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Laser-induced breakdown spectroscopy (LIBS) is an analytical technique that has 

been given significant attention as a method for fast elemental analysis. Even though 

LIBS has many advantages over other analytical methods, size requirements have limited 

most applications to laboratory analysis. 

This project was set forth to investigate the possibility of employing all-solid-state 

diode-pumped miniature (microchip) lasers as sources of light for LIBS and to estimate 

the analytical performance of LIBS based on these systems. 

The study began with the diagnostics of the microchip laser-induced plasma. 

Plasma parameters such as size, temperature, electron number density and temporal 

behavior of the emission were studied using both traditional spectroscopy and CCD 

photography. The small plasma size (100 µm above target surface) and short lifetime 

(1.5-2 ns) did not allow detailed spatial and temporal study of plasma by conventional 

xiv 



 

means. However, a pump-probe method based on an optical delay setup provided 

information about the absorption properties of the plasma on the sub-nanosecond time 

scale. Maximum absorption was measured 1.2 ns after the laser pulse while the plasma 

became almost transparent after 4 ns. 

The effect of both target properties and laser parameters on the ablation properties 

of the microchip laser was studied. Microchip lasers produce well-defined craters, which 

allow easy estimation of the mass removed per laser shot. The high spatial and depth 

resolution of the microchip laser ablation was employed in applications such as depth 

profiling and trace element analysis. Detection limits for Cr, Si, Ni, and Mo in steel 

alloys were 100 ppm or lower, but were a hundred times higher in powdered substrates. 

The microchip laser was employed in the detection of aerosols by LIBS. Laser-

induced plasma was formed on particles which passed through the focal volume of a 

tightly focused laser during the laser pulse. The efficiency of detecting particles of 

various particle types and sizes was investigated as well as the use of the plasma emission 

for the identification of these particles. The results show the potential usefulness of 

microchip laser LIBS for the real-time detection and identification of particles in air. 

Potential applications of such a capability include real-time assessment of industrial 

atmospheres, clean room monitoring and bio-safety. 

xv 



CHAPTER 1 
INTRODUCTION TO LASER-INDUCED BREAKDOWN SPECTROSCOPY (LIBS) 

Laser-induced breakdown spectroscopy (LIBS), also known as laser-induced 

plasma spectroscopy (LIPS), is an analytical technique based on the emission by atomic 

and ionic species in microplasmas induced during laser ablation at high power densities. 

In simple terms, it is the use of optical signals from laser-generated plasma for analytical 

purposes. A typical LIBS configuration is shown in Figure 1-1. The output from a pulsed 

laser is focused on a target, which can be a solid, liquid, gas, or aerosol particles. The 

high laser power creates a microplasma on the target which excites and ionizes a small 

amount of the target material. The optical radiation from the atomic and ionic species in 

the laser-induced plasma is collected by lenses or optical fibers into spectrometers and 

spectrally resolved. The emitting species in the laser-induced plasma can be identified 

and quantified by their unique spectral wavelength and line intensities. 

 

Figure 1-1 LIBS experimental set up. FL-focusing lens; CL- collection lens. 

1 
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Background 

When a focused, pulsed laser strikes the surface of a material, an initial heating 

causes a rapid rise in the temperature of the surface which results in melting and 

vaporization of a small portion of material into ionized gas. The process leading to the 

ionization of this gas (i.e. plasma breakdown) can either be electron ionization (equation 

1-1) or multiphoton ionization (equation 1-2) (1).  

e + M → 2e + M+                                                                                                 (1-1) 

mhν + M → M+ + e                                                                                              (1-2) 

Interaction of the laser pulse with the solid sample results in the laser radiation 

being absorbed by an electron whose energy rises above the band gap of the solid. The 

high energy electron then collides with the neutral metal to ionize the solid to form a gas. 

Because the electron concentration increases exponentially during the time the laser 

emission is on, this process results in a cascade breakdown.  

Whenever multiple photons are absorbed by an atom or molecule and the energy of 

these photons is sufficient to eject an electron from the valence to the conduction band of 

the solid, a metal ion and an electron result. Electrons produced by this process undergo 

many collisions with themselves and the surrounding atoms causing further ionization. 

This process is called multiphoton ionization. The energy of the electrons is passed on to 

the target, resulting in a surface temperature rise, melting and vaporization, provided the 

energy deposited in the layer of molten metal is greater than the latent heat of 

vaporization of the material (2).  

Figure 1-2 is a schematic representation of the processes leading to the formation of 

a plasma plume. In Figure 1-2c, the removal of particulate matter from the surface leads 

to the formation of vapor in front of the sample. When this vapor condenses as 
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submicrometer size particles, it leads to scattering and absorption of the laser radiation 

and results in heating, ionization and plasma formation (Figure 1-2d). Other mechanisms 

that follow these include fast expansion of photoablated material (Figure 1-2e), formation 

of polyatomic aggregates and clusters (Figure 1-2f), and deposition of the ablated and 

molten material around the crater (Figure 1-2h and 1-2g). 

 
Figure 1-2 Schematic representation of the processes involved in plasma plume 

formation. Adapted from Vadillo and Laserna (3). 

LIBS Over the Years 

The LIBS technique was reported shortly after the invention of the laser (4), and 

understanding of the principles involved parallel advances in lasers (5). Even in these 

preliminary studies, useful analytical curves were obtained for nickel and chromium in 

steel samples. In fact, by 1967, the first instrument based on LIBS had been developed 

(6). This was followed by a few commercial instruments such as that developed by 

Jarrell-Ash Corporation. The method, however, could not compete favorably with respect 
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to precision and accuracy with competing technologies at the time such as conventional 

spark spectroscopy, electrothermal atomization atomic absorption spectrometry (ATA-

AAS) and inductively coupled plasma-atomic emission spectrometry (ICP-AES).  

In the early years, the method was normally used by physicists for fundamental 

studies on breakdown in gases, the mechanisms that led to this breakdown as well as the 

influence of target properties and laser parameters (pulse width, wavelength, beam 

diameter) on breakdown thresholds (1). It was during the 1980s that the method began to 

receive widespread attention as a solution to practical problems such on-line elemental 

analysis at a distance (2). This late interest was driven by two notable factors. The first 

factor was the unique advantages of the LIBS technique such as the need for no sample 

preparation, minimum destruction to targets, possibility for remote analysis, (also 

referred to as stand-off LIBS) and multi-element capability. The second factor that was 

partly responsible for the revival in the 1980s was the emergence of reliable, small and 

inexpensive lasers as well as the development of sensitive imaging detectors. In addition 

to increased sensitivity, these detectors brought with them the potential to do LIBS 

measurements in a suitable time window that provides higher line to background 

emission signal. 

The 1990s continued the revolution started in the early 1980s and witnessed an 

explosion in both analytical and industrial research employing LIBS (7). The technique 

began to move out from the basic science laboratory into the real world of applications. 

Application areas embraced the monitoring of environmental contamination and quality 

control, material processing (8), detection of toxic substances (9), removal of coatings, 

and planetary exploration (10). With this in view, LIBS configurations concentrated on 
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developing rugged, robust and field portable systems (11). This ushered in fiber optics for 

both sending the laser beam and collection of the plasma emission, a step towards remote 

analysis. By 1988, a portable beryllium monitor based on LIBS had been built at the Los 

Alamos National Laboratory (12). 

More and more laboratories throughout the world are advancing the technique in 

several respects. However, challenges still remain. After over 40 years of laboratory 

work, both researchers and their funding agencies have come to realize that the time has 

come for LIBS to find more “real-field” application. The challenges that need to be met 

for such real-field applications include instrumental ruggedness and the sensitivity that is 

required in the most demanding environmental and quality control settings. Each of these 

will be briefly addressed in the following sections. 

Instrumental Challenges 

Laser-induced breakdown spectroscopy is one of the several applications of lasers 

that require short (nanosecond and sub-nanosecond) pulses with high peak powers and 

pulse energies of several mJ. The traditional method of producing sub-nanosecond pulses 

is called mode-locking. Mode locking is a process whereby the phases of several modes 

of light in a cavity are locked by pulsing or oscillating the cavity. The pulse duration of a 

laser is the inverse of the frequency distribution of the  laser output (13) . For a laser 

with q output modes, the pulse duration is mathematically expressed by equation 1-3, 

( ) qc
L

L
Cqq

==
∆

=
11duration pulse

ν
                                                                        (1-3) 

where 1/∆v is the pulse separation time and L is the length of the laser cavity. Equation 

(1-3) above shows that we can obtain short pulses either by increasing the number of 
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oscillating modes in phase or by decreasing the length of the cavity. Due to practical 

limitations on the size of the cavity, the former technique is mostly used. 

This leads to the coherent and constructive addition of the electric fields for a short 

period of time and results in a repetitive train of high intensity ultra-short pulses. The 

inter-pulse separation in such a system is equal to the round-trip time of flight in the 

cavity, that is, length of the laser (14). A schematic of a mode-locked system and output 

is shown in Figure 1-3. Figure 1-3a and 1-3b illustrate a laser oscillating on an 

inhomogeneous transition with many modes above threshold and lasing. By considering 

the numeric, one can readily see that there can be a large number of modes oscillating in 

such a system, with simultaneous oscillating modes as shown in Figure 1-3c. The number 

of modes that can oscillate simultaneously depends on the Doppler width of the transition 

and the length of the cavity (15). 

Mode-coupling or mode-locking can be realized by optical modulators inside the 

laser resonator. This case is referred to as active mode-locking. It can also be achieved 

passively using saturable absorbers or by a combination of both schemes (16, 17). Figure 

1-4 is a typical experimental arrangement for generating a train of mode-locked pulses 

using a standing ultrasonic wave. Mode-locking is normally used in application areas that 

require very short pulses such as x-ray generation, machining, time-resolved studies and 

terahertz generation (18). 

The intensity of a light wave is proportional to the square of the electric field 

amplitude; therefore for  two superimposed waves with intensity E, the resultant intensity 

is given by (13), 
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Figure 1-3 Multimode laser: (a) and (b) A laser oscillating on an inhomogeneous 
transition with many modes above threshold; (c) Simultaneous oscillating 
modes in a laser cavity. 

 

Figure 1-4 Experimental arrangement for a  mode-locked laser using an ultrasonic wave. 
Adapted from from Demtroder (14).       

22 4)( EEE =+                                                                                        (1-4) 

That is, the resultant intensity is four times the intensity of a single wave. Despite this 

amplification, the large number of pulses produced per second results in low pulse 
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energies. Therefore, only lasers with extremely high average powers can produce enough 

pulse energies for some applications. In order to produce energetic pulses, the technique 

called Q-switching is employed. 

In Q-switching, the ratio of the energy stored in the cavity to that lost (leaked by 

the mirrors) is modified by external commands which facilitate population inversion, and 

inhibit stimulated emission while keeping spontaneous emission as low as possible. Once 

population inversion reaches a critical threshold, stimulated emission starts and a large 

pulse of laser light with several 100s of mJ energy is emitted. 

Figure 1-5 is an illustration of an optical set up for generating Q-switched pulses. 

Until a specific time after the start of the pump pulse at t = 0, the cavity losses of a laser 

are kept high by an optical switch inside the resonator. In this way the oscillating 

threshold cannot be reached. A large population inversion builds up and the switch is 

suddenly opened. This increases the Q-value of the cavity and converts the energy stored 

in the cavity into a giant light pulse. The type of Q-switching described above is called 

active Q-switching. Active Q-switching can be achieved using electro-optic and acousto-

optic shutters which can be externally opened or closed to create variable pulse duration 

and frequencies. Electro-optic Q switches are capable of faster switching than acousto- 

optic devices because the speed of light is faster than the speed of sound. However, 

electro-optic systems generally require relatively higher voltage electronics than are 

required by acousto-optic devices. Q-switching can also be done mechanically using a 

rotating mirror placed in the laser cavity that only reflects the light and allow stimulated 

emission at certain geometries. Due to their speed, mechanical switches are being 

replaced in most systems except in cases where optical damage limits the use of the 
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alternative technologies. A handful of techniques and various combinations of them are 

available for both producing and controlling the output of a laser. These will not be 

discussed in detail in this thesis but Table 1-1 is a summary of some of the methods 

available and pulse properties. The values listed are typical of those reported in the 

literature, although in many cases there is a significant spread in the reported values.  

 
Figure 1-5 Optical set up for generating Q-switched pulses. 

Lasers used in LIBS are conventionally actively Q-switched lasers with 

neodymium crystals doped with yttrium-aluminum garnet (Nd3+:Y3Al5O12) as the lasing 

medium. Nd: YAG has been the most widely used gain medium because of its unusual 

combination of optical, thermal and mechanical properties. Favorable properties of this 

medium include its temperature index variation, thermal expansion coefficient, thermal 

conductivity, and melting point (19). Pumped with a Xe-arc flash lamp, the output is at 

1064 nm. Various wavelengths down to the 5th harmonic can be obtained from this 
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fundamental output by the use of non-linear crystals appropriately placed in the laser 

path. Other lasers have been used in LIBS; Table 1-2 lists a few of these laser systems 

and their typical operating parameters. 

