grade plano-convex lens. The 

pulse-to-pulse stability was directly measured (Ophir Nova II), which yielded a relative 

standard deviation (RSD) of 0.42%, with a maximum pulse deviation of 1.4%. The pulse 

energy was sufficient to create a laser-induced plasma with Laser 1 operating alone in 

either a purely gas-phase or aerosol laden sample stream. The second laser (Big Sky CFR 

400), which will be referred to as Laser 2, operated at a laser pulse energy of 290 

 



25 

mJ/pulse, and was focused with a 75-mm focal length UV grade plano-convex lens, also 

creating a laser-induced breakdown in the center of the six-way cross. The pulse-to-pulse 

stability was (RSD) of 0.45%, with a maximum pulse deviation of 1.5%. 

The two laser beams were carefully aligned such that the two plasmas were formed 

at the identical spatial location (see below for alignment details). No quantitative plasma 

volume measurements were recorded. However, the Laser 2 plasma was previously 

characterized in detail; hence a characteristic plasma diameter is reported as 1.5 mm 

[Carranza and Hahn 2002b]. Furthermore, the Laser 2 plasma was noticeably larger than 

the Laser 1 plasma, presumably due to the greater laser pulse energy. 

As seen in Figure 2-6, the flashlamp sync of Laser 1 was used to trigger a digital 

delay generator, which was then subsequently used to trigger the flashlamp and Q-switch 

of Laser 2. Adjustment of the delay generator allowed for the two laser pulses to fire 

simultaneously, or at variable pulse-to-pulse delays ranging up to 1 ms, the largest 

investigated. For all experiments, the delay was adjusted such that Laser 1 was fired first, 

followed by Laser 2 at the specified delay. The relative flashlamp to Q-switch timing was 

maintained constant for both lasers for all experiments, thereby ensuring constant laser 

pulse energy and laser beam characteristics. It is noted that a delay time of zero 

corresponds to both Laser 1 and Laser 2 pulses firing simultaneously. A fast response 

(200-ps rise time) detector and digital oscilloscope (2.5 Gsample/s) were used to 

continuously measure and monitor the temporal delay between the two laser pulses for all 

experiments. As implemented, the jitter between Laser 1 and Laser 2 was typically less 

than 5 ns. 
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Figure 2-6. Schematic representing the trigger setup to achieve laser pulses fired 
simultaneously in time or at a variable delay. Delay generator 1 set to 
77.75 μs would result in the lasers firing simultaneously. Adjusting the 
variable delay of generator 1 would result in delaying laser 2 pulse. 

2.2.2 Experimental Analyte Generation 

All analyte samples flowed through a standard six-way vacuum cross at 

atmospheric pressure, which functioned as the LIBS sample chamber as previously 

described [Hahn and Lunden 2000, Hahn 2001]. As seen in Figure 2-3, the purely 

gaseous sample stream consisted of 40 lpm of purified air, which was passed through an 

activated alumina dryer, a course particle filter, an additional desiccant dryer, and finally 

a HEPA filter cartridge prior to entering the sample chamber. All flow rates were 

controlled with digital mass flow controllers (Matheson model: 8270). 

For the aerosol measurements, two types of calcium-containing particles were used, 

with the purpose of studying any potential size effects. The majority of aerosol 

measurements were made by nebulizing a solution of 50 µg Ca/ml at a rate of about 0.1 

ml/min. The nebulizer output was introduced in a gaseous co-flow stream of 40 lpm of 
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purified air. The calcium solutions were prepared by diluting ICP-grade analytical 

standards of 10,000 μg Ca/ml (SPEX CertiPrep). Accounting for the additional 5 lpm 

used to drive the nebulizer, this configuration resulted in a calcium-rich aerosol flow of 

approximately 100 μg Ca/m3 through the LIBS sample chamber. Based on previous TEM 

measurements using the current configuration [Hahn 2001], the average aerosol particle 

size following droplet desolvation (i.e., solid analyte phase) is expected to be less than 

100 nm, while agglomerate formation is considered insignificant. The corresponding 

particle number density is on the order of 105 cm-3 in the LIBS sample chamber, which 

yields an average number of analyte particles per plasma volume on the order of 100. 

Overall, the system provides a highly dispersed, submicron-sized calcium-rich aerosol 

stream for LIBS analysis. This analyte source will be referred to as the fine calcium 

aerosol experiments.  

In addition, some experiments were performed by nebulizing a suspension of 

nominally 2-μm sized (± 0.7 μm) borosilicate glass microspheres (Duke Scientific, 

#9002) in ultrapurified water. Based on previous analysis, the calcium concentration 

within the glass microspheres was determined to be about 2% (by mass), which yields a 

strong calcium atomic emission signal [Hohreiter 2006]. The particle concentration in 

suspension was adjusted so that the resulting borosilicate particle number density 

produced in the LIBS sample chamber was on the order of 102 cm-3. These experimental 

conditions will be referred to as the borosilicate microsphere experiments. 

2.2.3 Spectral Measurements 

Both laser-induced plasmas were first visually aligned to the same spot, noting that 

the Laser 2 plasma emission was previously aligned to the fiber optic such that both 
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atomic and continuum plasma emission were optimized. Once the Laser 1 plasma was 

visually centered on the Laser 2 plasma, the final alignment of Laser 1 was performed to 

maximize plasma emission (atomic and continuum emission) coupling to the fiber optic, 

thereby ensuring alignment of both laser-induced plasmas to the same spatial location. 

For all single-pulse and dual-pulse experiments, the external Q-switch sync from 

Laser 2 was used to trigger the ICCD controller. Hence for a given set of experiments, the 

ICCD was fixed relative to the temporal position of Laser 2. An additional delay was then 

introduced between Laser 2 and the ICCD detector gate, which allowed for optimization 

of the specific analyte atomic emission signals. For the purely gas-phase experiments 

(i.e., nitrogen and oxygen atomic emission analysis), an ICCD gate delay and gate width 

of 5 μs were used, therefore spectral integration was initiated 5 μs following Laser 2. For 

the aerosol experiments (i.e., calcium atomic emission analysis), both the detector delay 

and the gate width were increased to 30 μs.  

Spectral data was acquired using an ensemble average of 1000 laser shots. The 

process was repeated a total of three times for each different analyte, and for each 

adjusted dual-pulse delay. In addition to dual-pulse measurements, single-pulse data were 

recorded for both Laser 1 alone and Laser 2 alone for all different analytes. Finally, 

single-particle analysis was used for the 2-μm sized borosilicate glass particles, as 

reported in previous studies [Hahn and Lunden 2000, Hohreiter 2006]. These single-shot 

experiments were performed using 500 shot sequences, repeated three times for each 

experimental condition. 
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2.2.4 Transmission Measurements 

For the transmission experiments, laser pulse energy measurements were made for 

Laser 2 at a spatial location directly in front of the sample chamber (i.e., incident energy) 

and at a location directly exiting the sample chamber (i.e., transmitted energy). This was 

achieved by placing the laser energy meter (Ophir Nova II) in front of the six-way cross 

to measure the incident beam energy, and immediately after the chamber to measure the 

transmitted laser beam energy, with the latter configuration shown in Figure 2-5. The 

average transmitted energy (i.e., Laser 2 transmission) was then calculated from the 

direct ratio of these two measurements.  

The transmission measurements were recorded for both single-pulse (Laser 2 only) 

and dual-pulse (Laser 2 following Laser 1) configurations, for both the gaseous and 

aerosol systems, including a full range of dual-pulse, laser-laser delay times. An 

ensemble-average of 500 laser shots was recorded for both the incident and transmitted 

pulse energies, which were repeated a minimum of three times each. In addition to the 

mean energy values, full statistical parameters were recorded, which included the 

minimum, maximum, and standard deviations of the shot-to-shot pulse energies. 