Even though, highly energetic pulses can be produced by Q-switching, size 

requirements and the mechanisms by which the pulse is produced do not allow the 

production of sub-ns pulses. Methods exist for the production of both sub-ns and 

energetic pulses (such as amplifying a mode-locked laser or Q-switching a mode-locked 

laser). However, these methods result in complex systems with high power consumption 

due to the high speed and high voltage electronics that are needed for proper Q-

switching.  For LIBS to find real-field applications, alternative light sources that are 

compact, robust, easy to operate, and have minimum requirements for maintenance will 

play a big role. 

Analytical Performance of LIBS 

In addition to instrumental requirements, every technique has to satisfy analytical 

performance criteria before it can be embraced as a routine method for laboratory 

measurements, quality control assessment and field deployment. The performance criteria 

are referred to as analytical figures of merit (11). These include the detection power (limit 

of detection, LOD) of the technique, linear dynamic range (LDR),  capability for absolute 

analysis and selectivity. In this regard, LIBS may be considered as lagging behind 

competing methods such as inductively coupled plasma optical emission spectrometry 

(ICP-OES) spectrometry or ICP-mass spectrometry (ICP-MS). To bring this into 

perspective, both LIBS and ICP-OES use plasma excitation and the emitted light from the 

plasma as bases of analysis. However, ICP-OES, which is the most used emission based 
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multi-element technique, provides detection limits in the sub-ppb range while LIBS 

provides detection limits in the ppm range. 

Table 1-1 Methods used for modifying the output of a laser. 
Laser system Peak power Pulse width Period of pulse 

repetition 
Mode-locked 100 W 100 ps >10 ns 

Cavity-dumped 10-100 W >10 ns Variable 

Mode-locked & Cavity-
dumped 

>10 W >0.1 ns Variable 

Synchronously pumped >100 W >1 ps >10 ns 

Synchronously pumped & 
Mode locked 

>1 kW >10 ps Variable 

Taken from Van Hecke (13) 

Table 1-2 Some laser systems that have been employed in LIBS (1) 
Type Wavelength    

(µm) 
Pulse 
width 

Pulse energy 
(J) 

Features 

Nd:YAG 1.064 7-12 ns 0.3-1.0 Low maintenance, compact, 
relatively cheaper 

CO2 10.6 1-300 
µsec 

0.5-500 Simple design, special IR lenses 
required for laser pulses, 

Excimer 0.194-0.351 10-30 ns 0.25 UV wavelength, toxic gases, 
quartz optics required 

 

Other performance criteria which are equally important, although not considered as 

analytical figures of merit, include sample preparation, sample size requirements, 

automation, bulk versus surface analysis, destructive versus non-destructive, instrument 

compactness and operating cost (11). The rest of this dissertation will be devoted to 
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addressing some of these performance requirements. Chapter 2 will answer the question 

of instrument compactness, size requirements and operation cost, as well as present some 

preliminary investigation using a 7 µJ per pulse microchip laser. In Chapter 3, a study of 

microchip laser ablation will be presented while Chapter 4 will be devoted to the 

diagnostics of the microchip laser-induced plasma. The analytical performance of the 

microchip LIP in both quantitative and qualitative analysis and single particle detection 

will be presented in Chapter 5 and Chapter 6, respectively.

 



CHAPTER 2 
SOLID STATE PASSIVELY Q-SWITCHED MICROCHIP LASERS AS SOURCES 

FOR LASER-INDUCED BREAKDOWN SPECTROSCOPY 

Miniaturization of instruments is a trend in almost every area of industry. The 

reason for this trend is that instrument portability and the speed with which an analysis is 

performed can be considerably improved. Also, miniaturized systems can reduce the 

required sample size and consumption of costly reagents. Miniaturization of instruments 

is usually accompanied by increased functional capabilities. 

In the near future, miniaturization will be a key factor if spectroscopy will continue 

to play its unique role in defense and biomedicine. Significant progress has already been 

achieved in miniaturization of optical detectors. With respect to LIBS, for example, a 

commercial broadband spectrometer (LIBS2000+, Ocean Optics, Inc., USA) covers a 

wide spectral range (200-1000 nm) with an impressive resolution- under 0.1 nm (20). 

When this spectrometer is operated by a notebook computer, the spectrometer is perfectly 

portable and self-contained. Lasers, however, remain a bottleneck in the development of 

portable LIBS devices.  

The conventional laser sources for LIBS, described in Chapter 1, that is, actively 

Q-switched Nd: YAG lasers (or Q-switched mode-locked lasers) are characterized by 

some limitations which do not made them attractive for use in field-friendly LIBS 

systems. For instance, mode-locked Q-switched lasers can be several feet high and 

consume kilowatts of electrical power. For “fieldable” systems, the possibility to operate 

under battery power is ideal. The absence of bulky water cooling systems and minimum 

13 
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requirements for periodic maintenance are some of additional desired properties 

properties. 

It is for this reason that this work was carried out to investigate all-solid-state 

passively Q-switched microchip lasers as sources for LIBS. 

Passive Q-switched Microchip and Lasers 

Passive Q-switching 

 The principle behind the operation of a passively Q-switched laser is simple. 

Unlike actively Q-switched systems which use electro-optic, acousto-optic or mechanical 

device to turn off and on the Q of the laser cavity, passively Q-switched lasers employ an 

intra-cavity saturable absorber that prevents the beginning of lasing until population 

inversion reaches a critical threshold (21). At the beginning of the pumping, this saturable 

device absorbs the light emitted at 1064 nm by the laser material and prevents the 

amplification of the laser light. When the average inversion density exceeds the 

saturation threshold of the saturable absorber, this material becomes transparent and a 

giant laser pulse is delivered in a short period of time (a few 100 ps to 2 ns, typically). 

After the laser pulse is delivered, the saturable absorber again becomes opaque to the 

laser light and begins to absorb the light. The process is analogous to the charge and 

discharge of an electrical capacitor. This mechanism of generating a laser pulse is called 

passively Q-switching because no external commands are needed to trigger the delivery 

of the pulse. A schematic of passive Q-switching is illustrated in Figure 2-1. 

In passively Q-switched systems, the pulse repetition frequency (PRF) can simply 

be changed by increasing or decreasing the pump power, which causes the saturation 

threshold of the saturable absorber to be reached faster or slower. The pulse width, pulse 

 



15 

energy and other characteristics are determined by both the design of the oscillator and 

the choice of saturable absorber (22). 

 
Figure 2-1 Schematic of a passively Q-switched laser system. The gain medium is usually 

Nd: YAG and the saturable absorber is Cr4+: YAG. 

The Microchip Laser 

The microchip laser (MCL) is an all-solid-state diode pumped passively Q-

switched laser system. It is perhaps the ultimate in miniaturization of diode-pumped 

solid-state lasers. In its simplest form, the MCL is like any other solid state laser: a piece 

of laser material placed in an optical cavity between two mirrors. The active ions in the 

laser material are excited by externally pumping with a diode laser. Though the concept 

of these compact laser systems was conceived in the 1960s, it was not until the 1980s that 

attention was given to the idea, especially following the demonstration of a diode-laser 

pumped device in Nd:YAG (23). Since then, diode-pumped, neodymium microchip laser 
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oscillating around 1.06 µm have been reported in many host materials, including NPP 

(23) and YVO4 (24). 

Design and Fabrication of Microchip lasers 

The design of a laser is dictated by several inter-dependent factors such as the 

requirements in the output beam – wavelength, spectral purity, tunabiltiy, power stability, 

as well the operating environment – temperature and humidity. Other practical 

considerations such as size, cost, and available power also play a major, decisive role. 

Microchip lasers are mass produced beginning with a piece of laser material such as 

Nd:YAG. A cylindrical slab of this material is sliced into several wafers of few mm thick 

(1-2 mm typically). The wafers are polished on both surfaces and the mirrors are 

deposited using sputtering or evaporation. With a dicing saw, these wafers are then cut 

into several square microchips and each chip is then coupled to a pump diode laser. This 

coupling can be done directly or through the use of a multi-mode optical fiber. The 

saturable absorber used in most microchip laser designs is Cr4+:YAG (21) which is grown 

on the surfaces of the laser material (diced wafer) using a technique called liquid phase 

epitaxy (22). The process is schematically described in Figure 2-2. With this collective 

fabrication process, it is reported (22) that up to 2000 microchip lasers per fabrication lot 

can be obtained. 

Materials and wavelengths Used in Microchip Lasers 

The active material used in most microchip lasers is neodymium. The choice of the 

doping material, however, depends on the required wavelength. For laser materials doped 

with materials such as yttrium aluminum garnet (Y3Al5O12 or YAG), YLF, or yttrium 

orthvanadate (YVO4), the emission wavelength is around 1000-nm. With Nd doped with 

Tm, for instance, the output is at 2-µm. Microchip lasers based on Nd are pumped with 
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standard GaAlAs or GaInAs diode lasers with outputs around 800-nm; Er and Yb lasers 

are pumped around 980-nm while Tm doped materials are pumped around 790-nm (19).  

The fabrication process of the microchip laser results in miniaturized systems 

which have low power consumption and excellent optical properties. Microchip lasers 

produce sub-nanosecond, multi-kilowatt pulses at high repetition rates (23, 24). They 

have several unique properties that make them attractive as sources of light for 

application areas such as surgery, micromachining, spectroscopy, material processing, 

micro-marking, high precision ranging and several non-linear optical systems.  

 
Figure 2-2 Microchip laser fabrication process. (This is followed by the process 

illustrated by Figure 2-1). 

The attractive features of microchip lasers include the short length of the cavity 

which permits single frequency operation (19). Unlike the multi-mode outputs from the 

majority of conventional lasers, the output from a microchip laser is devoid of mode 

beating. 

Mathematically, the spectral range, also known as frequency spacing between 

adjacent longitudinal modes of a cavity is given by equation (2-1) (13, 19), 
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fsr t

1
=∆υ                                                                                                             (2-1) 

where trt is the round trip time of flight in the cavity. It can be seen that single-mode 

operation is possible because of the short cavity length which ensures that longitudinal 

mode spacing is greater or at least comparable to the gain bandwidth. In many 

applications of lasers, example LIBS, mode quality is at least as important as total power. 

A significant source of error in LIBS measurements is the pulse-to-pulse variations in the 

LIBS emission signal due partly to the anomalous mode beating in conventional lasers 

sources.  

The goal of the remaining section of this chapter is to demonstrate the feasibility of 

using the first commercial microchip laser as part of a miniature LIBS setup which 

includes a small non-gated detector. Such a setup may be a prototype for a commercial 

portable LIBS spectrometer for field applications. Both the experimental details and 

discussion of the results will be scanty but will set the stage for a more detailed study in 

the subsequent chapters. 

Experimental Arrangement 

The experimental set-up is shown in Figure 2-3.  The laser used is a diode-pumped 

passively Q-switched Nd: YAG laser (model JDS Uniphase, Nanolase, Meylan, France).  

It operated at 1064 nm and emitted pulses of 550 ps duration and 7 µJ pulse energy 

yielding 13 kW peak power at a repetition rate of 5.45 kHz. The laser beam waist, 200 

µm in diameter, located 25 mm from the laser face, is placed in the focus of a collimating 

lens (f = 48 mm).  A nearly parallel beam is formed behind the lens which was guided to 

a 50X microscope objective. With the microscope objective, the laser was focused to a 

spot of ~8 µm in diameter with a resulting irradiance of 25 GW/cm2. The laser beam was 
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focused on several metallic substrates and the plasma emission was collected at 45o 

degrees with respect to the laser beam using a fiber optic probe. The 600 µm diameter 

optical fiber was connected to a miniature grating spectrometer (USB2000 or 

LIBS2000+, Ocean Optics, Inc., USA) to monitor the plasma spectrum on a PC computer 

screen.  

 

Figure 2-3 LIBS setup with a 7µJ microchip laser. The collection of the plasma emission 
was done with or without the collection lens. 

Results and Discussion 

A set of metallic foils were used in this study in order to study the spectral 

characteristics of the microchip laser plasma. The spectral acquisition window was 

limited by the spectral range of the spectrometer used. Representative spectra are shown 

in Figures 2-4 and 2-5. Generally, background continuum radiation was tolerable without 

any temporal gating but was relatively higher for tin (Sn) and lead (Pb) as shown in 

Figure 2-5. 
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Figure 2-4 Spectra of metal foils and silicon wafer obtained with the USB 2000 and the 

microchip laser. Integration time was 1 s. 

200 220 240 260 280 300 320 340 360 380

0

500

1000

1500

2000

2500

3000

3500

Zn I

Zn II
255.8

In
te

ns
ity

 (a
.u

)

Wavelength (nm)

Zn

200 220 240 260 280 300 320 340 360 380

0

500

1000

1500

2000

2500 Pb I

Pb I

In
te

ns
ity

 (a
.u

)

Wavelength (nm)

Pb

200 220 240 260 280 300 320 340 360 380
500

1000

1500

2000

2500 Sn I
317.51

Sn I 
303.41

Sn I
284

Sn I
240.82

In
te

ns
ity

 (a
.u

)

Wavelength (nm)

Sn

200 220 240 260 280 300 320 340 360 380

0

1000

2000

3000

4000

In
te

ns
ity

 (a
.u

)

Wavelength (nm)

Ni

 
Figure 2-5 Spectra of metal foils obtained with the USB 2000 and the microchip laser. 