2.3 Particle Lens Study 

2.3.1 Laser Configuration 

An Nd:YAG laser (Continuum Surelite II) with a repetition rate of 5 Hz was run 

through two wavelength doubling crystals yielding a 355 nm plasma creating laser 

source. As seen in Figure 2-7, the laser source was turned by a series of 355 nm dichroic 

mirrors with anti-reflection coatings at 532 and 1064 nm to eliminate any excess 

fundamental 1064 nm and green 532 nm light. The beam energy measured after the 355 

nm mirrors just before reaching the condensing lens was about 60 mJ/pulse. The laser 
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beam passed through a pierced mirror and was finally focused by a 100 mm focal length 

UV grade plano-convex lens to create the plasma. 
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Figure 2-7. The optical setup (top view) for the particle lens experiments. Like the 

dual-pulse setup, the plasma emission was back collected. The aerosols 
were drawn through the particle lens into the plasma by a vacuum pump 
situated on the opposite side of the 5-way cross. 

2.4.2 Analyte Generation 

For all measurements, the aerosols were created by nebulizing a solution of 

nominally 2-μm sized (± 0.7 μm) borosilicate glass microspheres (Duke Scientific, 

#9002) in ultrapurified water, the same used for the borosilicate experiments in the dual-

pulse study. Accounting for 5 lpm used to drive the nebulizer and the 5 lpm of co-flow 

used to dry the nebulized droplets, a flow was created yielding approximately 30 μg 

Ca/m3. A portion of the nebulized flow, about 1 lpm (based on the optimal conditions 

determined by the manufacturer, Aerodyne Research, Inc.) was pulled through the 

particle lens and the plasma chamber by a vacuum pump. The flow rate through the 

vacuum pump was regulated by a rotameter-type flowmeter (Gilmont Instruments’). To 
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determine the particle lens’ effectiveness, a standard thin walled steel tube with an inner 

diameter of about 0.18” was also used in all experiments to transport the aerosols to the 

plasma. 

 The particle lens was developed by Aerodyne Research, Inc. and consisted of a 

series of concentric tubes that stepwise narrowed the flow down to a cross section with a 

diameter of 1.65 mm before releasing the streamlined particle flow out of a 0.75 mm 

orifice port. Figure 2-8 shows a general schematic of the particle lens. 

 

Particle Lens

Figure 2-8. Simple schematic of the particle lens. Aerosols flow through a series of 
radial decreasing concentric tubes before exiting through an outlet causing 
a streamline exit into the laser induced plasma 

The particle lens outlet was visually aligned vertically and horizontally to the laser 

induced plasma and was situated about 2 mm away. At first attempts, it was determined 

that the particles were filling and re-circulating throughout the entire sample chamber 

(the 5 way cross), therefore rendering the particle lens useless, since there was no 

preferential increase in particle concentration at the exit of the particle lens. To remedy 

the recirculation problem, a secondary sheath flow was introduced annularly around the 

particle lens. This was accomplished by placing a ½” thin walled steel tube around the 

particle lens and the ¼”tube, represented by the outer lines in Figure 2-8. Air was flown 
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through the ½” tube at a flow rate of 9 lpm and was shown to be effective in separating 

the particles exiting the lens with those re-circulating in the chamber. 

2.4.3 Spectral Measurements 

Similar to the other study, the resulting emission was back collected, turned by the 

pierced mirror and focused by a 100 mm focal length lens onto a fiber optic bundle. The 

fiber optics fed into the same spectrometer and ICCD that was used in the spectral 

collection for the previous study. The ICCD controller was triggered by the Nd:YAG 

laser’s external Q-switch, initiated 20 μs after the laser pulse with a 30 μs gate width. 

Analyte response was compared using spectral data acquired through an ensemble 

average of 1000 laser shots for each type of aerosol injection tube (the particle lens and 

the ¼” thin walled tube). A conditional analysis approach, mentioned in Chapter 1, was 

also used to gather hit rates and to acquire individual spectra that could be used to further 

investigate any advantages in using a particle lens. 

2.4.4 Particle Counting Measurements 

 To help quantify the difference in hit rates and analyte response between the two 

injection methods, the transmission of particles through both tubes was calculated. This 

was done by flowing the analyte through the ¼” tube and the particle lens both at 1 lpm. 

A particle counter was placed at the end of the 5-way sample chamber, which drew out 

0.28 lpm from the exiting 10.28 lpm flow (combination of the sheath flow, 9.28 lpm, and 

the analyte co-flow mixture, 1 lpm). The particle counter would calculate the number of 

particles between a certain size range. Since the experimental analyte nominal diameter 

was 2.2 μm, all counts of particles above 2 μm were considered. The particle counter 

used was a Lasair model 1001 (Particle Measuring Systems Inc.) that used light scattering 

to determine particle number and size.

 



 

  

CHAPTER 3 
RESULTS AND DISCUSSION 

3.1 Dual-Pulse LIBS Study 

This study focused on the effects of an orthogonal dual-pulse laser configuration on 

the atomic emission response for both purely gaseous and calcium-based aerosol samples. 

The purpose was to determine if a dual-pulse configuration, which has been shown to 

increase analyte response in solids and liquids, could improve a gas and aerosol analyte 

response over that of a typical single-pulse LIBS system. Transmission measurements 

were made to help physically explain the differences observed in analyte response 

between the two configurations and between the gas and aerosol analyte. 

3.1.1 Transmission Experiments 

Figure 3-1 presents the transmission of Laser 2 as a function of delay time between 

Laser 1 and Laser 2 for both the pure air stream and the fine calcium aerosol experiments. 

As a reference, the dashed line in Figure 3-1 represents the average transmission of 

43.8% for the single-pulse configuration (i.e., Laser 2 only), which is the average of the 

purified air (44.5% with 2.7% RSD) and the fine calcium particle (43.1% with 0.8% 

RSD) transmission values. The overall behavior of the transmission data as observed in 

Figure 3-1 is rather complex, and is considered for discussion purposes in terms of four 

distinct temporal regions. The average RSD values for the dual-pulse transmission 

measurements were 4.4% for the pure air stream and 3.3% for the fine calcium particles, 

as averaged over all temporal delays. The corresponding error bars where comparable to 
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the symbol size for most values, hence error bars were omitted in Figure 3-1 to avoid 

clutter, given the partial overlap of many symbols. 
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Figure 3-1. Laser 2 transmission as a function of dual-pulse laser delay times for the 

pure air and fine calcium aerosol sample streams. The horizontal line 
represents the transmission of Laser 2 alone (i.e., single pulse LIBS). Note 
the plot is linear for delay times less than 100 ns. 

 The first temporal region to be considered will correspond to dual-pulse delays 

less than 100 ns. During this temporal range, there was little transmission of Laser 2 

through the plasma formed by Laser 1, as explained below. The minimum recorded 

transmission was 3.3% (1.3% RSD) and 3.1% (8.2% RSD), which both occurred at a 

delay of 25 ns, for the gas-phase and fine calcium aerosol phase, respectively. At these 
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delays, the plasma formed by Laser 1 is essentially opaque to the incident Laser 2 pulse, 

which follows a previously reported trend for the temporal characteristics of laser-

induced plasmas [Hohreiter 2004b]. During this temporal region, the high plasma 

temperatures and free electron densities (~1018 cm-3) of the first plasma result in an 

optically dense plasma for the Laser 2 incident radiation. The resulting highly energetic 

plasma state is essentially independent of the presence of the calcium aerosol, therefore 

no difference is observed between the two experimental conditions. This result is 

consistent with previous measurements, in which identical plasma temperatures and free 

electron densities were recorded for gas-phase and particle-seeded flows under conditions 

similar to the present study [Hohreiter 2005a], and no effect of aerosol presence on the 

temporal location of plasma initiation was recorded [Hohreiter 2004a]. Finally, it is noted 

that qualitative observations of the plasma revealed no differences between the pure air 

and the aerosol seeded conditions, with regard to plasma size and spatial stability.  

 The second temporal region of interest in Figure 3-1 is considered to range from a 

delay of 100 ns to about 1 μs. During this region, the highly absorptive nature of the first 

plasma decreases as the free electron density and temperature rapidly decrease. Once 

again, this is consistent with previous measurements, where an essentially identical laser-

induced plasma was found to be nearly transparent to a low-energy probe beam by about 

500 ns following plasma initiation [Hohreiter et al 2004b]. Overall, as the delay between 

Laser 1 and Laser 2 nears about 1 μs, the effect of the Laser 1 plasma is not very 

significant regarding the coupling of Laser 2 energy into the existing Laser 1 plasma, as 

the overall transmission of Laser 2 is near its single-pulse value. In other words, with the 

dual-pulse configuration, Laser 2 initiates a breakdown process comparable to what 
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would occur in the presence of Laser 2 alone, resulting in a similar coupling of the 

incident energy into the resulting plasma. 

 The third temporal region corresponds to delays ranging from 1 μs to about 100 

μs, and is defined by a relatively high transmission of the Laser 2 pulse. Specifically, the 

transmission of Laser 2 has a maximum value of 90.0% (0.82% RSD) and 79.5% (1.1% 

RSD) for the pure air and fine calcium aerosol systems, respectively, over this temporal 

region. Unlike in the earlier temporal regions, an effect of the fine calcium aerosol is now 

observed, as the transmission is slightly reduced in the presence of aerosol in comparison 

to the pure gaseous system. This reduction is indicative of some laser-particle interactions 

during the breakdown event, as discussed in more detail below. 

 Finally, the fourth temporal region corresponds to laser-laser delays from 100 μs 

up to 1 ms. At the latter value, the transmission of the Laser 2 beam is observed to 

approach the average single-pulse (i.e., Laser 2 only) value.  Clearly at such large delays, 

the Laser 1 plasma has sufficiently decayed in both temperature and free electron density 

such that its effects on the subsequent laser pulse (i.e., Laser 2) are negligible. 

 The transmission behavior of the first two regions is not unexpected, given the 

earlier studies on temporal plasma characteristics; hence a strong plasma-laser interaction 

during this period drives the dual-laser coupling and is virtually independent of the 

presence of particulates. Furthermore, the behavior of the last region is expected as well, 

given that at significantly long laser-laser delays, the two laser pulses must approach 

independence with regard to interaction. Clearly ~1 ms is nearing this asymptotic limit 

for pulse-to-pulse independence. Given these comments, a key region of interest with 

regard to the physics of dual-pulse LIBS for gaseous and aerosol systems is the third 
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region, namely between about 1 to 100 μs of laser-laser delay. It is well known that the 

laser-induced plasma is characterized by a rapid plasma expansion and a concomitant 

shock wave. Not withstanding the increased pressure behind the shock front, the 

significant plasma temperature results in a reduced density (i.e., mass/volume) within the 

resulting plasma. This rarefaction is important with regard to the coupling of Laser 2 into 

the existing Laser 1 plasma, as related to the breakdown threshold. 

At ambient temperature, the laser-induced breakdown threshold is known to vary 

inversely as pressure, ideally as p-1/2, noting that both multiphoton and cascade ionization 

processes are important in plasma formation and growth. Therefore, the ionized plasma 

from Laser 1, albeit at reduced density, presents a more complex problem for treatment of 

the Laser 2 interaction than would be predicted from treatment of pressure/density effects 

alone. However, the significant decrease in Laser 2 energy coupling into the plasma (i.e., 

increased transmission) is interpreted in terms of an increased breakdown threshold. This 

increased threshold effectively delays the temporal “breakdown” point of the Laser 2 

pulse to later in the pulse waveform, thereby resulting in less coupling of Laser 2 pulse 

energy. It is well known that the presence of aerosol particles can considerably lower the 

breakdown threshold [Lencioni 1972 and Smith 1997]. Therefore, the slight reduction in 

transmission between 5 and 20 μs delay from the pure air stream (τ = 89.7% with 0.7% 

RSD) as compared to the fine aerosol stream (τ = 75.0% with 1.5% RSD) is consistent 

with the addition of the calcium-rich particulates and a concomitant reduction in 

breakdown threshold. 
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3.1.2 Spectral Analysis of Gaseous Analyte 

Neutral atomic nitrogen (N I) lines at 491.4 nm and 493.5 nm (86,137 – 106,178 

cm-1 and 86,221 – 106,478 cm-1, respectively), and the oxygen triplet centered at 394.7 

nm (73,768 – 99,094 cm-1) were used for the spectral analysis of the purified air sample 

stream. As an example, nitrogen spectra for the single-pulse (Laser 2 only) and the dual-

pulse (500 ns delay) configurations are presented in Figure 3-2. 
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Figure 3-2. Spectra showing the two nitrogen atomic emission lines at 491.4 nm and 

493.5 nm. The spectra correspond to dual-pulse LIBS with 500 ns delay 
(lower spectrum) and single-pulse (Laser 2 only) LIBS (upper spectrum). 
Both spectra have the same scale. 

Recalling that the ICCD is also synchronized to Laser 2, it is observed that the 

overall signal intensity is somewhat reduced by the dual-pulse scheme for this temporal 
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regime. However, at significantly short laser-laser delay times (~0 to 100 ns), the dual-

pulse configuration produced a slightly greater emission intensity than Laser 2 alone, 

which is consistent with the enhanced coupling efficiency of Laser 2 as observed in the 

transmission experiments.  

 To quantify the emission signals, both the peak-to-base and signal-to-noise ratios 

were calculated using the 493.5-nm N I spectral line for both the dual-pulse and the 

single-pulse configurations. The peak-to-base is perhaps the most widely used LIBS 

signal metric, as it provides a normalization of the atomic emission line with the plasma 

continuum emission, allowing for a more precise emission signal as noted previously 

[Coloa 2002 and Carranza and Hahn 2002a]. As an analytical figure of merit, the signal-

to-noise ratio is the more relevant metric. The signal-to-noise ratios (SNR) were 

calculated from the integrated peak intensities and the calculated root-mean-square noise 

from the adjacent continuum region. Figures 3-3 and 3-4 present the peak-to-base ratio 

(P/B) and signal-to-noise ratio as a function of dual-pulse delay for the 493.5-nm nitrogen 

line. Before discussing the figures, it is important to note that Laser 1 alone produces a 

significant laser-induced plasma; hence analyte emission is observed over a range of 

detector gate delays stemming from this emission source only. Therefore, as the laser-

laser delay is being adjusted for dual-pulse experiments, the effective detector gate delay 

with respect to Laser 1 is also being varied, noting that the detector gate is fixed with 

respect to Laser 2. It is therefore important to consider the analyte signals stemming from 

Laser 1 alone (i.e., Laser 2 blocked), which are therefore included in Figures 3-3 and 3-4. 
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Figure 3-3. The 493.5-nm nitrogen emission line peak-to-base ratio measurements for 

the pure air sample as a function of dual-pulse laser delay times.  The P/B 
ratios are also shown corresponding to the Laser 1 plasma only (i.e., Laser 
2 beam blocked).  The dashed horizontal line represents the average P/B 
ratio for Laser 2 only. A representative error bar is included on the 100 ns 
Laser 1 only mark. 

Figure 3-3 shows the dual-pulse results as compared to the single-pulse LIBS 

configuration (i.e., Laser 2 only), which is indicated with the dashed horizontal line. For 

the range of delays from 0 to 1000 ns, the P/B ratios are observed to depart little from the 

single-pulse average of 22.8 (0.21% RSD). The maximum dual-pulse value occurs at 250 

ns delay, and corresponds to a P/B ratio of 23.8 (0.41% RSD), or a 4% increase with the 

dual-pulse configuration. While statistically significant, a 4% signal enhancement would 

not justify the increased experimental complexity and expense of the dual-pulse scheme. 

By 1 μs delay time, the dual-pulse P/B ratio has decreased to 21.3 (0.47% RSD), or a 
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reduction of 6.8% with regard to single-pulse LIBS. Data were collected for larger laser-

laser delay times, but this trend of decreasing response continued, with a dual-pulse P/B 

ratio of only 9.3 (0.50% RSD) recorded at 5 μs delay. This corresponds to a 60% 

decrease in analyte signal with the dual-pulse scheme at this larger delay, as a result of 

the diminished Laser 2 coupling consistent with Figure 3-1. 
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Figure 3-4. The 493.5-nm nitrogen emission line signal-to-noise ratio measurements 

for the pure air sample as a function of dual-pulse laser delay times.  The 
SNR are also shown corresponding to the Laser 1 plasma only (i.e., Laser 
2 beam blocked).  The dashed horizontal line represents the average SNR 
ratio for Laser 2 only. 