Integration time was 1 s. 
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It was observed that with the same acquisition parameters and experimental 

conditions, line emission intensity with respect to the background continuum was higher 

for materials with higher melting point such as Ni, Fe, and Si than substrates such as Sn 

and Pb. For the later substances, the spectra tend to be smaller, weaker and less luminous; 

however, craters were bigger as shown in Figure 2-6. It was speculated at this time that 

much of the material removed by the laser pulse is simply melted and sprayed on the 

target surface and did not enter the plasma. In Chapter 3, a parametric study of the 

relationship between emission and target thermal properties will be presented. It should 

also be noted that the spectra are composed of both atomic and ionic lines. It may 

therefore be possible to couple microchip laser LIBS to other analytical methods such as 

mass spectrometry. 

 
Figure 2-6 Scanning electron micrographs (SEM) images of crater produced by the 

microchip laser. D denotes mean crater diameter. 
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Figure 2-7 Cadmium spectrum obtained with the broadband spectrometer LIBS 2000+ 
and the microchip laser. (Top) Full acquisition window of the spectrometer; 
(Bottom) Segments showing identification of some Cd lines. Integration time 
was 1 s. 

Spectra were also obtained using a broadband spectrometer, LIBS2000+ (Ocean 

Optics, Inc. USA).  This spectrometer employs a large fiber bundle consisting of seven 

fibers arranged in a circular configuration at one end. Since the total bundle diameter was 

larger than the size of the plasma, it was difficult to illuminate the entire bundle 

simultaneously. Therefore, a single fiber was used to collect the emission while moving 

from channel to channel until the entire spectrum was acquired. A typical spectrum taken 

with this spectrometer on a cadmium foil is shown in Figure 2-7. The negative peaks 
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result from the shift from channel to channel of the spectrometer while the spikes are due 

to the fixed pattern noise of the CCD. This is a higher resolution spectrometer but it is 

characterized by low light throughput. When used together with the microchip laser, it 

can be particularly important in applications aimed at portable systems for on-site 

material identification.  

There are several other features in typical conventional LIBS spectra that are absent 

in microchip laser spectra. For instance, traditional LIBS spectra are generally rich in 

nitrogen bands (N2) or lines, and hydrogen lines. These do not appear in microchip LIBS 

spectra, implying that the microchip plasma does not appear to interact with the 

surrounding gas to the same extent. 

Conclusion 

A laser-induced breakdown spectroscopy setup with the first commercial microchip 

laser was investigated in this chapter. The microchip laser-induced plasma has several 

features that distinguished it from plasmas induced by conventional pulsed lasers. The 

background continuum emission was low, while nitrogen and hydrogen bands 

characteristic of high power lasers were absent. The lower emission intensities did not 

provide high expectations for quantitative analysis; however, the microchip laser together 

with a spectrometer that offers a wider spectral window would provide a compact and 

portable system for online material characterization and sorting

 



CHAPTER 3 
MICROCHIP LASER ABLATION OF METALS: INVESTIGATION OF THE 

ABLATION PROCESS IN VIEW OF ITS APPLICATION TO LASER-INDUCED 
BREAKDOWN SPECTROSCOPY 

Summary 

Metal ablation with a short pulse, low energy microchip laser was investigated with 

respect to its application to laser-induced breakdown spectroscopy (LIBS). Target surface 

modifications and crater parameters as a function of laser pulse properties were studied. 

The effect of the laser pulse is limited to the focal spot, but surface modification by the 

laser-induced plasma can extend several micrometers beyond the focal spot depending on 

the target thermal properties. Mass removal per shot was found to depend upon the heat 

of fusion of the target, while appreciable plasma emission was observed only at high 

pulse energies. Plasma composition and emission intensity can change significantly with 

the surface properties, requiring that a fresh, flat surface to be exposed to each laser 

pulse. Increasing the temperature of the target by heating it resulted in a corresponding 

increase in plasma emission due to an increased mass removal per laser shot; however, 

selective ablation was not observed at temperatures up to 550oC. Fractionation was 

observed at low laser irradiances and inside deep craters, but it was minimal compared to 

the results reported for other laser ablation systems. Characteristics such as precision in 

the mass removal process, well-defined crater parameters, and good spatial resolution 

make the microchip laser an attractive laser sampling tool. 

24 
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Background 

Laser ablation is a process in which an intense burst of energy, delivered by a 

short-pulse laser beam is focused onto a target surface. A finite mass of the target is 

removed which can be analyzed for both qualitative and quantitative information. Unlike 

conventional dissolution techniques, there is little chance with laser ablation for exposure 

to hazardous materials or introduction of contaminants into the sample. Laser ablation is 

further applicable to all materials in all states and the absence of complicated sample 

preparation procedures reduces analysis time (25). In addition, unlike beam and particle 

techniques such as secondary ionization mass spectrometry (SIMS) and electron probe 

analysis (EPA), there are minimal requirements for high vacuum, extensive matrix-

related interference corrections, and specialized personnel for operation and data 

treatment. 

Microchip lasers are becoming increasingly attractive in laser-induced breakdown 

spectroscopy (LIBS) (20, 26-28). Advantages of microchip lasers in laser ablation 

include minimal modification and destruction of the target which is required in the 

analysis of precious ornaments and historical artifacts.  Again, the high pulse repetition 

frequency (up to several kHz) and good beam quality (29) permit spatial characterization 

of sample heterogeneity with micrometer and submicrometer resolution. These and 

several other potential advantages of laser ablation techniques cannot be fully exploited 

with the use of conventional laser sources, the limitations of which include bulky 

instrumentation, low probing frequency, excessive target modification and relatively poor 

beam quality. By overcoming the limitations associated with conventional laser ablation 

sources, solid state microchip lasers may find wide application because they can be easily 

incorporated into small commercial ablation systems.  
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Traditional detection systems for laser ablation sources have been Inductively 

Coupled Plasma-Mass Spectrometry (ICP-MS) and Inductively Coupled Plasma-Atomic 

Emission Spectrometry (ICP-AES) (30, 31). In these cases, inert gases such as argon and 

helium are typically used to carry the laser-ablated material to the ICP excitation source. 

By analyzing the spectra from the ICP-AES or ICP-MS, the composition of the material 

can be established. Chemical analysis with laser-induced breakdown spectroscopy is 

gaining world-wide attention in recent years (11, 20). 

Studies in the subsequent chapters of this dissertation will be focused on plasma 

diagnostics and the use of the microplasma for qualitative and quantitative analysis. 

Because plasma formation is preceded by laser ablation, which results in crater formation 

on the solid matter surface, characterization of the laser-induced crater is important in 

understanding the ablation process and the subsequent plasma formation and propagation. 

The ablation process alone has found wide application in areas such as laser surgery (32), 

matrix assisted laser desorption/ionization (MALDI) (33)  surface micro-fabrication (34) 

and pulsed laser deposition of organic thin films, just to cite a few.  Nevertheless, the 

fundamental mechanisms underlying the laser ablation process have yet to be fully 

understood, even for conventional lasers which have been in use for decades.  

The aim of this chapter is to evaluate the ablation performance of these miniature 

lasers and to compare the characteristics of the craters obtained with those given by 

conventional lasers sources having pulse widths of several nanoseconds and pulse 

energies of tens of mJ. The effect of target properties on crater development and the 

effect of the laser-induced crater and laser irradiance on plasma intensity and composition 

will also be presented and discussed. 
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Experimental 

The experimental setup is illustrated in Figure 2-3. Two laser sources were used in 

this work, a 7 µJ per pulse microchip (MCL) laser (model JDS Uniphase Nanolase, NP-

10620-100, Meylan, France) operating at 5 kHz, and a 50 µJ per pulse microchip 

(referred to as powerchip, PCL) laser (model JDS Uniphase Powerchip Nanolaser, PNP-

005025-040, Meylan, France) operating at 1 kHz. Both were diode pumped, passively Q-

switched, all solid state lasers with a wavelength of 1064 nm and a pulse width of about 

500 ps. The laser beam was focused by a 50X microscope objective (Mitutoyo, M plan 

NIR 50). The distance between the objective and the target location was adjusted to 

obtain a focal spot diameter of the order of 8-10 µm. Typical objective-target distance 

was approximately 1.8 cm. The targets investigated were metal foils, a silicon wafer and 

several steel samples. 

In order to precisely quantify the mass removal per laser shot and also to sustain the 

plasma formation, the target was placed on a rotating disc which was mounted on an x-y-

z translational stage, thus exposing a fresh target surface to each laser pulse. Different 

speeds, predetermined for either the microchip laser at 5 kHz or the powerchip laser at 1 

kHz, were selected for the target motion.  In all cases, the vertical translation speed was 

100 µm/s but the disc rotation speed was varied depending on the laser repetition rate. 

For a higher spatial resolution, an additional chopper was placed between the laser and 

the focusing lens to effectively limit the laser repetition rate. Ablation was carried out at 

atmospheric pressure in air. 

Target surface modification was studied with a scanning electron microscope 

(Hitachi S-4000 FE-SEM) while crater profiles were obtained with a profilometer 
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(WYKO NT 1000, Veeco Instruments) operating in vertical scanning interferometer 

(VSI) mode. Plasma emission intensity was measured with a 600 µm diameter fiber optic 

coupled to Ocean Optics miniature spectrometers, HR2000 (2400 grooves mm-1 and 0.03 

nm FWHM optical resolution) and SD 2000 (0.3 nm FWHM resolution) (Ocean Optics 

Inc., USA). All spectrometers used were non-gated and non-intensified. The 

spectrometers were calibrated with a tungsten lamp and the emission intensities were 

corrected for the different response of the spectrometer-detection apparatus at the 

wavelength of interest. 

Results and Discussion 

The MCL and PCL as Microprobe Analyzers 

As pointed out before, the first challenge in working at high pulse repetition 

frequencies is to obtain single craters. It is essential to expose a fresh area of target to 

each laser pulse for the following reasons: i) In the case of the MCL and PCL(20), as 

with other laser sources, the formation of a plasma with each laser pulse and the 

parameters of the laser-induced plasma are strongly dependent on focusing conditions; ii) 

a deeper crater can completely or partially envelope the microplasma and significantly 

affect the emission intensity and spectral composition (20); iii) it is possible that any re-

deposited material will have composition different from the composition of the bulk 

sample due to fractionation. Emission spectra taken from plasma breakdown on the 

melted sample may therefore lead to erroneous qualitative and quantitative information. 

A basic requirement in laser ablation for microchemical analysis is to transform a 

finite amount of sample into the vapor phase with a stoichiometric representation of the 

sample. One should therefore be able to know how much mass is removed by each laser 

pulse and whether the ablated mass has the same composition as the bulk material. 
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Therefore, in all experiments with the microchip lasers, special efforts were taken to 

avoid the problems enumerated above by ensuring that mass ablation from successive 

laser shots did not occur from the same focal spot. As mentioned in the experimental 

section, this was accomplished with two independent motorized stages. Figure 3-1 shows 

the pattern resulting from the ablation scheme devised. The rotating disc, together with 

the x-y-z stage, translated in the plane perpendicular to the laser beam gave spiral-shaped 

single craters. The distance between each pair of craters was determined by the speed of 

the moving stage. Figure 3-1 further shows that, with the PCL and MCL, highly 

reproducible and precise craters were obtained. The minimal jitter in the MCL and PCL 

laser systems, compared to conventional flash lamp-pumped lasers, contributed to the 

better precision and control. For the PCL used in this work, the timing jitter was better 

than 0.3 ns and the amplitude RSD was better than 4%. 

 
Figure 3-1 Powerchip laser micro-ablation of copper substrate showing: (left) the ablation 

scheme devised; and (right) single craters obtained at 1 kHz. 

The large number of single craters distributed over a small target area (Fig. 3-1a and 3-

1b) indicates that the powerchip and microchip lasers should be nearly ideal tools for 

elemental surface cartography, particulate sampling, and rapid characterization of 
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material homogeneity, microanalysis and laser surface microprocessing. Coupled with a 

technique such as LIBS, where the elemental composition of material is analyzed by 

vaporization of mass from a very small spot, PCL and MCL systems will then be capable 

of microprobe analysis (29, 32, 33) with micrometer resolution in terms of lateral and 

depth dimensions.  

Over the past few years, surface characterization of materials has attracted growing 

interest in chemistry and material science. For some materials, scientists not only need to 

know the accurate composition of the bulk sample, but also the exact location of 

interfaces and characterization of concentration gradients. For example, in the 

pharmaceutical industry, some tablets possess a multifunctional coating of which the 

thickness needs to be accurately controlled. Some techniques that have been applied 

satisfactorily as surface characterization tools include Raman spectroscopy, IR 

spectroscopy, and Auger electron spectroscopy. Laser ablation has also been used by 

several researchers to provide information about the atomic composition of materials as a 

function of depth(35).  

A potential application of the PCL in surface depth profiling is illustrated in Figure 

3-2, where a steel matrix with a thin coating on the surface (due to target heating – 

described later) was analyzed. As can be seen, within the 25 s time duration, the effect of 

the crater on the emission intensity was minimal since the intensity of Fe 400.52 line 

remains nearly constant. However, a line observed at 393.36 nm suffered a steep decrease 

in intensity, reaching the background level after 15 s. This line is most probably due to 

Ca, although it was not experimentally proved. Previous studies reported Ca II as a 

common contaminant on steel surfaces though not in steel matrix at a relevant 
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concentration (36). Ideally, we expect the intensity of the iron line to increase as the line 

from the coating decreases. It is not clear as to why the intensity of the iron line stays 

constant but it is speculated that the increase in intensity as a function of depth is 

cancelled by the effect of the laser-induced crater. Assuming that this line originates from 

the coating due to target heating, knowing the mean ablation depth per laser pulse and the 

number of pulses used, the thickness of this film could be estimated. When LIBS is used 

in depth profile analysis with conventional lasers, the main limitations are the poor spatial 

and temporal quality of the beam profiles (unless particular care is taken in shaping the 

beam), which result in limited depth resolution. The operating features of the microchip 

laser, combined with the simplicity of the technique make these sources attractive tool in 

depth profile analysis. In situations where the analysis time frame compatible with 

industrial requirements are desirable, microchip LIBS for surface characterization may 

constitute and alternative to existing methods such as x-ray photoelectron spectroscopy 

(XPS), glow discharge spectroscopy (GDS) and Rutherford back-scattering spectroscopy 

(RBS).  

Target Modification 

Pulsed lasers have applications not only in spectroscopy but in other areas such as 

pulse laser deposition and micromachining (37). In all these cases, the laser-target 

interaction and the plasma-generated thermal damage to the target can be employed 

constructively but can also be a major obstruction. The interaction of the laser pulse with 

the target depends both on the laser parameters and the target properties (25, 37, 38). In 

this study, because the damage caused by the laser pulse interaction with the target and 

the damage caused by the plasma melting of the surface could not be separated in time, 

the effect of the laser-induced plasma was studied by imaging the target at the inter-crater 
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spaces. Figure 3-3 shows SEM images taken from the inter-crater spaces of Cd and Cu. It 

was observed that the damage to the target by the laser-created plasma was thermal in 

nature, characterized by the melting of the target. The extent of melting depends on the 

thermal properties of the target such as melting temperature and heat of fusion. 

 
Figure 3-2 Depth profiling of a thin film created on steel surface by the 50 µJ powerchip 

laser. (a) Spectra obtained from the coated and polished steel surface. 
Integration time was 3 s (b) Time-dependent intensity distribution of the line 
from the “coating” and iron matrix. 

Significant melting and re-deposition of larger droplets were observed for targets 

such as Sn, Pb, and Cd which have lower melting points than others such as Ni, Fe and 

Cu. The re-deposited material probably consists of both liquid phase expulsion and 

plasma particle condensation(39), which can be particularly high at atmospheric pressure 

(40). Finally by comparison of the crater and focal spot diameters, it was inferred that 

plasma modification of the surface was more predominant than the damage done by the 

laser pulse itself. This is possibly due to the short pulse duration and hence less time for 

thermal diffusion into the target to occur (40). 
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Figure 3-3 Effect of the laser-induced crater as shown in the inter-crater spaces. 

Mass Removal 

Single crater diameters were estimated from scanning electron micrographs while 

the crater depth was obtained by a profilometer. Because of  the almost perfectly 

Gaussian laser beam profiles of the MCL and PCL (20, 29), the shapes of the ablation 

craters become prominently cone-like (41), especially after several laser pulses have been 

directed on the same spot as shown in Figure 3-4. Other laser types, for example, those 

with flat top beam profiles or inferior Gaussian profiles may produce straight wall craters 

or other crater types with irregular shapes(42, 43). In this work, based on the diameter 

and depth profile, a conic or half-filled spherical shape was assumed for single craters 

from which the volume was obtained. Figure 3-5 shows the variation of the amount of 

material removed per laser shot and the crater radius with the heat of fusion and melting 

point. The lower the heat of fusion of the material, the greater the amount of material 

removed per laser shot.  For example, the material removed varied from 0.5 to 0.8 ng for 

silicon and 9 to 11 ng for tin. Considering that the focal spot diameter was just 8 µm, it 

can be seen that in the case of materials such as Ni and Si, with radii 5 and 4 µm, 

respectively, the damage to the surface is limited to the focal spot while for materials 
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such as Pb or Sn, the crater diameter is nearly two times bigger than the focal spot 

diameter. This is due to the pronounced effect of the LIP as explained earlier. 

 

Figure 3-4 Microchip laser-induced crater on cadmium foil showing the crater structure 
and droplet redeposition on surface. 

 

Figure 3-5 Dependence of crater radius and mass removed per laser shot on the melting 
point temperature (shown in parenthesis) and heat of fusion of the target. 
Mass removed were calculated based on the crater volume and the density of 
the material. 
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From the measured spectra, it was interesting to note that, at 7 µJ/pulse, the higher 

mass removal in materials such as tin, lead or cadmium was not reflected in 

correspondingly higher emission intensities. The low emission intensities in such 

materials can be ascribed to excessive re-deposition of the melted material which has a 

higher breakdown threshold.  At 50 µJ, there is still redeposition of melted material on 

targets such as Cd, but the overall emission intensities are higher than those observed for 

targets such as copper, although the increase in emission intensity does not follow 

proportionally the increase in the mass removed.  

Table 3-1 Laser-induced crater depth and diameter for a 500 ps microchip laser compared 
to that of 8 ns laser. Data in bold were obtained for the 8 ns laser. 

 Height/µm) Diameter/µm 

Si 12 
2.2 

11 
125 

Al 16 13 

Ni 12.4 
3.5 

11.6 
100 

Fe 12.7 
2.7 

12.5 
115 

Cu 15 13 

Pb 16 
10.5 

14 
- 

 
Table 3-1 collects the depths and diameters of craters for various metal foils and a 

silicon wafer created by a 0.5 ns microchip laser and by 8 ns flash lamp-pumped Nd-

YAG laser (1064 nm, beam divergence 7 mrad, beam diameter 2.8 mm, pulse energy 0.7 

mJ). No effort was made to optimize the shape of the laser beam profile in the case of the 

8 ns laser. Values for the 8 ns laser are presented in bold. The average focal spot diameter 

was 8-10 µm for the PCL and 28-35 µm (in the absence of significant plasma melting) 
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for the 8 ns laser. The data presented were obtained under the best focusing conditions 

obtainable. It is especially interesting to note that, in the case of the microchip laser, the 

craters are narrower (limited to the focal spot) but deeper, while with the 8 ns laser, the 

craters have larger diameters but are shallower. This is further revealed in Figure 3-5 

where a crater profile of the 8 ns laser pulse is compared to that from the PCL. The crater 

from the 8 ns laser pulse is shallower and mountainous unlike the PCL crater which is 

deeper and relatively uniform inside. The difference in the spatial and temporal energy 

distributions for the two lasers could play a significant role in this observation. As 

mentioned before, the MCL and PCL systems are characterized by Gaussian intensity 

profiles, single mode output and low pulse to pulse variation, while conventional flash 

lamp-pumped lasers do not compete favorably with MCL/PCL laser with respect to the 

above properties. For quantitative ablation, it is clearly easier to quantify the mass 

removed by the PCL than by the 8 ns laser source. Generally, the depth-to-diameter ratio 

of microchip lasers is greater than that of the 8 ns pulse, which might be partly due to the 

lower energy losses through thermal dissipation, which is a function of the laser pulse 

duration (29, 38, 44) and increased plasma shielding in the case of the 8 ns pulse. 

Ablation Efficiency 

Several papers have characterized the laser ablation efficiency (38, 40, 45) which is 

simply considered here as the ratio of the yield of target property (mass or volume) to the 

laser energy input. A review of literature yielded at least three common definitions 

including: the ratio of crater volume to laser energy, ratio of crater depth to laser fluence, 

and the ratio of mass removed to laser energy. Based on these definitions, the ablation 

efficiency of the microchip laser at 7 µJ was compared to those reported for other laser 

sources. The results for this study are shown in Table 3-2 and  reveal that the ablation 
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efficiency of the microchip laser can be up to two orders of magnitude higher compared 

to other laser sources. Laser ablation is a complex phenomenon depending on laser 

wavelength and pulse duration, focal spot size, and target properties (25, 37, 38, 40, 44). 

It was therefore of interest to study both the effect of several experimental parameters and 

laser properties on laser ablation.  

 

 

Figure 3-6 Comparison of (a) 500 ps passive Q-switched powerchip-induced crater, and 
(b) crater induced by an 8 ns active Q-switched laser on a lead target. 

Table 3-2 Ablation efficiency of 7 µJ microchip laser compared to values reported for 
conventional Nd: YAG lasers. Refs. (38, 40) 
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In Figure 3-7, the behavior of the ablation volume of Cu and Cd is shown. It can be 

seen that in both cases there is increase in crater volume with an increase in laser energy. 
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The plots however are characterized by different slopes, which most likely indicate that 

different regimes are operative in the ablation process. In the case of Cd, the crater depth 

increases steeply with laser energy up to 15 uJ, after which a different ablation regime 

with a lower slope begins. A similar process is observed in the case of Cu, except that the 

second slope is the steeper one. Similar results in which the crater volume increased with 

 

Figure 3-7 Variation of crater volume with laser energy for: (a) cadmium and (b) copper. 
The arrows indicate the points of the curve where different slopes begin. 

with laser energy until the occurrence of a threshold were observed by Russo et al (46). 

The second regime was explained in terms of explosive boiling of the target. At this 

stage, the target material makes a sharp transformation from superheated liquid into a 

mixture of liquid droplets  and vapor leading to an excessive mass ejection from the 

surface (47). In the case of Cd, the slope decreases after the threshold. As mentioned 

earlier, in the mass ablation process, there is significant re-deposition of melt flush on the 

target surface. In the case of Cd, characterized by a lower melting point, the effect of the 

melted material is more pronounced than with other targets such as copper or silicon. 

Since the breakdown threshold in the melt is higher than that of the undisturbed surface 

(20), the sensitivity falls as shown by the less steep slope. For Cu, characterized by higher 
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melting point, the opposite effect is observed, with the sensitivity increasing during the 

second ablation regime. 

The above definition of ablation efficiency cannot be directly translated into 

corresponding emission intensity, because it is the amount of sample that goes into the 

vapor phase and is excited in the plasma that controls the emission intensity.  Again, the 

increase in volume is not necessarily directly proportional to the increase in energy, 

(which would give a single slope). As can be from Figure 3-7, for Cd, the ablation 

efficiency is 7 X107 µm3/J at 15 µJ and 4 X107 µm3/J at 30 µJ. This, together with the 

results shown in Table 3-2, leads to the conclusion that in order to obtain higher ablation 

efficiency, lower pulse energy is recommended. In an attempt to better characterize the 

ablation process, the definition of the ablation efficiency will be extended by taking into 

consideration: 

1. The change in emission intensity with the change in mass removed. Provided that 
optically thin lines are chosen, the change in emission intensity should be directly 
related to the mass removed that goes into the gas phase. 

2. The change in target mass versus the mass removed per shot. With negligible re-
deposition, the change in the two parameters should be the same. 

3. The ratio of the volume of crater up to volume down. Estimates of “volume up” 
and “volume down” can be easily obtained using crater profile images taken by the 
profilometer used in this work. This definition approximates ‘volume up’ (the 
volume of the material deposited on the crater rim) as the mass removed that does 
not go into vapor phase to contribute to the plasma emission and ‘volume down’ as 
the total material removed. 

All three definitions above will ensure that the ablation efficiency is presented as 

the fraction of mass removed that contributes to plasma emission, which is the fraction 

that has spectroscopic relevance. None of these, however, is meant to provide a universal 

definition but rather diagnostic information as how LIBS performance based on the 

microchip laser could be affected by the physical mechanisms involved in the ablation 
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process. Also, the term ‘ablation sensitivity’ will be introduced, which will be defined as 

the ratio of the total detector counts obtained per shot to the laser pulse energy. In this 

definition, it is the total mass ablated that goes into the plasma and emits that is 

considered. It is important to note that at 50 µJ, the crater volume for Cu is about 10 

times smaller than the crater volume for Cd (200 µm3 and 2000 µm3 for Cu and Cd, 

respectively). 

Figure 3-8 shows the behavior of the signal (counts), corrected for the detector 

response, versus laser energy for Cd and Cu. All data were integrated over 400 ms, which 

was chosen to ensure that the detector would not be saturated at the maximum laser 

energy and that there would be measurable intensity at the lower energies. An interesting 

point to note is that for Cu, the emission intensity is only about half that of Cd, despite 

the crater volume being approximately 10 times less. The lines used for this investigation 

were 361.05 nm for Cd and 406.26 nm for Cu. By taking into account the transition 

probabilities of these lines, one would expect the intensity of Cd to be approximately 

eight times greater than that of Cu. This suggests that there are other phenomena beyond 

the spectroscopic parameters of these lines. Similar observations were made whenever 

materials such as Cd, Sn, and Pb were compared to others such as Ni, and Fe. This may 

suggest that at low energies, in the case of lower melting point materials, a significant 

amount of the ablated material is not vaporized but is just re-deposited as droplets on the 

target surface, while, even though less mass is removed for substrates such as Cu and Ni, 

a relatively larger fraction is vaporized and available for emission. 