The SNR values, as shown in Figure 3-4, display a similar trend to the P/B ratios, 

although the maximum enhancement for the dual-pulse configuration is shifted from 250 

ns delay to a delay of 500 ns. Specifically, the SNR is increased from a single-pulse value 
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of 33.0 (0.47% RSD) to a dual-pulse value of 47.6 (2.4% RSD) at 500 ns, which 

corresponds to a 44% improvement. Once again, by a 5 μs laser-laser delay, the dual-

pulse SNR was decreased by 86%, to a value of only 4.6 (0.10% RSD).  

 The oxygen atomic emission lines revealed similar, although not as positive, 

trends as the nitrogen data. Figure 3-5 displays the 394.7 nm oxygen spectral emission 

line for the 500 ns laser-laser delay dual-pulse case as well as the spectra for the single 

laser 2 only case. The P/B ratios were calculated using the 394.7-nm O I triplet and can 

0

2000

4000

6000

8000

10000

376 380 384 388 392 396 400 404

In
te

ns
ity

 (a
.u

.)

Wavelength (nm)

Laser 2 Only

Dual-Pulse

 

Figure 3-5. Spectra showing the oxygen (I) triplet at 394.7 nm. The spectra 
corresponds to dual-pulse LIBS with 500 ns delay and single-pulse (Laser 
2 only) LIBS. Both spectra have the same scale. 
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be seen in Figure 3-6. For a laser-laser delay of 250 ns, the P/B ratio was decreased from 

a single-pulse value of 18.1 (0.79% RSD) to a dual-pulse value of 17.0 (0.40% RSD), or 

a decrease of 6.5%. By 5 μs, the dual-pulse P/B ratio was reduced to 4.2 (8.1% RSD), 

corresponding to a reduction of 76.9%. A signal-to-noise plot was also constructed for 

the 394.7 nm oxygen spectral emission line, which can be seen in Figure 3-7. The trend 

of the S/N plot followed similarly to the oxygen P/B plot. Like the P/B plot, the signal-to-

noise ratios indicate a decrease in analyte response for the dual-pulse configuration when 

compared to the single Laser 2 only (represented by the dashed line) case. 
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Figure 3-6. Oxygen peak-to-base measurements for the filtered air sample as a 
function of dual-pulse laser delay times. The average peak-to-base ratio 
for Laser 2 only is represented by the dashed horizontal line. 
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Figure 3-7. The 397.4-nm oxygen emission line signal-to-noise ratio measurements 
for the pure air sample as a function of dual-pulse laser delay times. The 
S/N are also shown corresponding to the Laser 1 plasma only (i.e., Laser 2 
beam blocked).  The dashed horizontal line represents the average S/N 
ratio for Laser 2 only. 

The above results appear at first glance to contrast with much of the current 

literature on dual-pulse LIBS, which tends to show significant signal enhancements with 

dual-pulse schemes. However, the mechanisms and physics of purely gas-phase LIBS 

analysis are fundamentally different from the analysis of bulk solids or liquids. With the 

latter, the reduced density behind the shock wave of the first plasma enhances the second 

laser’s interaction with the solid sample, while simultaneously reducing the plasma 

coupling with the gaseous matrix; thereby increasing the analyte response of the solid. In 

contrast, the present results must be explained in the context of the transmission 
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experiments, as well as in terms of recent experiments comparing the response of gas-

phase and particulate phase analytes [Hohreiter 2005a]. 

 For the relatively short laser-laser delay times (<~ 1 μs), the Laser 2 pulse is 

efficiently coupled to the Laser 1 plasma, leading to a greater quantity of energy coupled 

into the resulting dual-pulse plasma. Increased total laser pulse energy into a laser-

induced plasma event may or may not improve the analyte signal response, as explored in 

detail in an earlier study [Carranza and Hahn 2002a], depending on the overall plasma 

regime. In the current study, the additional energy with the dual-pulse configuration 

produced a marginal increase in nitrogen emission, and a marginal decrease in oxygen 

emission, during this delay period. This trend most likely reflects the slightly different 

upper energy states of the nitrogen and oxygen transitions, which are expected to 

correspond to slightly different optimal temporal windows, as based on plasma 

temperature [Fisher 2001]. By coupling more energy into the resulting dual-pulse plasma, 

the temporal temperature profile of the plasma is altered, thereby altering the peak-to-

continuum emission characteristics at the fixed detector gate. This behavior is further 

reflected by comparing the Laser 1 only data to the Laser 2 only data at zero delay time, 

which has the effect of changing the laser pulse energy from 100 mJ to 290 mJ with a 

fixed detector gate. The nitrogen P/B ratio is observed to increase by 3% with increased 

pulse energy, while the oxygen P/B ratio is observed to decrease by 5%. Clearly the 

temporal location of optimal P/B response is different for the selected nitrogen and 

oxygen emission lines.   

 Notwithstanding the above comments, for the longer laser-laser delay times 

(beyond 1 μs), a very different dynamic is observed for both gaseous analyte species. 
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Specifically, for this increased delay regime, the dual-pulse configuration yielded a 

significant decrease in analyte response, which again is explained in the context of Figure 

3-1, and the generally lessened LIBS analyte response with gas-phase species as recently 

reported [Hohreiter and Hahn 2005a]. In their study, Hohreiter and Hahn proposed that 

the expanding shockwave of the laser-induced plasma would preferentially expel (i.e., 

push) molecules from within the plasma core, producing a decreased concentration of 

analyte for gas-phase species, represented in Figure 3-8. 

 

Figure 3-8. Image detailing the proposed mechanism, in which an expanding plasma 
volume will force the nano-scale gas phase particles outward depleting 
their concentration in the plasma core [Hohreiter and Hahn 2005a]. 

In addition to this depletion of analyte, the significantly reduced coupling of Laser 

2 into the existing Laser 1 plasma (i.e., enhanced transmission per Figure 3-1) effectively 

negates the dual-pulse advantage. This effect results in an analyte signal that, for the most 

part, corresponds to the Laser 1 plasma alone, as seen in the excellent agreement between 

the dual-pulse and Laser 1 only data in Figures 3-3 and 3-4, as well as for the oxygen 

emission data. Stated another way, the dual-pulse advantage of de-coupling the gas-phase 

matrix from the bulk analyte phase, as realized with solid and liquid analysis, is not 
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possible with a dual-pulse analysis of a purely gas-phase system, because the gas-phase 

matrix itself is the actual analyte of interest.   

3.1.3 Spectral Analysis of Fine Calcium-Based Aerosol Analyte 

In contrast to the above gas-phase analyte results, the analysis of the aerosol sample 

streams affords an opportunity to realize the benefits of dual-pulse LIBS by attempting to  
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Figure 3-9. Spectra showing the Ca II atomic emission lines at 393.4 and 396.9 nm for 
both the dual-pulse configuration with a 250-ns delay, and for Laser 2 
only.  Both spectra have the same intensity scale, and the dual-pulse 
spectrum has been shifted upward by 400 counts for clarity. 

decouple the particulate-phase derived analyte from the gas-phase species. With the 

addition of aerosol particles into the sample stream, distinctly different results as 
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compared to the gas-phase experiments were observed. For these experiments, the first 

ionized calcium (Ca II) atomic emission lines at 393.4 and 396.9 nm (0–25,414 cm-1 and 

0–25,192 cm-1, respectively) were used for all spectral measurements due to their strong 

intensity. As an example, recorded spectra are presented in Figures 3-9, 3-10, and 3-11,  
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Figure 3-10.  Spectra showing the Ca II atomic emission lines at 393.4 and 396.9 nm for 
both the dual-pulse configuration with a 750-ns delay, and for Laser 2 
only.  Both spectra have the same intensity scale, and the dual-pulse 
spectrum has been shifted upward by 400 counts for clarity. 