To further clarify this point, the behavior of ablation sensitivity and ablation 

efficiency with pulse energy for both Cu and Cd were compared. The results for this are 
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shown in Figure 3-9. One can see that in both cases, the ablation efficiency is higher at 

lower energies. In the case of Cu, there is an initial decrease in ablation efficiency 

followed by a steady rise after 20 µJ. An opposite observation is made for Cd in which 

there is a fall after an initial rise. This observation is consistent with the two regimes of 

ablation discussed earlier in this chapter. With regard to ablation sensitivity, the graphs 

show that for Cd, ablation sensitivity increases with pulse energy and levels off at about 

65 X 106 counts/J at 25 µJ. The ablation sensitivity of Cu, however, remains nearly 

constant at all energy levels except for 5 µJ, where it is about 15 X 106 count/J. Cu will 

be considered as nearly the ideal situation, where the emission intensity increases at the 

same rate as the laser energy. The result could also have to do with the excess energy 

available for atomization, ionization and excitation. There could be significant increase in 

mass removal for materials with low thermal properties, but there is just enough energy 

left for the latter phenomenon (atomization, ionization and excitation). 

 

0 10 20 30 40 5

0

200

400

600

800

1000

1200

1400

1600

0

(Cu)

µJ

In
te

ns
ity

/c
ou

nt
s

Energy /
0 10 20 30 40 50

0

500

1000

1500

2000

2500

3000

3500

Cd

µJ

In
te

ns
ity

/c
ou

nt
s

Energy /

Figure 3-8 Plasma emission intensities of cadmium and copper compared at different 
laser pulse energies. Integration time was 400 ms, with 5 spectra averaged (i.e. 
each spectrum is an accumlatiuon of 2000 spectra). Each data point represents 
the mean of 20 spectra.  
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Figure 3-9 Ablation sensitivity (red line) and efficiency (black line) of Cd (top) and Cu 
(bottom) as a function of laser pulse energy.  

Effect of Target Temperature on Mass Removal: 

Experiments have shown that, during laser target interaction, thermal diffusion into 

the target precedes the ablation process (48) . In the case of long pulses (of the order of 

10 to 100’s of nanoseconds), thermal diffusion can be very high (49-51) and can reduce 

the actual amount of incident energy that is involved in material removal. Conversely, the 
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same  phenomenon does not need to be considered in the case of ablation with short 

pulses, in the ps and fs regime (51-54) since diffusion of the laser energy into the target is 

minimal. 

 Investigation of the effect of target temperature on ablation rate and plasma 

composition will not only provide knowledge from the fundamental point of view but 

may also lead to modifications in instrumental and experimental configurations for real-

time analysis in production sites, such as in the steel industry, where molten material in 

high temperature furnace may need to be analyzed in situ for enhanced productivity. 

In this work, an attempt was made to increase the sensitivity of the mass ablation 

process by increasing the target temperature. The expectation was that with the target 

already at a higher temperature, thermal diffusion of the laser pulse energy into the target 

would be smaller, thus involving more of the incident energy in solid matter removal, 

atomization, ionization and excitation. A steel sample was heated on a hot plate and 

quickly transferred to the ablation stage. The emission intensity, plasma composition and 

crater profile of the hot and cold targets were obtained after ablation with the PCL.  
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Figure 3-10 Effect of target temperature on plasma composition and emission intensity. 
(a) is the background corrected emission intensity and (b) is the intensity 
normalized to Fe 400.52 nm line. 
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The signal enhancement of three atomic lines from Mn, Mo, and Cr at 300o C and 

550o C are shown in Figure 3-10. The results show that an increase in target temperature 

results in enhancement of emission lines, especially significant for Cr. This could be due 

to either an increase in mass removal or an increase in plasma temperature or both. In 

quantitative analysis of trace elements by LIBS, the possibility of a selective 

enhancement of some lines of the elements with respect to the matrix is of great interest.  

To determine whether there is any such phenomenon, the intensities were expressed as a 

ratio of the intensity of the selected lines of Mo, Mn or Cr to the iron atomic line at 

400.52; iron was the main matrix element in the sample. The results, shown in 3-10b, do 

not reveal any significant change in the intensity ratios whether the sample was hot or 

cold. A Boltzmann plot (77) was used to determine whether the increase of the target 

temperature would lead to any changes in the plasma electron temperature. A sample plot 

is presented in chapter 4 (figure 4-8). Temperatures obtained for heated and room 

temperature targets were similar, of the order of 11,300K, ± 200 K in either case.  It can 

be concluded that the increase in the emission line intensity shown in Figure 3-10a is 

primarily due to an increase in the mass removed per shot, and not to a change in the 

plasma thermal properties. It will be informative to observe the changes in spectral 

composition and plasma emission intensities as the target is heated to temperatures near 

the melting temperature of some of the elements of interest; however, technical problems 

associated with this did not permit such an experiment at this time.        

Effect of Crater Depth and Laser Irradiance on Plasma Intensity and Composition 

Because thermal properties, such as melting and vaporization temperatures, vary by 

orders of magnitude, laser ablation of multi-element materials may result in selective 
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removal of some species, a process referred to as fractionation. Experiments show that 

crater depth and its aspect ratio contribute to this effect (55). Another experiment was 

designed to show the changes in the net emission intensity and time dependent ratios of 

Cr, Mn, Mo, and Ni to matrix (Fe) as the crater was developing during repetitive laser 

pulses along a single circular crater trench. Figure 3-11 shows the time profile of four 

elements of interest in a steel target. Slight adjustment of the focusing was done after 

every 30 s to ensure that the lens to focal spot distance did not change significantly over 

the time duration of the measurement. The spectra were taken from the same circular 

crater trench with 1.5 cm diameter. The gradual decrease in emission intensity in all cases 

could be due to the fact that plasma is partly buried in the crater, decreasing the solid 

angle the collection system makes with the plasma.  
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Figure 3-11 Effect of laser-induced crater on plasma emission intensity. 

Selective removal of some elements and material can be caused by laser interaction 

with the sample, a process resulting elemental fractionation. The microplasma hidden 

inside a deep crater may contribute to the sampling process, leading to fractionation (25). 
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In addition, with increasing crater depth the actual irradiance may decrease due to 

changes in effective surface area exposed to the laser beam (42) which might not only 

decrease the net emission intensity but can also influence fractionation. To investigate 

whether such a situation could occur, the net emission intensities of the lines were 

normalized to a line belonging to the matrix. There was no significant change in the 

relative intensities with time when the target was rotated as described. The experiment 

was repeated with fresh target but at the same focal spot, with periodic adjustment of the 

focusing. Figure 3-11b shows pronounced changes in the Ni-Fe intensity ratios especially 

after the 30th data point. One reason could be that in the case when the target was rotated, 

there was enough time for the redeposited material to solidify  before the next mass 

removal while in the case of Figure 3-11b, there was not enough time for the phase 

change. A piece of brass containing 30% Zn and 70% Cu was measured to determine the 

effect of the crater on the Zn-Cu ratio. The intensities of the Zn emission line at 481 nm 

and Cu at 327.4 nm were monitored. For every data point, the background in the vicinity 

of the Zn and Cu lines was measured and subtracted from the signal.  Figure 3-12 shows 

a steep decrease in the Zn-Cu ratio during the first 15 s. The decrease could be partly 

explained in terms of decreasing irradiance as the crater develops. Earlier in this work(20, 

56),  we observed that at lower irradiances, low melting/vaporization point elements have 

lower emission intensities compared to high melting point elements despite higher mass 

removal in the former. Other reports have established that the laser-induced cavity aspect 

ratio increases elemental fractionation (57). 
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Figure 3-12 Effect of crater and laser energy on plasma composition: (a) Temporal 
dependence of the Zn-Cu ratio in brass when the plasma is created on the 
same spot. Integration time was 300 ms with 5 spectra averaged. (b) Effect of 
laser pulse energy on Zn-Cu intensity ratios. Each data point is the average of 
30 spectra with an integration time of 300 ms and 5 spectra averaged. 

In Figure 3-12b, the effect of laser energy on the Zn-Cu ratio is presented. Again, 

the Zn-Cu intensity ratios remained nearly constant at all energies except at 5 µJ, which 

was significantly lower than the values obtained at other laser intensities. Thermal 

properties of the Zn and Cu might suggest that at lower laser energies, more Zn will be 

removed. However, as has been pointed out earlier, this might not necessarily lead to an 

increase Zn-Cu ratio, as a larger fraction of this mass may be re-deposited as droplets. 

Because the effect of laser energy on plasma composition is minimal, as has been 

observed for ps and fs laser pulses, unlike nanosecond laser pulses, thermal effects do not 

play a significant role in fractionation (45). By employing higher laser intensities with 

pulses in the ps and fs regime, fractionation can be eliminated or reduced significantly. 

Conclusion 

The potential of MCL and PCL lasers as ablation sources for analytical systems has 

been demonstrated. Compared to conventional laser sources, there is minimal damage to 

the target using the MCL/PCL and mass removal can be precisely quantified because the 
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craters can be easily characterized. The high probing frequency, which can be several 

kHz, and good beam properties ensure high spatial and depth resolution. However, 

translation is necessary to sustain plasma formation and ensure stoichiometric mass 

removal and also to provide a flat surface for plasma formation so that the microplasma 

will not be hidden from the emission collection systems. 

The parameter ablation sensitivity was introduced and was considered as the 

detector count per laser pulse energy during the mass removal process. Unlike the 

traditional definition of ablation efficiency, ablation sensitivity considers the fraction of 

the mass removed that is vaporized and contributes to plasma emission. 

Microchip lasers have not yet been used appreciably in the analytical world. 

However, due to their compact size, low maintenance cost, portability and precision in 

material removal, they may, someday, find wide application in commercial analytical 

systems such as LA-ICP-MS or LA-ICP-AES and LIBS. In addition, applications may 

extend beyond metals to areas such as polymers (58)  and biomaterials (58, 59). 

 

 



CHAPTER 4 
DIAGNOSTICS OF MICROCHIP LASER-INDUCED PLASMAS AS RELATED TO 

LASER-INDUCED BREAKDOWN SPECTROSCOPY 

Summary 

The ablation properties of the microchip laser were studied in Chapter 3 and the 

analytical performance in trace element analysis will be presented in Chapter 5. In order 

to bring the findings into perspective, a deeper understanding of the properties of the 

micro-plasma created by these lasers is needed.  Chapter 4 reports an approach to achieve 

such goals and several preliminary results. Spectral analysis, time-resolved pump-probe 

absorption measurements, electrical signals from the plasma, and CCD photography were 

used to characterize the micro-LIBS plasma and its behavior. The plasma breakdown 

threshold on several targets is reported for the powerchip laser as well as the challenge of 

tight focusing required to induce breakdown. 

Theory 

Even though the principle behind the LIBS technique is simple, the physics 

involved in the ablation process and the plasma formation and subsequent expansion as 

well as the plasma emission are complex. Laser-induced plasmas (LIPs) have very short 

temporal existence with a fast evolution of their characteristic parameters. The 

parameters of the LIP are heavily dependent on irradiation conditions such as incident 

laser intensity, ambient gas pressure and composition, and irradiation spot size. Even 

under the same irradiation conditions these parameters can vary with the axial or radial 

distance from the target surface.  
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Different diagnostic techniques exist for studying laser-induced plasmas. These 

include spectroscopy (optical emission spectroscopy, OES)(60), laser interferometry, 

Langmuir probe methods, and Thompson scattering(61). Among these, emission 

spectroscopy seems to be the simplest as far as instrumentation is concerned, even though 

it is less direct and more theory dependent than, for instance, Thompson scattering. Also, 

absolute intensity measurements are difficult to make with high accuracy, even when the 

source is compared to a standard source, due to variations in solid angles, equivalent light 

paths and apertures. In addition, because most sources have cylindrical symmetry and 

hence a radial temperature gradient, when viewed side-on the radiation comes from an 

inhomogeneous medium. Therefore the condition for uniform optical thinness is usually 

difficult to achieve. Different instrumental schemes and optical setups can be employed 

to alleviate these problems. 

Plasma diagnostics consist of both temporal and spatial structures. In Figure 4-1, 

the spatial structure involved in the diagnostics of laser-induced plasma is illustrated(1). 

The process begins with absorption and scattering of incident laser energy and proceeds 

through the transport of this energy to denser regions. The laser light is often absorbed by 

inverse Bremsstrahlung for local plasma frequencies less than the laser frequency, i.e. up 

to the region where n  = nc, the critical density. When the plasma frequency equals to 

laser frequency, the laser energy is either reflected (or scattered) or absorbed. Optical 

diagnostics provide much of the needed information in the region from the critical 

surface outward towards the laser. The absorption process and the local plasma 

conditions can be studied by measuring the scattered or shifted frequency and harmonic 

light resulting from these processes.  
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Figure 4-1 Spatial component of a laser plasma diagnostics. 

In plasma diagnostics, the information that is needed can either be obtained 

measuring self-emission from the plasma or by probing with external radiation(60). The 

former is simpler and provides more local information. Optical emission, however, may 

not be suitable for dense plasmas where emission cannot escape due to large opacity. 

Probing overcomes this, and further, provides time-resolved information because the 

probing radiation can be introduced in the form of short bursts timed with respect to the 

evolution of the plasma. 

This chapter focuses on characterization of the microchip laser-induced plasmas by 

analyzing the emission spectra from the plasma, and the changes undergone by radiation 

introduced into the plasma from a probe beam. The plasma temporal profile and its 

relation to the laser pulse and the absorption and electrical properties of the plasma were 

addressed. The combination of CCD photography with spectroscopy adds another 

dimension to the plasma diagnostic by providing two-dimensional snap-shots of the 

three-dimensional plume propagation. The effect of experimental conditions, such as 

focusing and pulse energy, on the physical and temporal properties of the laser-induced 
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plasma will be discussed as well as the challenges and/or the benefits these present when 

these types of lasers are used in LIBS. 

Experimental 

The experimental set is illustrated in Figure 4-2. The laser source used in this study 

was a 50 µJ per pulse microchip laser (referred to as powerchip laser, PCL) having a 

wavelength of 1064 nm and 0.5 ns pulse width. In plasma transmission studies, a portion 

of this beam was split off with a beam splitter. A 532 nm component of this portion, 

henceforth  called the probe beam, was obtained by second harmonic generation using a 

KTP crystal. Using an optical delay set up, the probe beam was sent through the laser-

induced plasma orthogonally at different delay times following the laser pulse in order to 

estimate the transmission through the plasma. 

 
Figure 4-2 Plasma diagnostic experimental set up. GP-glass plate; M-mirror; PD-

photodiode; T-target; L-collimating lens; PCL-powerchip laser. The collection 
lens & fiber coupler take the position of PD2 in emission measurements. 
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Plasma emission was collected with a 600 µm diameter optical fiber into a 

miniature spectrometer, HR 2000 (2400 grooves/mm grating, 0.03 nm optical resolution) 

or various photo-detectors. The laser beam and the plasma pulse temporal characteristics 

were measured with a 200 ps MCP/PMT (Hamamatsu R1564U-07) connected to the exit 

port of a monochromator (American ISA Inc, H-10V) and a fast photo-detector (Electro-

Optics Inc., ET 3000). The signal was monitored with a 6 GHz digital oscilloscope 

(Tektronix, TDS 6604). For estimation of the plasma breakdown threshold, linear 

attenuation of the laser beam was achieved with a circular neutral density filter and the 

laser energy was monitored with a power meter. Plasma images were obtained with a 

CCD camera, Pixera Professional PVC 100C (Pixera Corporation, USA). 

Result and Discussion 

Absorption Properties of the microchip Laser-Induced Plasma   

Laser-induced plasmas (LIP) are transient. Even for high power active Q-switched 

lasers with energies of 100s of mJ per pulse, the LIP has an emission lifetime of 100 µS 

or less. In the case of the microchip lasers, the plasma lifetime is of the order of 100s of 

ps to a few ns after the breakdown event. Time-gated measurements of such transient 

pulses using conventional gated ICCD detectors are challenging and have not yet been 

feasible with the microchip LIP. Time integrated measurements alone do not provide a 

complete picture of the physical and chemical processes taking place in the LIP. On the 

other hand, time-resolved measurements provide useful information not only from the 

fundamental point of view but also with regard to the dynamic processes such as the 

evolution of electron number density and plasma continuum emission. Such knowledge is 
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needed to improve the analytical utility of the LIP for both qualitative and quantitative 

work. 

These issues were addressed by studying the time-resolved absorption behavior of 

the LIP using an optical delay setup based on pump-probe measurements. The plasma 

was always formed by the 1064 nm fundamental frequency but the probe beam was either 

the 1064 nm beam or the frequency doubled 523 nm light obtained by splitting a portion 

of the pump beam as shown in Figure 4-2.  The probe beam was focused and passed 

through the plasma at different delay times following the laser pulse. The intensity of the 

probe beam was measured before and after passing through the plasma in order to obtain 

the fraction of light ‘absorbed’ by the plasma. In Figure 4-3, time-resolved measurements 

of the plasma transmission as a function of the optical delay between the laser pulse 

initiating the plasma (pump beam) and the split off beam focused through the plasma 

(probe beam) are presented. 
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Figure 4-3 Fraction of probe beam absorbed by the LIP as a function of delay time. The 

inset is the temporal profiles of the 1064 and the 532 nm beams. 
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The temporal profiles of the two probe beams are shown as the insert in Figure 4-3. 

Absorbance was calculated from the ratio of the laser pulse energy transmitted through 

the LIP to the pulse energy in the absence of LIP. 

Approximately 1.2 ns following the laser pulse, about 50% of the1064 nm and 40% 

at 532 nm probe beams were absorbed by the plasma. Thus, the plasma has maximum 

absorption approximately 1.2 ns following the laser pulse and is nearly transparent 4 to 5 

ns later. In a similar study by Hohreiter et al.(62), using a laser pulse with 275 mJ per 

pulse and 10 ns pulse width, the percentage of the 1064 nm and 532 nm probe beams 

absorbed were 84% and 91% respectively, approximately 40 and 30 ns following the 

laser pulse. 

The absorption of the probe beam by the LIP in this work is significantly lower 

than that obtained by Hohreiter et al. Several reasons could account for the lower 

absorption values observed in this work. First, the absorption path-length across the 

plasma in this work is at least 10 times less than to that said in Ref. (62). And the electron 

number density obtained in this study is two orders of magnitude lower than that reported 

in Ref. (62). The width of the PCL pulse is 0.5 ns while that used in ref. (62) is 10 ns. A 

laser spark is produced through an initial breakdown followed by growth and heating of 

the plasma. For longer pulse durations as used in the above reference, the latter part of the 

laser pulse can heat the preformed plasma significantly. The heating results in plasma 

ionization which increases the absorption of the laser through inverse Bremsstraahlung 

processes- a condition where a laser photon is absorbed by an electron in the field of an 

ion causing direct plasma heating. For pulse durations in the fs to ps regime, the laser 

pulse does not interact with the expanding plume sufficiently (63) and so the plasma is 
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relatively cold. Therefore, post-breakdown processes such as ionization of species in the 

plasma are minimal, and therefore, less absorption of the probe beam is expected.   

In Ref (62), a linear correlation was observed between the 532 nm probe beam 

absorption and the temporal profile of the electron number density at each similar 

temporal delay. Temporal profiles of the electron number density have not yet been 

obtained in this work but an integrated estimate based on the Stark broadening of selected 

atomic emission lines is of the order of 1016cm-3.  In this regime, the plasma frequency νp, 

as calculated from equation [4-1](64) 

5.0310*9.8 ep n=ν                                                                                         [4-1] 

where ne  is the electron number density, is of the order of  1012 Hz, which is significantly 

lower than the frequencies of the 532 nm (5.656 x 1014 Hz) and 1064 nm (2.828 x 1014  

Hz) probe beams. In this case, reflection by free electrons and Thompson scattering 

cannot be neglected. However, the plasma frequency is close enough to the probe beam 

frequencies to allow significant absorption of the probe beams by the plasma, since in 

fact, ne used in the above calculation in this work is both space and time integrated and 

could have higher values over the plasma lifetime. Therefore, even though scattering 

effects by the free electrons can not be neglected, the temporal behavior of the electron 

number density during the plasma lifetime can be inferred from the absorption profile. 

The theoretical absorption cross-section of the 532 nm beam in fully ionized plasma can 

be employed to obtain numerical values of the time-depended electron number density. In 

this sense, the absorption measurements provide a convenient way to make time resolved 

measurements of the short-lived microchip laser-induced plasma over time scales not 

easily attainable using electronic gated detectors. Because the time interval between the 
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pump and probe beam can be measured using appropriately positioned photodiodes and 

an oscilloscope, measurements obtained by this approach might be more precise than 

those obtained using electronic gated detectors, especially for ps and sub-ns pulses. 

Emission Temporal Profile 

In Figure 4-4, the emission profile of the plasma induced on a copper target is 

present. It can be seen that plasma initiation begins almost simultaneously with the 

excitation laser pulse and has a FWHM of approximately 1.5 ns. Accurate measurement 

of the time relationship between the laser pulse and the emission is important in 

application areas such as single particle detection (an on-going and future direction in this 

laboratory).   
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Figure 4-4 Radiative temporal behavior of the laser-induced plasma. 

Different targets were investigated but plasma durations beyond 4 ns (FWHM) have not 

been measured. The present work was initiated with a 7 µJ per pulse microchip laser. In 

that work, the plasma duration was of the order of 0.8-1.5 ns. It is interesting to note that 

with approximately 8 times increase in pulse energy, the emission temporal profile does 
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not change proportionally. It is expected that these time scales are determined by the 

properties of these lasers, such as the pulse duration, which in part controls the processes 

of plasma formation and of energy transfer within the plasma, as well as the radiative 

properties of the atoms whose emission is observed. 

The transient nature of laser plasmas requires that, in analytical applications, the 

observation of the emission is delayed with respect to the laser pulse. Even though, this 

introduces further instrumentation and complexity, a temporal window is normally used 

where the background continuum is minimal with respect to the line emission. A 

consequence of the short plasma duration as observed in the case of the microchip lasers 

is that, such gated measurements are not as feasible and necessary as with microsecond 

plasmas. However, because the continuum emission is low compared to other laser types, 

both qualitative and quantitative work with the microchip have been carried out without 

any gating and analytical figures of merit comparable to those reported for conventional 

laser sources have resulted. For instance, detection of Mo, Si, and Mn in low alloy steel 

samples resulted in detection limits of 100 ppm or lower with a non-intensified, non-

gated detector. These studies will be discussed in Chapter 5. 

PCL Plasma Diagnostics by Means of Electrical Signal Measurements 

 As part of the diagnostic measurements, a thin tungsten wire probe (100 µm by 

0.25 cm) was placed as close as possible to the substrate on which the plasma was 

formed. The probe was connected to an oscilloscope and a voltage pulse was measured 

whenever the plasma was formed. Depending on whether the probe was biased positively 

or negatively with respect to the target, a pulse resulted due to collection of plasma 

electrons or positive ions. Only the negative (electron) current will be briefly discussed 

here.  
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A typical electron pulse collected during microchip laser ablation of copper is 

shown in Figure 4-5. The widths of these current pulses observed are in the 4-6 ns range, 

with both widths and peak amplitudes increasing with increasing bias voltage. It is 

important to note that the temporal FWHM of the Cu emission is less than the FWHM of 

the current pulse, which could extend beyond 20-ns depending on the bias. 

0 10 20

-150

-100

-50

0

30

3 V

2 Vm
V

Time (ns)  

Figure 4-5 Characteristic electron pulse collected during microchip laser ablation of 
copper substrate at 50 µJ.  Probe bias voltages are indicated on the curves.       

The voltage bias was gradually increased until further increase in bias did not result 

in an increase in probe signal. At this point, the area under each voltage pulse was used to 

estimate the charge on the probe. From Figure 4-6 (top), it is seen that as the probe bias 

voltage was increased, the charge on the probe reached a limiting value. However, the 

fraction of the total electrons in the LIBS plasma actually collected is not known, and so 

charge on the probe does not necessarily represent the total number of charges in the 

plasma. A variety of probe configurations are currently being evaluated in an effort to 

determine the efficiency of extraction of plasma electrons and the proper correction 
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factors to the limiting value of number of electrons extracted which can be converted to 

electron number density by dividing by the plasma volume (estimated from photographic 

images). This value can then be compared with the electron number density obtained 

from the width due to Stark broadening of the LIBS emission lines. The line width 

measurement, in turn, must be corrected for the finite resolution of the spectrometer. It 

can be seen that the systematic errors in the two techniques are expected to be in opposite 

directions: incomplete probe collection will give low values of electron number density, 

while using observed line widths without correcting for instrumental broadening will 

yield values that are too high. It is encouraging that even at the current stage of the work, 

the two estimates of electron number density agree within an order of magnitude (1015 

cm-3 from electric probes and 2*1016 cm-3 from line broadening).  

Probe current observations may also provide another insight into plasma processes. 

A study was made of the variation of probe current with laser irradiance (W cm-2). 

Studies in the literature have documented the expected dependence for conventional 

(high pulse energy) LIBS, in which an initial linear rise in the probe current eventually 

reaches a constant limiting value(65). This is explained as saturation due to plasma 

screening of the laser pulse. A study of the variation of probe current with irradiance for 

the microchip laser showed no sign of such a plateau, but rather, there was a rate of 

increase in probe current that became larger with higher irradiance (Figure 4-6). 

Therefore plasma shielding might not yet be effective. Of course the minimal absorption 

of the probe beam by the LIP, discussed earlier in this work, might also suggest minimal 

shielding of the laser pulse by the pre-formed plasma. 
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Figure 4-6 Variation of probe current with bias voltage (top) and laser irradiance 

(bottom). The inset is a curve by a similar experimental set up by Isaac et 
al.(65) showing an initial rise of probe current which plateaus at higher 
irradiance. 