as acquired using the dual-pulse configuration with a laser-laser delay of 250 ns, 750 ns, 

and 50 µs, respectively. Along with the dual-pulse spectra, for comparison, spectra from 

the single-pulse (Laser 2 only) configuration is also presented in each of the mentioned 

figures.Several features are noted in Figure 3-10, which represents the 750 ns laser-laser 

delay. The relative intensity of the Ca II atomic emission peaks is significantly greater for 
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the dual-pulse method as compared to the single-pulse method for, namely 1980 counts 

vs. 1300 counts for the 393.4 nm peak, respectively. In addition, the region of the spectra 

to the left of 393.4-nm Ca II line corresponds to molecular emission from the  first 

negative system, including the lines at 391.4 and 388.4 nm. In contrast to the particle- 
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Figure 3-11.  Spectra showing the Ca II atomic emission lines at 393.4 and 396.9 nm for 
both the dual-pulse configuration with a 50-µs delay, and for Laser 2 only.  
Both spectra have the same intensity scale. 

derived calcium emission lines, these gas-phase derived molecular lines display an 

opposite trend, whereby the emission intensities are significantly reduced with the dual-

pulse configuration. This latter trend is perfectly consistent with the above analysis of the 

gas-phase atomic nitrogen and oxygen emission data. 
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In a similar manner as for the gas-phase experiments (noting the longer detector 

gate and width of 30 μs), comparisons of Ca II atomic emission peak-to-base and signal-

to-noise ratios were made for the single-pulse and dual-pulse configurations, with the 

results presented in Figures 3-12 and 3-13, respectively. 
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Figure 3-12.  The 393.4 -nm calcium II emission line peak-to-base ratio measurements 

for the fine calcium aerosol sample as a function of dual-pulse laser delay 
times.  The P/B are also shown corresponding to the Laser 1 plasma only 
(i.e., Laser 2 beam blocked).  The dashed horizontal line represents the 
average P/B ratio for Laser 2 only. 

The dual-pulse measurements for both the peak-to-base and signal-to-noise are 

significantly greater than those realized with the single-pulse scheme over a range of 

laser-laser delay times from about 100 ns to nearly 100 μs. Specifically, the P/B ratio for 

the single-pulse experiments (Laser 2 only) was an average of 220 (7.0% RSD). With the 
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dual-pulse configuration, the P/B was observed to increase to values of 460 (6.7% RSD) 

at 750 ns delay, and 463 (4.6% RSD) at a delay of 5 μs. Nearly identical trends were 

observed with the SNR data, as seen in Figure 3-13. The average single-pulse (Laser 2 

only) SNR value was 43.4 (7.1% RSD), which was increased to a maximum value of  
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Figure 3-13.  The 393.4 -nm calcium II emission line signal-to-noise ratio 

measurements for the fine calcium aerosol sample as a function of dual-
pulse laser delay times.  The SNR are also shown corresponding to the 
Laser 1 plasma only (i.e., Laser 2 beam blocked).  The dashed horizontal 
line represents the average SNR for Laser 2 only. 

202 (10.5% RSD) for a dual-pulse configuration with a laser-laser delay of 5 μs. This 

corresponds to a greater than 4-fold increase in analyte sensitivity with the optimal dual-
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pulse scheme, which corresponds to a laser-laser delay in the range of about 0.8 to 5 μs. 

It should also be noted that the Laser 1 (single laser only) P/B and SNR data are all 

markedly less than the dual-pulse results. The Laser 1 response corroborates the dual-

pulse enhancement, and results from a steady decrease in calcium emission response with 

increasing laser-to-detector delay time, as effectively realized with the Laser 1 only 

experiments. Recall that with Laser 1 only, the detector gate is still being temporally 

delayed even though the Laser 2 beam is blocked. 

As discussed above with the purely gas-phase data, the aerosol-phase experiments 

should also be explained in the context of the transmission experiments and the recent 

gas-phase vs. particulate-phase analyte response study [Hohreiter and Hahn 2005a]. 

Referring once again to this earlier study, the solid particulates (i.e., aerosol phase 

analyte) were hypothesized to resist being driven from the plasma center along with the 

gaseous molecules by the expanding shock wave, as seen in Figure 3-14. The resulting  

 

Figure 3-14.  This image depicts the basis for the increase analyte response in a dual-
pulse configuration for an aerosol sample. The larger aerosol particles 
resist the radial force exerted on them by the expanding plasma volume 
created by laser 1 and remain inside the core while the smaller gas phase 
particle are expelled, thereby creating a more aerosol concentrated volume 
that is awaiting the plasma from laser 2 [Hohreiter and Hahn 2005a]. 
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“slip factor” has the effect of preferentially enhancing the particulate-phase/gas-phase 

analyte ratio, thereby affording an opportunity to enhance the analyte response of the 

solid phase with an optimally-timed second laser pulse. In other words, the gas-phase 

species within the plasma effectively contribute to the plasma continuum emission, hence 

to spectral noise with regard to the targeted particulate-derived analyte emission. In 

keeping with the Figure 3-1 transmission data, the temporal region between about 1 and 

10 μs is consistent with a proposed mechanism in which the particulate-phase is 

preferentially enriched by the loss of gas-phase species, and is then additionally excited 

(i.e., strong coupling) by the second laser pulse (Laser 2). At relatively shorter delay 

times (< 500 ns), the dual-pulse enhancement is not as great because the rarefaction has 

not yet developed, although plasma-laser coupling is still strong. At relatively longer 

delay times (>10-20 μs), the first plasma has undergone substantial decay, thereby 

reducing the coupling of Laser 2, and the system is once again approaching conditions 

corresponding to a single-pulse environment, as seen in the spectra of Figure 3-11. 

3.1.4 Spectral Analysis of Borosilicate Glass Microspheres 

 To further examine the observed phenomena of dual-pulse enhancement with 

aerosol analysis, in the context of the mechanisms offered above, additional experiments 

were performed using significantly larger aerosol particles, namely the 2-μm borosilicate 

microspheres. This was done in an effort to determine if the plasma-particle interactions 

with the dual-pulse configuration were further enhanced with increasing particle size. 

Based on recent work with the identical particles, the overall time scale for particle 

dissociation within the laser-induced plasma was estimated to be on the order of 15 μs 
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[Carranza and Hahn 2002a], hence particulates are expected to be present during the 

currently determined optimal dual-pulse laser-laser delays of between about 1 and 10 μs. 

For these experiments, suspensions of the borosilicate glass were nebulized as 

described above, and single-shot spectra were analyzed for the presence of calcium 

atomic emission using the same 393.4-nm Ca II atomic emission line. Measurements 

were made using a single-pulse configuration (Laser 2 only) and a dual-pulse 

configuration with a laser-laser delay of 250 ns. While this delay was not the optimal 

value per the SNR experiments, the single-shot detection criteria makes use of the P/B 

ratio [Carranza 2003]; hence the 250 ns was close to the optimal value per Figure 3-12, 

and had the added advantage of slightly larger absolute signal counts to work with. 

Because the particle hit rate was adjusted (i.e., aerosol number density reduced) to 

be less than 100% to minimize multiple particle sampling with a single shot, any 

ensemble-averaging would reduce the effect of dual-pulse enhancement on calcium 

emission by averaging the calcium-containing spectra (i.e., particle hits) with non-

calcium containing spectra (i.e., particle free spectra ). Normally, this might be addressed 

by using a conditional processing routine to separate out the spectra corresponding to 

particle hits, and to then analyze only such spectra [Hahn 1997]. However, the easy 

solution of identifying and ensemble-averaging the spectra of calcium-based particle hits 

brings an additional problem. By enhancing the sensitivity of calcium detection with the 

dual-pulse configuration, the particle hit rate is expected to increase. However, since 

particle hits corresponding to the strongest calcium-emission signals are most likely to be 

sampled with both single-pulse and dual-pulse configurations, the gains in sampling rate 

with dual-pulse LIBS are expected to be made for the particle hits corresponding to the 
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weakest calcium emission signals. Therefore, comparing an ensemble-average of a larger 

number of spectra that contain a larger percentage of weaker emission signals, to an 

average containing a smaller number of spectra but with stronger emission signals is not a 

valid comparison. Because development of a detailed algorithm to attempt to sort and 

categorize spectra according to emission signal distributions was beyond the scope of the 

present study, the borosilicate particle data were only analyzed in terms of the particle 

sampling rate. 

A comparison of the single-pulse to dual-pulse hit rate showed an increase by a 

factor of 2.6 (250% increase) with the dual-pulse configuration. This was based on the 

raw numbers of hits recorded using a threshold algorithm as previously described 

[Carranza 2003]. In addition, all recorded single-shot spectra were then post-processed 

using both calcium emission lines (393.4 and 396.9 nm) in an attempt to reject spectra 

corresponding to false particle hits, as previously described [Hahn and Lunden 2000]. 

From the average spectra of all the hits, the average ratio of the peak-to-base for the 

393.4 Ca II line to the 396.9 Ca II line was determined. All the hits that were inside the 

range of the average ratio ± a factor of 2 were decided as acceptable hits and all those out 

of this range were rejected. Following this analysis, the ratio of particle hit rates with 

dual-pulse LIBS as compared to the single-pulse (Laser 2 only) configuration was again 

equal to 2.6, in exact agreement with the previous result. Overall, the borosilicate glass 

particle experiments were consistent with the above fine-particulate experiments, 

verifying that the dual-pulse LIBS configuration does produce an enhanced analyte 

response for the micron-sized particles as well. 
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3.2 Particle Lens Study 

 An important topic when analyzing aerosols using LIBS is the introduction of the 

analyte into the sample volume. Like in the first study, often a uniformly concentrated 

aerosol and gas mixture flows through a large cross-sectioned tube in which the plasma 

volume is situated in the center. However, if the cross-section were reduced in size, a 

more concentrated flow could be achieved, and one would expect hit rates along with 

analyte response to increase. This study focuses on the above comments, in which aerosol 

response and hit rates were compared for sample injection using a flow lens to reduce the 

flow cross-section down to 0.75 mm (.0295”) diameter versus a diameter of 0.18” of a 

standard ¼” tube. 

3.2.1 First Attempts 

 As mentioned in Chapter 2, experiments were first performed by drawing the 

analyte through the two injection tubes at 1 lpm without a sheath flow, the following data  

Table 3-1. Data representing the analyte response (Ca II) and the hit rates for the two 
aerosol injection methods. 

Steel Tube 
Average P/B 1000 Shot Avg 1000 Shot Stdev Hit Average Hit Stdev 
P/B 1 @ 393.4 nm 67.398 13.395 435.404 47.07 
P/B 2 @ 396.9 nm 44.531 9.377 316.09 43.202 
        
Hit # Average/1000 shots Hit # Stdev/1000 shots     
78.929 13.714       
     

Particle Lens 
Average P/B 1000 Shot Avg 1000 Shot Stdev Hit Average Hit Stdev 
P/B 1 @ 393.4 nm 45.353 11.305 414.494 48.748 
P/B 2 @ 396.9 nm 29.753 7.275 297.622 38.058 
     
Hit # Average/1000 shots Hit # Stdev/1000 shots     
61.5 14.416       
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presented in this section describes these first attempts. Data, including hit rates and 

analyte response for the 2-μm borosilicate microspheres were gathered and compared for 

the aerosol injection through the particle lens and the ¼” thin walled tube. The first 

ionized calcium (Ca II) atomic emission lines at 393.4 and 396.9 nm (0–25,414 cm-1 and 

0–25,192 cm-1, respectively) were used for all spectra analysis. Analyte response was 

determined using the calculated peak-to-base of a 1000 shot averaged spectra and from 

the averaged spectra of all the hits acquired in the 1000 shot set. Table 3-1 shows all the 

averaged peak-to-base measurements and the average hit rates for both the particle lens 

and ¼” tubing. The number of hits as well as the analyte response were slightly better 

when using the ¼” tube rather than the particle lens. The average hit number per 1000 

laser shots for the ¼” tube was 78.9 (17.4% RSD) versus 61.5 (23.4% RSD) for the 

particle lens. The 1000 shot average peak-to-base for the 393.4 Ca (II) line was 67.4 

(19.8% RSD) and 45.4 (24.9% RSD) for the ¼” tube and particle lens, respectively. Also 

following a similar trend, the averaged P/B for each individual hit was 435.4 (10.8% 

RSD) versus 414.5 (11.8% RSD) for the ¼” tube and lens, respectively. The difference, 

however, for all the mentioned results were not substantial and were rarely larger than 

that of one standard deviation, therefore it was concluded that there was not any 

advantage with either injection method. 

Because such similar results were obtained, it was proposed that the particles were 

entering the sample chamber and not exiting at the same rate, instead building up and re-

circulating back into the plasma volume. This was verified using a green diode laser to 

perform light scattering to visualize the aerosol flow. Figure 3-15 [left], shows a straight 

green line running across the sample chamber and in front of the particle lens. This line 
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was created by light scattering from the particles that were building up in the sample 

chamber. This clearly shows that particles filled the entire chamber, making the lens 

effects negligible. As mentioned in Chapter 2, to remedy this, an annular sheath flow was 

situated around the particle lens and ¼” tube to separate the particles exiting the tubes 

with those re-circulating throughout the sample chamber. This can also be seen in Figure 

3-15 [right]. The small point of light situated in the center of the tubes is light being 

scattered by the particles exiting the particle lens, which are effectively isolated from 

those that are re-circulating.  

   

Light scattering 
particles exiting lens 

outlet 

 
Figure 3-15. Images depicting the calcium aerosol light scattering of a green diode 

laser. Looking down into the sample chamber, the beam path runs directly 
across the center of the particle beam which is aligned in the center of the 
½” annular tube. The green line represents the presence of particles. The 
two images show the difference in particle location without [left] and with 
[right] the annular sheath flow. As you can see, marked by the small spot 
of scattered light at the center of the tubes, the image with the annular 
sheath flow [right] effectively separated the particle exiting the lens with 
those that were re-circulating in the chamber. 

3.2.2 Sheath Flow Experimental Results 

 Like in the experiments without the sheath flow, particle hit rates, the peak-to-

base from the 1000 shot averaged spectra, and the average peak-to-base from each 

individual hit of the 2-μm borosilicate microspheres were used to quantify advantages or 
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disadvantages in using the particle lens. The same calcium lines, Ca II lines at 393.4 and 

396.9 nm (0–25,414 cm-1 and 0–25,192 cm-1, respectively), were used to quantify the hit 

rate and analyte response. It was believed that data from these experiments was more 

conclusive since the effect of the re-circulating particles was removed. 

 A threshold conditional analysis approach was applied to obtain hit counts and 

individual spectra when a hit occurred. This resulted in a number of hits for both the ¼” 

tube and the particle lens. To further eliminate any possible false hits, an extra filtering 

process was used. From the average spectra of all the hits it was calculated that the 

average ratio of the peak-to-base for the 393.4 Ca II line to the 396.9 Ca II line was 

nominally 1.2 for both the ¼” tube and the particle lens. An acceptable range for this 

ratio was determined to be 1.2 ± a factor of 2 (0.6-2.4). This process reduced the hit count 

from 426 to 366 for the particle lens (a 14.1% reduction) and from 1769 to 1549 (a 12.4% 

reduction). The similar reductions proved that false hits were just as likely to occur 

whether a particle lens was used or not in s LIBS system. 