The probe current density, J (A/cm2), showed a power law dependence on the laser 

irradiance, I (W/cm2). That is Jα In (66), where n is an integer representing the number of 
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absorbed photons such that nhν is approximately equal to or larger than the work function 

of the material (h is the Planck’s constant, and ν is the frequency of the light).  In this 

study the estimated value of n was 1.41 and hence nhν is approximately 1.65 eV which is 

less than the work function of copper (4.7 eV), the target used in this work. It is inferred 

from this that multi-photon surface photoelectric effects do not contribute significantly to 

the charge on the probe and that the signal on the probe can be considered as 

predominantly resulting the plasma.  

Breakdown Threshold 

High density plasmas with extremely sharp density gradients such as those 

encountered in LIBS, are currently of great interest particularly from the point of view of 

generating ultra-short x-rays pulses(67, 68). Laser-induced plasmas are also employed in 

ignition processes(69). In such situations, it is essential that the breakdown laser fluence 

is well characterized. Such diagnostics offer a better way to understand fluctuations in the 

spark energy and hence the intensity of the emission signal in application involving 

LIBS. 

The concept of breakdown threshold can be defined in several ways depending on 

the method used to study it. One method used is based on a pump-probe set up and is 

based on the assumption that, when the plasma threshold is exceeded, a dense plasma is 

formed, which causes a distinct change in the optical reflectivity of the plasma(68). 

Laser-induced breakdown is a probabilistic process(70). The energy density required to 

induce breakdown in a gas, for instance, is strongly depended on gas pressure and can 

vary by more than a factor of two(69). Other authors described breakdown threshold as 

the number of laser pulses producing plasmas divided by the number of pulses used for 

each measurement(69). In another study, Milán and Laserna defined the breakdown 

 



63 

threshold as the minimum laser fluence needed to detect an emission signal from the 

ablated material(71). The breakdown threshold reported in this work was estimated as the 

minimum irradiance or fluence needed to produce  an emission S/N of at least 3. Table 4-

1 shows the threshold values calculated for the materials used -silicon wafer, silicon 

dioxide pellets, fused silica and steel. The emission of the Si atomic line at 251.6 nm was 

monitored in all the targets except in the steel target where Cr (I) at 425.44 nm was used. 

As Table 4-1 shows, plasma breakdown thresholds can vary significantly among 

different targets for the same laser parameters and experimental conditions. This has 

consequences in the application of the LIBS plasma for chemical analysis since the 

relative strength of the emission lines and the background continuum are affected. It is 

important to note that significant plasma emission is obtained at low laser energies. Pulse 

energies of 70 mJ in colloids(72), 75 mJ in glass(73), 300 µJ on silicon wafers(71), and 

170 mJ on aluminum(74) were required for various focusing conditions by other workers 

to overcome the breakdown threshold. In our experiments, we employed tight focusing of 

the laser beam which allowed us to reach the breakdown threshold while staying at low 

pulse energies. 

Table 4-1 Plasma breakdown threshold measured for different targets. Silicon 251.6 nm 
line was monitored for all targets except for steel where Cr 425.43 nm was 
used.  

Material Line used (nm) Threshold 
irradiance 
(GWcm-2) 

Threshold fluence 
(Jcm-2) 

Si wafer Si,251.6 11 5.5 
SiO2 (pressed pellet) Si,251.6 19.8 10 
Fused Silica Si,251.6 127.2 64 
Steel Cr,425.43 7 3.5 
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The focal length of the lens used in focusing a laser beam has a considerable effect 

on the breakdown probability. For example, for a Q-switched laser operating in a single 

longitudinal mode (as used in this study), the photon flux, Fph (in photons/cm2s) is given 

by equation 4-2 

                                                                                                                            (4-2) hcr
PF w

ph 2π
λ=

where Pw is the laser power (W), r is the focal spot radius, c is the speed of light and h is 

the Planck’s constant and 

                                                                                                                                      (4-3) 
d
fr .

π
2λ

=

where f is the focal length of the lens and d is the beam diameter. 

It can be shown from equations (4-2) and (4-3) that a short focal length lens results 

in a much smaller focal volume, a high power density, a higher photon flux and a 

stronger electric field. The higher values of these parameters ensure the production of 

initial electrons leading to the electron cascading process(67, 75). The consequences of 

such tight focusing will be discussed later in this work. 

Other important factors to consider are the pulse duration and surface properties of 

the target. For shorter pulses in the ps to fs range, there is reduction in energy threshold 

for breakdown(75). Table 4-1 also shows the effect of target surface properties. The 

results show that the breakdown threshold on a pellet of silicon dioxide powder was 

nearly twice that observed for the silicon wafer with a smooth surface. In quantitative 

work with the microchip laser, the LOD for such powder materials were found to be 10 to 

100 times poorer than that obtained for the same species in targets with much more 

uniform surface.  
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The Focusing Challenge 

Laser plasmas are known to be highly dependent on the laser fluence (energy/area) 

at the surface and measured parameters can vary significantly, even for a single lens. The 

low pulse energies of microchip lasers present another demand on the choice of focusing 

optics. In this study, a microscope objective with a 1.7 mm working distance was used to 

focus the laser beam onto the target. The target was placed such that the focal spot 

diameter was of the order of 8 to 10 µm, providing irradiances ranging from ~27 to ~190 

GW/cm2 for the 7 µJ/pulse microchip and the 50 µJ/pulse powerchip laser. Tight focusing 

to obtain such high irradiances is important to initiate plasma formation. A consequence 

of this is that the plasma behavior and its physical properties are extremely sensitive to 

the distance of the target from the focusing lens. In order to show the effect of the 

focusing conditions on the plasma, the objective which was mounted on micrometer stage 

was moved toward or away from the target in 0.25 mm increments. The results of such an 

experiment can be understood in terms of spot size and fluence; however, only a 

qualitative treatment will be provided here. Plasma images were taken with a CCD 

camera; line emission with a spectrometer and emission lifetime (FWHM) was measured 

using a MCP/PMT, photodiodes and an oscilloscope. In Figure 4-6a, the emission 

lifetime (FWHM) is presented as a function of the focusing distance. When the laser was 

focused behind the target (i.e. d<17 mm), performance of the laser in initiating a 

breakdown on the target was poor. The plasma lifetime increases substantially when the 

laser was focused above the target (d>17 mm) and then it began to decrease to levels 

comparable to the duration of the laser pulse as d increased to 19 mm and longer. In 

Figure 4-6b, the integrated emission intensity together with the S/B ratio at these 

distances were measured. Both parameters followed the pattern observed for the lifetime 
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measurements above. Figure 4-7 shows the digital images of the plasma at different 

focusing distance. In Figure 4-7a, the camera was positioned approximately 45o to the 

direction the laser beam while in Fig. 4-7b, the camera position was perpendicular to the 

laser beam. The plasma physical dimensions also showed significant sensitivity to the 

focusing conditions, as did the emission time profile and intensity. For the target used in 

this work, the maximum plasma height from target surface measured was 100 µm; 

smaller and slightly larger plasmas have been observed on other targets at the same 

conditions.  

In other cases where the lens-to-sample distance have been varied in such a 

manner, plasma parameters such as intensity and size attained higher values for both 

positive and negative defocusing distances(76). Positive defocusing refers to focusing 

above the sample surface and negative defocusing refers to focusing behind the sample. 

In this work, positive defocusing produced higher values for all parameters measured.  

The target position for maximum plasma intensity also produced the minimum focal spot 

diameter (8 to 10 µm in most cases) resulting in higher irradiances. Such strong 

dependence of the plasma properties on focusing places a demand on the accurate 

positioning of the target in subsequent experiments in order to obtain reproducible data. 

Other normal lenses with long focal lengths and working distances are being investigated 

in order to find a suitable compromise between a higher irradiance and larger working 

volume. 

LIBS plasmas are known to be inhomogeneous in temperature, electron number 

density and emission intensity(77). Ideally, LIBS spectra are to be observed with a 

narrow slit width in order to obtain good spectral resolution. The plasma, however, 
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Figure 4-6 Effect of focusing on plasma characteristics. Variation of (top) plasma lifetime 
and (bottom) signal to background ratio, S/B, with target position from the 
focusing objective. 
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Figure 4-7  Photographic images of the LIP. The camera was positioned at approximately 
(a) 45o and )b)90o to the direction of propagation of the laser pulse. The laser 
beam is coming from the left-hand side. 
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expands rapidly immediately following formation and hence only a small amount of light 

reaches the detector. Since the distribution of species in the plasma is non-uniform, the 

fraction of light that is collected must be constant for spectral lines of all species in order 

that the spectral information will be representative of the material on which the plasma 

was formed. In the case of microchip laser plasmas, the small size of the plasma 

minimizes this spatial inhomogeneity since in most cases, the plasma image size is 

smaller than the slit width. The challenge is that spatially resolved data are difficult to 

obtain. In the absence of both time- and space-resolved information, concepts such as 

local thermodynamic equilibrium lose their significance since these have a temporal and 

spatial components. 

Plasma Temperature Measurements 

Temperature is an important parameter of plasmas that has been studied for 

decades, and continues to be studied even for conventional laser systems, because 

temperature controls ionization processes in the plasma and the composition of the 

emission spectrum. A critical assumption made in the construction of LIBS calibration 

curves, where intensity ratios are used, is that the plasma is in a state of local 

thermodynamic equilibrium. In order to ascertain this condition, accurate determination 

of the plasma temperature and electron number density is vital. In most cases, spatially 

and time-resolved measurements provide a better picture of the condition of the plasma. 

Even though such measurements have been difficult with the microchip lasers due to the 

small size and short lifetime of the plasma, space and time-integrated measurements will 

be presented as a preliminary characterization of the plasma. The intensities were 

averaged over the entire time history of the entire emitting plume. Boltzmann plots (78) 

were used to estimate the plasma temperature and it followed the expected linear 
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behavior. Figure 4-8 is a sample plot using selected iron lines from plasma formed on 

iron foil. Temperatures obtained were similar for a set of metallic targets (Cu, Cd, Pb) ~ 

10,000 K ± 300 K. Iron and silicon yielded a significantly higher temperature, 11,200 K 

and 13,700 respectfully,  ± 200 K in either case. These measurements will be useful both 

in validating a first principle model and in estimating the performance of the microchip 

laser LIBS. 
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Figure 4-8 Boltzmann plot with selected iron lines. E1 and E2 are upper energy levels of 
line 1 and 2 respectifully. 

Conclusions 

The feasibility of a LIBS system based on the microchip laser, the ablation 

properties and the analytical performance of the microchip laser in both qualitative and 

quantitative application have been demonstrated in other sections of this work. Using a 

pump-probe diagnostic scheme, this chapter further characterized the laser-induced 

plasma at sub-ns time scale. The plasma showed a maximum absorption approximately 

1.2 ns following the laser pulse and became almost transparent at times larger than 4 ns. 
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In spite of the eight times increase in pulse energy, the temporal profile of the plasma is 

similar to that observed for the case of the microchip laser plasma at lower energy. To 

fully characterize these lasers, a detailed time-dependent study of the plasma in both 

cases is necessary. Lower pulse energies require that the laser beam be focused tightly to 

obtain high irradiances in order to overcome the plasma breakdown threshold on most 

targets making the plasma properties extremely sensitive to focusing conditions. A study 

of the electrical properties of the plasma together with the absorption measurements 

indicated that plasma shielding is minimal with these laser types compared to lasers 

typically used in LIBS.

 



CHAPTER 5 
TRACE METAL ANALYSIS BY MICROCHIP LASER-INDUCED BREAKDOWN 

SPECTROSCOPY 

Summary 

The development of a compact laser-induced breakdown spectroscopy (LIBS) 

system will increase the possibilities of applying the technique in industrial process 

monitoring. In this chapter, the quantification of elemental composition of several 

matrices using a higher power microchip (“powerchip”) laser was undertaken. A 

prototype setup for real time, in situ quantification of trace metals in steel alloys by 

microchip laser LIBS was investigated as a means of enhancing the applicability of the 

LIBS technique to process monitoring in the steelmaking industry. The performance of 

the LIBS technique based on a microchip laser and a portable non-intensified, non-gated 

detector for elemental quantification was evaluated and compared to that obtained using 

an intensified detector. Calibrations were achieved for Cr, Mo, Ni, Mn and Si in steel 

with linear regression coefficients between 0.98-0.99 and limits of detection below 100 

ppm in most cases, but the performance in non-metallic samples was marginal. 

Introduction 

Laser-induced breakdown spectroscopy (LIBS) is exhibits certain problems as a 

quantitative analytical tool. Difficulties presented by various matrix effects, poor 

accuracy and precision limit the performance of LIBS in quantitative analysis. Recently, 

the capacity of LIBS for quantitative elemental analysis has been demonstrated in 
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numerous fields: environment; metallurgy; mining, etc(32). Applications in the 

pharmaceutical sector have also appeared recently ((79, 80). 