 Table 3-2 displays hit rates, averaged P/B of each spectra corresponding to a hit, 

and the P/B of the averaged 1000 shot spectra for the 393.4 nm Ca II spectral line. The 

data indicates no advantage when using a smaller particle injection orifice. Hits occurred 

Table 3-2. Spectra and hit data comparing the ¼” tube to the particle lens. 
393.4 nm Ca II Line Data 

  Hit Rate 
Hit Average 
P/B 

Hit Stdev   
P/B 

1000 Shot Average  
P/B 

1000 Shot Stdev 
P/B 

1/4" Steel 
Tube 0.0645 248.12 198.79 37.72 8.87 
Particle Lens 0.0159 263.59 218.21 9.713 4.27 
 
1.6 % of the time for the particle lens versus 6.4 % of the time for the ¼” tube, a 75% 

reduction. The 393.4 Ca II line peak-to-base of the 1000 shot average spectra was 9.7 for 

the particle lens versus 37.7 for the ¼” tube, also about a 75% reduction. This is expected 
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given the difference in hit rates between the two injection methods. Despite the decreased 

hit rates and 1000 shot average spectra P/B, it was still hopeful that the spectra from a hit 

would provide a better analyte response for the particle lens due to the fact that the 

particle lens was more precise at delivering a particle into the core of the plasma, where 

higher temperatures and electron densities exist. However, this was not the case, the 

393.4 Ca II line average peak-to-base ratio for every individual hit were only slightly 

better for the particle lens (263.6 with Stdev of 218.2) than with the ¼” tube (248 with a 

Stdev of 198.8), corresponding to only a 6% increase. With relative standard deviations 

nearing 80%, the slight increase in the averaged hits P/B for the particle lens was not  
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Figure 3-16.  Histogram categorizing the peak-to-base ratio of each individual hit for the 
¼” tube and the particle lens. The overall intensity is down for the particle 
lens due to the smaller hit rates, but the distribution for both methods 
follow very similar trends. 
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sufficient enough to rule that implementing the particle lens in combination with a 

conditional analysis approach could produce better limits of detection. To further 

investigate the quality of each individual hit for the particle lens and ¼” tube, a histogram 

and probability plot were constructed and can be see in Figures 3-16 and 3-17, 

respectively. 

The relative shape and distribution of the histograms for the ¼” tube and particle 

lens are very similar. This also negates the expectation that the particle lens would 

provide a better quality hit ratio. If that were the case, one would expect to see the 

distribution weighted more for the higher peak-to-base ranges. The probability plot seen  
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Figure 3-17. Probability plot comparing the distribution of the P/B ratios for all the 
individual hits collected after the conditional analysis approaches were 
performed. 
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in Figure 3-17 also clearly demonstrates this fact. Both the particle lens and ¼” tube 

follow the exact same distribution up to the 50% mark of a P/B equaling 200. After this, 

the particle lens begins to slightly diverge, increasing a little faster than the ¼” lens, 

elucidating the slightly higher average P/B for the lens shown in Table 3-2. However, the 

divergence of the lens is not enough to make the case that it can contribute to better 

analyte response. 

3.2.3 Summary and Particle Counting Results 

In review, the particle lens produced much lower hit rates which correlated to the 

much lower peak-to-base ratios of the averaged 1000 shot spectra. The average hits 

spectra for both injection methods produced P/B ratios of very similar values. Each hit 

was analyzed in anticipation that a higher percentage of the hits would contain larger P/B 

ratios for the lens than the ¼” tube. This was not the case, which is evident in Figures 3-

13 and 3-14. Basically, when a hit occurred for either the lens or the ¼” tubing (hits being 

4 times more likely for the ¼” tube) similar analyte response was found. 

To clarify the above data, particle counting experiments were used to determine 

whether the same amount of particles were exiting both the lens and the ¼” tube. Pulling 

1.0 lpm of the analyte through the lens and the tube, particles were counted using the 

light scattering device. Considering all particles with diameters greater than 2 μm, the 

lens produced an average particle rate through the sample chamber of 154.16 

particles/min with a standard deviation of 31.9 particles/min while the ¼” tube produced 

an average rate of 229.15 particles/min with a standard deviation of 57.3 particles/min. 

This corresponded to the particle lens transmitting about 67% of the particles of the ¼” 

tube. This value of 67% transmission for the particle lens was almost identical with 

preliminary model predictions done by Aerodyne Research, Inc. for 3 µm particles 
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flowing through the lens at 1 lpm [Wormhoudt 2006]. The transmission difference is a 

large contributor for the discrepancy in the hit rates between the two injection methods 

presented in Table 3-2, and could be attributed to particles sticking on the inner surface of 

the particle lens when cross-sections were reduced by the smaller concentric tube. 

Since 67% of entering particles were being transmitted through the focusing lens, 

the question was, what else was contributing to the almost 75% reduction in hit rates 

measured with the lens? Using a probability analysis and a Poisson distribution, while 

assuming the flows had uniform particle distributions, predicted sampling rates were 

determined for both the lens and the tube. Eq. 3.1 represents the Poison probability (P0) 

that zero particles will be sampled. Subtracting that from one, as in Eq. 3.2, gives the 

probability (Pn) that any number of particles will be sampled in the plasma, where µ 

represents the average number of particles per plasma volume and can be calculated, as in 

Eq. 3.3, by multiplying the particle number density (N) by the effective plasma  

P0=exp(-µ)        (3.1) 

Pn=1-exp(-µ)        (3.2) 

µ=N*V         (3.3) 

volume (V).The above transmission values along with the known flow rate of 1 lpm were 

used to determine the particle number density that was exiting both the lens and the tube. 

For the lens Nlens=0.15 particles/cc and for the tube Ntube=0.23 particles/cc. The 

calculated number densities are not representative of the actual number densities due to a 

number of reasons: (1) there was also a sheath flow diluting the actual number densities 

that was not accounted for, (2) the particle counter had uncertainty, and (3) not all 

particles exiting the lens and tube were going into the counter (the majority actually 
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entering the vacuum pump). However, when the two numbers are compared in a ratio, it 

is significant and can be related to the ratio of the measured sampling rates in Table 3-2. 

The effective statistical plasma diameter was previously determined as 1.3 mm [Carranza 

and Hahn 2002b] which was used to calculate the effective plasma volume for the ¼” 

tube, Vtube=0.00123 cc. For the lens, the diameter of the flow exiting was smaller than the 

effective plasma diameter of 1.3 mm, and therefore the effective plasma volume had to be 

calculated as a cylindrical section of the plasma with a diameter equaling 0.75 mm 

(diameter of the lens orifice) and a length of 1.3 mm (diameter of the plasma). The 

calculated effective plasma volume for the lens was Vlens=5.74E-4 cc. Figure 3-18 

illustrates the reduction in the effective plasma volume when using the particle lens. 

Plugging in the effective plasma volumes and number densities into Eqn. 3.3 to find µ 

 

 Plasma 
Ø 1.3 mm Ø 0.75 mm 
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Focusing Lens 

 Plasma 

 A B 

Figure 3-18.  The thin walled ¼” tube [A] allowed for the maximum effective plasma 
volume, represented by the shaded region, to excite the aerosol samples, 
while the particle lens [B] reduced the effective plasma volume which 
aided in reducing the particle hit rates. 

and then into Eqn. 3.2, predicted sampling rates for each injection method were 

calculated as Pnlens=0.89 particles/1000 shots and Pntube=2.8 particles/1000 shots for the 

lens and ¼” tube, respectively. This gave a ratio (Pnlens/Pntube) of about 0.31, which 

closely compares to the measured ratio of 0.25. This means that the combination of the 
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reduced particle transmission with the reduction in the effective plasma sampling volume, 

almost completely accounted for the large differences in particle sampling rates. 

Now that the hit rate data has been explained, the question now becomes, why is 

not the analyte response for the individual hits much larger for the lens than the ¼” tube? 

One reason could be explained through preliminary research done by Aerodyne in which, 

measured particle beam profiles indicated that the particles had tendencies to disperse in 

an annular direction [Wormhoudt 2006] therefore creating high concentrations of 

particles possibly missing the hotter and more ionic core of the laser induced plasma, 

rendering analyte responses similar to that of the ¼” tube. Also, although the particle 

streamline was set to go through the center of the plasma, particles could be sampled at 

any point along the streamline path within the 1.3 mm plasma diameter. This meant that 

the probability of sampling a particle in the center of the plasma along the streamline is 

less than sampling a particle at the outer edge (before and after the center) of the plasma 

along the streamline. More simply stated, even though the lens points the particles in the 

direction of the center of the plasma, it is still unlikely to have a particle located directly 

in the center when the plasma is formed. 

 



CHAPTER 4 
CONCLUSIONS AND PROPOSED FUTURE WORK 

In this study two methods were investigated to assess their potential to increase the 

analyte response and sampling rates for laser-induced breakdown spectroscopy, notably 

for aerosol analysis. The two methods investigated were (1) applying a dual-pulse laser 

configuration system, which has been proven to increase analyte response on liquid and 

solid samples, for gaseous and aerosol analyte systems; and (2) using a particle lens to 

focus aerosol particles directly into the laser-induced plasma in hopes that sampling rates 

and analyte response would be enhanced. In summary, the two studies have accomplished 

the following: 

Dual-Pulse Study 

Based on the current analysis, clearly the dual-pulse LIBS approach is applicable to 
aerosol systems, namely the analysis of particulate-phase analytes.  Under such 
conditions, a 4-fold analyte signal (i.e., P/B and SNR) enhancement was achieved. It 
is concluded that the system shows promise as a way to improve detection limits for 
real-time aerosol sensing applications, which might justify the added system 
complexity of dual-pulse configurations for critical sensing needs. 
 
On the other hand, a rather poor signal response (both P/B and SNR) was realized 
when applying dual-pulse LIBS for analysis of strictly gas-phase species. This result, 
however, along with the transmission data, provides additional insight into the 
physics of the plasma-analyte interactions, further supporting the concept of 
preferential analyte depletion within the expanding plasma for pure gas-phase 
analysis that has been explored in earlier works. Such an effect is the opposite of 
solid-phase analytes, which are preferentially enriched, allowing for a dual-pulse 
scheme to enhance the analyte signal (i.e., solid phase) to noise (i.e., gaseous phase) 
ratio. 

 
Particle Lens Study 

 
The particle lens study revealed no advantage in using a more complex aerodynamic 
lens tube over a traditional ¼” thin walled tube. A conditional analysis approach was 
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used to determine sampling rates, which were reduced with the particle lens by almost 
75%, subsequently reducing analyte response from a 1000 laser pulse averaged 
spectra by almost 75%. In addition, each individual hit from the particle lens and the 
¼” tube were examined and compared, revealing similar responses for both particle 
injection methods. Therefore, the particles that were actually sampled by the plasma 
produced similar signals. 

 
Particle transmission along with the reduction in the effective plasma sampling 
volume, due to the shrinking of the flow stream, have been considered as the major 
contributors for the disparity in sampling rates. The particle lens transmitted about 2/3 
of the amount of particles transmitted by the ¼” tube alone, and reduced the effective 
plasma volume by nearly 50%. Reasons for the similar analyte response of the 
individual hits include possible flow alterations when exiting the lens orifice causing 
the particle to miss the plasma core, and the fact that sampling a particle in the center 
of the plasma even with a lens in place is still a low probability event. 

 
To further understand the physics behind the data acquired, additional work must 

be carried out for both studies. Proposed experiments and examination include: 

Dual-Pulse Study 

Running similar procedures as in this study, but with particle analytes with varying 
characteristics (i.e., size, melting point, etc.) to more completely understand the 
plasma-particle interactions that occur and to determine the circumstances when a 
dual-pulse system could be optimized to achieve the best detection limits. 

 
Further experiments to elucidate the preferential accumulation of solid particles inside 
the laser-induced plasma should be carried out. This could include plasma imaging 
with multiple cameras so that a series of images could determine the particles effect 
with the expanding plasma, as well as performing light scattering experiments to 
more clearly understand the physics behind the achieved signal enhancement for the 
aerosol based analyte. 

 
Particle Lens Study 

Flow simulation could be run to determine the reason for the reduced particle 
transmission through the particle lens. Also, a detailed flow simulation could be done 
at the exit orifice of the particle focusing lens to determine if there are secondary flow 
effects causing the particles to disperse radially rather than in a streamline. 

 
Running experiments and calculations to optimize the particle lens design so that the 
cross-section of the particle flow exiting the lens will match with the maximum 
plasma volume.

 



 

APPENDIX A 
COMPONENTS OF SPECTROSCOPIC SYSTEMS 

Table A-1. List of components used in the dual-pulse study. 
Device Manufacturer Description 

Equipment 
Nd:YAG laser Big Sky Laser 

Technologies 
1064 nm, 10 ns pulse, 5 Hz, 290 

mJ/pulse 
Nd:YAG laser Continuum 1064 nm, 5 Hz, 100 mJ/pulse 

Spectrometer Acton Research 
Corporation 

0.275 m spectrometer, 2400 
grooves/mm, 195 nm-2800 nm 

iCCD Princeton Instruments Intensified CCD, 200 row chip 

iCCD Chiller Refrigerator  
re-circulator 

 

Software Custom Metal Emissions Labview 
Program 

Delay Pulse Generator Stanford Research 
Systems, Inc. 

4 channel digital delay/pulse 
generator 

Fiber Optic Acton Research 
Corporation 

6’, high optical grade, 17 fiber 
bundle, 1.5 mm diameter 

Optics 
Laser 1 Optical Telescope CVI Laser Corporation x2.5, two 1064 UV grade AR 

lenses 
Laser 2 Optical Telescope CVI Laser Corporation x1.7, two 1064 UV grade AR 

lenses 
Elliptical Pierced Mirror CVI Laser Corporation UV-grade AR enhanced 

Laser 1 Focusing Lens CVI Laser Corporation 100-mm focal length, 50-mm 
dia, UV-grade, 1064 nm AR 

Laser 2 Focusing Lens CVI Laser Corporation 75-mm focal length, 50-mm dia, 
UV-grade, 1064 nm AR 

1064 nm dichroic Mirror CVI Laser Corporation 45 degrees, 1064 dichroic 
mirror, 2” diameter 

Aperture Newport 1 aperture 
Quartz Window Huntington UV-grade quartz window 
Collection Lens CVI Laser Corporation 75-mm focal length, 50-mm dia, 

UV-grade, 1064 nm AR 
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Table A-2. List of components used in the particle lens study. 
Device Manufacturer Description 

Equipment 
1064 nm frequency 

doubled/tripled Nd:YAG 
Laser 

Continuum Surelite II 532/355 nm, 5 Hz, 60 mJ/pulse

Spectrometer Acton Research 
Corporation 

0.275 m spectrometer, 2400 
grooves/mm, 195 nm-2800 nm 

iCCD Princeton Instruments Intensified CCD, 200 row chip 
iCCD Chiller Refrigerator re-

circulator 
 

Software Custom Metal Emissions Labview 
Program 

Vacuum Pump Thomas Compressors 
and Vacuum Pumps 

 

Particle Counter Particle Counting 
Systems 

Light scattering particle 
counter, 0.2 lpm 

Particle Lens Aerodyne research, Inc 60 cm long, 0.75 mm exit 
orifice 

Fiber Optic Acton Research 
Corporation 

6’, high optical grade, 17 fiber 
bundle, 1.5 mm diameter 

Optics 
355 nm dichroic mirror CVI Laser Corporation 45 degree, 355 nm dichroic 

mirror, 2” diameter 
Aperture Newport 1 aperture 

Focusing Lens CVI Laser Corporation Plano-convex, 100 mm UV-
grade, 2” diameter 

Collection Lens CVI Laser Corporation Plano-convex, 100 mm UV-
grade, 2” diameter 

Square Pierced Mirror Rolyn Optics 100 mmx100 mmx1mm center 
pierced-0.5”±0.2” diameter 

Quartz Window Huntington UV-grade quartz window 
 

 

 



 

APPENDIX B 
PARTICLE LENS CALCULATIONS 

Table B-1. Results of calculations used to determine predicted sampling rates for the 
particle lens and ¼” steel tube.  

 
Tube 

Diameter Tube Area Volume Flow Rate 
Particle 

Transmission 
Particle 
Velocity 

 (m) (m^2) (m^3/s) (particles/s) (m/s) 

Particle 
Lens 7.50E-04 4.42E-07 1.67E-05 2.569 37.73 

1/4" 
Tube 4.57E-03 1.64E-05 1.67E-05 3.7616 1.0152 

      
      
      
      

 
Particle 

Density (N) 

Effective 
Plasma 

Vol. µ 
Pn (calculated 

hit rate) 
Measured 

Sampling rate 

 (particles/cc) (cc) 
(particles/plasma 

volume) 
(particles/1000 

shots) 
(particles/1000 

shots) 

Particle 
Lens 0.1546 5.74E-04 8.88E-05 8.88E-02 1.59E-02 

1/4" 
Tube 0.229 0.00123 2.82E-04 2.82E-01 0.064542 

   Ratio 31.49% 24.66% 
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