As part of the preliminary investigation described in Chapter 2, an assessment of 

the analytical capability of the microchip laser LIBS was carried out. The LIBS system 

based on that setup was characterized by a relatively low sensitivity in the detection of 

magnesium in a graphite matrix (20). The aim of this chapter is to assess the feasibility of 

using a higher power microchip laser (also referred to as ‘Powerchip’) LIBS for the 

quantitative analysis of trace elements. Matrices used include low alloy steel samples, 

silicon dioxide (washed sand) and graphite. Steel particularly was chosen because in 

recent years, quantitative analysis of steels by LIBS have been performed successfully by 

several authors ((36) achieving good figures of merit. Therefore a comparison of the 

performance of the microchip laser LIBS to a number of previous studies which used 

more conventional experimental arrangements can be made. Elements of interest in the 

steel work are Cr, Mn, Mo, Ni, and Si while Mg, Si, and Fe will also be determined in 

sand and graphite. Graphite was also chosen as a matrix to study because LIBS of 

graphite has several applications: For instance, carbon thin films, due to their diamond-

like properties, have been attracting intense theoretical and experimental investigations 

(81).  LIBS of graphite is also important for fullerene synthesis (82). The results obtained 

using a portable spectrometer as the detector were compared with those obtained using a 

conventional intensified CCD array spectrometer. 

Experimental 

A schematic diagram of the quantitative powerchip LIBS system is shown in 

Figure 5-1. It consists of four primary components: A powerchip laser, a focusing 
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microscope objective, a fiber optic and spectrometers. The laser beam was focused by a 

50X microscope objective unto various targets as described in Chapter 3. 

Plasma emission was collected with a 600 µm diameter fiber optic coupled to a 

high resolution miniature fiber optic spectrometer (HR 2000, Ocean Optics Inc., USA) 

with 0.03nm FWHM spectral resolution and a grating with 2400 grooves mm-1.  No 

optics were used to collect the plasma emission.  The fiber tip was simply placed within a 

few mm of the plasma.  The data were collected and processed by the OOI Base32 

software (Ocean Optics, Inc.) running on a laptop computer. The experiments were 

repeated with a gated, intensified CCD spectrometer, SpectroPro -500i (Acton Research 

Corp.) with 0.02 nm spectral resolution and a 40 µm entrance slit operating in a free 

running (non-gated) mode.  For these experiments, spectral segments of 8 nm for the 

plasma emission were recorded using a grating with 2400 grooves mm-1. Spectral data 

were collected and processed with Winspec 32 software running in a desktop computer. 

 
Figure 5-1 Quantitative LIBS experimental setup. 
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Samples analyzed were steel alloys (cast iron spectrometric reference materials) 

and graphite and silicon dioxide each spiked with varying concentrations of iron, 

magnesium, and aluminum. These samples were mixed and presented as pressed pellets.  

Results and Discussion 

Quantitative Analysis of Low Alloy Steel  

In Table 5-1, the composition of the steel samples and their respective 

concentrations are shown. Figure 5-2a shows a typical powerchip laser spectrum of steel 

which is spectrally rich due to the complexity of the matrix. When a narrow portion of 

this spectrum is screened, distinct emission lines belonging to various elements can be 

identified. For example, Figure 5-2b is an 8 nm spectral window showing the overlap of a 

pure Fe spectrum and that obtained from a steel sample with Cr lines at 425.44 nm and 

427.48 nm.  

Table 5-1 Composition of the steel standards. Concentrations are expressed as % weight. 
Sample C Cr Cu Fe Mn Mo Ni Si 
CKD/232 1.930 1.190 0.038 91.859 0.090 0.850 0.026 3.500 
CKD/233 2.120 1.920 0.110 92.184 0.260 0.023 0.052 2.590 
CKD/234 2.460 0.460 0.275 91.969 1.390 0.210 0.305 2.020 
CKD/235 2.730 0.410 0.157 91.772 1.860 0.450 0.195 0.920 
CKD/236 2.850 0.050 0.215 91.814 1.080 0.064 1.774 1.650 
CKD/237 3.030 0.150 0.545 92.135 0.130 1.340 0.700 1.200 
CKD/238 3.360 0.018 0.920 91.897 0.480 0.115 1.110 1.550 
CKD/239 4.150 0.052 0.085 91.877 0.760 0.007 2.420 0.270 
 

Data analysis of LIBS spectra is an aspect of significant importance in order to 

demonstrate the suitability of the method as compared to other conventional methods. 

This requires skill in the selection of optimum wavelength and the establishment of the 

most accurate and robust calibration curves. For this reason, the stability of the signal 

during laser sampling was characterized first. One of the main noise contributions 

influencing the response stability is the fluctuation noise due to random changes in the 
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plasma intensity from pulse-to-pulse (83). Typically, the shot-to-shot relative standard 

deviation during LIBS analysis can be up to 20%. A significant part of this variability is 

due to the fact that a single laser shot ablates only a very small fraction of a relatively 

heterogeneous sample. One technique used to reduce this variability is normalization of 

the emission intensities to that of a carefully selected internal standard. In this work, peak 

intensities were normalized to the intensity of the background continuum emission or to a 

suitably selected Fe emission line. Table 5-2 shows the emission lines from the elements 

of interest and the internal standards employed in the calibration curves. The 

normalization lines were carefully selected taking into account the features that 

characterize a suitable internal standard while avoiding the interference of emission lines 

in such a complex steel matrix, previously studied by other authors (84). 
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Figure 5-2 (a) Spectrum obtained from microchip laser-induced plasma on steel and (b) 

superposition of 8 nm spectral window for a pure Fe standard and that of a 
steel sample containing 1.92% Cr. Spectrometer HR 2000 was used with 
integration time of 1 s. 

Figure 5-3 is a plot showing the variation of the net emission intensity and the 

intensity normalized to the background or an Fe emission line. It can be seen that the 

shot-to-shot reproducibility improves by using both approaches. The means of handling 
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the spectral data using the background continuum or a line belonging to the matrix is 

known as internal standardization and has the potential to significantly improve both 

precision and accuracy. With the data in Figure 5-3, the RSD for curves a, b, and c are 

respectively 1.6%, 6.3% and 2.5%. With the microchip laser, fluctuation in laser power 

stability is minimal (20). Therefore, the variation in the signal in the case of the net 

intensity is ascribed to changes in the target surface angle due to rotation and translation 

described previously. Again, although the sample was always in continuous rotation, the 

microplasma created at such a high repetition rate could be partially hidden in the crater 

depth, affecting the emission intensity in a random fashion from shot to shot. 

Table 5-2 Selection of spectral lines and internal standards. In some instances, the 
background continuum (Bgd) in the vicinity of the element line was used as 
internal standard. 

λ (nm) 
Emission line 

λ (nm) Fe normalization 

Cr(I) 425.43 nm Fe(I) 425.07 
Bgd, 425.68 

Mn(I) 403.07 nm Fe(I) 400.52 
Mo(I) 386.41 nm Fe(I) 387.25 
Ni(I) 341.47 nm Fe(I) 342.71 
Si(I) 288.16 nm Fe(I) 287.41 

 
Another way of improving precision in LIBS is shot averaging. The experiments 

were carried out at a pulse repetition frequency of 1 kHz, and an acquisition time of 1000 

ms, which effectively adds up the emission from 1000 sequential plasmas.   5-4 shows 

two curves: a) the fluctuation of the emission intensity of Mn (I) 403.1 nm, where each 

point represents the sum of 1000 shots; and b) the standard deviation of this signal 

obtained by averaging the collected data points progressively (i.e. moving average of 

previous data points). 
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Figure 5-3 Shot-to-shot fluctuations in LIBS signal intensity: (a) Intensity of Cr 
normalized to the background continuum emission; (b) Net intensity of Cr line 
and (c) intensity of Cr normalized to an Fe line. 

 

Figure 5-4 Reduction of noise by signal averaging: (a) Fluctuation of the emission 
intensity of Mn 403.1 nm and (b) variation of the standard deviation (in 
intensity units) of the signal by progressive averaging of the collected data 
points. 
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It was observed among most of the targets studied that the fluctuations in the initial 

collected data points were generally higher than the latter points, unless special care was 

taken to clean the samples before analysis. After exposure of the target surface to several 

laser pulses, the variation in the emission intensities was low and more uniform. The 

initial fluctuations can be partly due to target surface impurities. As mentioned in 

previous papers (85), the samples need to be exposed to a certain number of preparatory 

laser shots before performing the measurements in order to eliminate any surface 

impurities and also to ensure that the surface of the target is representative of the bulk 

composition.  In the steel analysis described in the following section, 10 surface cleaning 

data oints  and 15 data oints  for data acquisition (all integrated over 1000 ms) were fixed 

as the best acquisition conditions to minimize signal fluctuations. This capability of LIBS 

where the focused laser pulse cleans the target surface offers a great advantage over other 

analytical techniques. For example, both LIBS and spark emission spectrometry are 

based on the same technique. However, spark emission technique requires samples with 

well ground and polished surfaces; LIBS does not because the ablation pulse is capable of 

the surface treatment prior to data collection. The high spatial resolution and repetition 

frequency of microchip lasers even makes surface cleaning faster and more effective. 

Figure 5-5shows the calibration curve for Mo using the compact spectrometer. 

Similar curves were obtained for Cr, Mn and Mo were correlation coefficient of 0.98 or 

better and relative standard deviation of 3.6, 6.3, and 5.5 % respectively. The RSD values 

were obtained with the samples with the lowest concentration of the analyzed element 

(see Table 5-1). 
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Figure 5-5 Calibration curve for Mo using the compact spectrometer, HR 2000. The lines 
used are Mo (I) 386.41 nm normalized to Fe (I) 387.25 nm 

Microchip LIBS with Non-intensified versus Intensified CCD Spectrometers 

Quantitative analysis of the same steel samples was performed using a conventional 

spectrometer fitted with an intensified CCD as detector.  Figure 5-6shows an 8 nm 

spectral region of 15 averaged data points using a), SpectraPro 500 Intensified 

spectrometer which allows 8 nm acquisition window and b), HR 2000 portable non-

intensified spectrometer which allows 90 nm acquisition window. The acquisition data 

parameters for both experiments were the same: a free running mode for both detectors 

and each data point is an average of 1000 laser shots. Resolution is slightly better for the 

ICCD than the portable spectrometer except that a few spectral details appear in the 

spectra obtained with the portable spectrometer for the same sample. For instance, the 

line 426.42 nm, appearing at the shoulder of the Fe 426.04 nm does not appear in the 
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spectrum with the ICCD. In the data acquisition mode employed in this work, the most 

significant difference between the two detection systems is the detector.  As expected, the 

signal and background in the intensified spectrometer were much higher than when the 

non-intensified CCD was used.  The intensified CCD spectrometer was capable of 

detecting more elements in the steel samples than the portable one because of the 

flexibility in the selection of wavelength windows.  On the other hand, the narrow 

spectral window provided by this spectrometer presents a problem in performing a real-

time multielemental analysis. Figure 5-7 shows the calibration curves for Ni and Si with 

the intensified CCD system. These elements could not be detected with the portable CCD 

spectrometer due to strong interference from other transitions at the wavelengths of 

interest.  

Copper (Cu I, 360.2 nm) and carbon (227.7 nm) were also identified in the steel 

samples using the portable spectrometer and the iCCD system, respectively; even though 

these elements were not quantified. 
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Figure 5-6 Spectra obtained on iron foil and steel using (a) an intensified CCD and (b) a 

non-intensified CCD spectrometers. 
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Figure 5-7 Calibration curves using the intensified CCD spectrometer. (Top) Ni (I) 

341.47 nm normalized to Fe (I) 342.71 nm and (bottom) Si (I) 288.16 nm 
normalized to Fe (I) 287.41 nm. 

Table 5-3 summarizes the limits of detection (LOD) for the species studied using 

the two spectrometers.  The LOD was estimated as three times the standard deviation of 

the background signal divided by the slope of the calibration curve (86). The highlighted 

values are those obtained using the non-intensified portable spectrometer.  For Cr, the 
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LOD obtained with the portable, non-intensified spectrometer is lower than that obtained 

with the ICCD but the data obtained for Mo and Mn are comparable for the two 

spectrometers.  Relative standard deviation (RSD) of the two detection systems was 

comparable except that it was several times better in the case of Mn with the ICCD than 

the non-intensified CCD detector. Earlier work(87, 88) showed that the signals obtained 

with the ICCD were usually at least an order of magnitude higher, the SNR is typically 

three times better and the LOD an order of magnitude lower than values for the non-

intensified system. It is not clear at the moment the reason for the comparable sensitivity 

for the two detectors with the microchip laser systems. It should be noted that the 

intensified CCD used in this work was operated in a non-triggered, non gated mode. In 

the earlier work referred to above, the detector was operated with gate delay with respect 

to the plasma-initiating laser pulse. Generally, LIBS data conventionally collected this 

way have higher signal to background and sensitivity than those obtained in the mode 

used in this work. The conclusion from the above discussion is that, with regards to 

overall cost, field deployability, speed of data acquisition and processing, microchip laser 

LIBS with portable non-intensified non-gated detectors offers advantages over traditional 

systems. 

Performance in Other Matrices 

The performance of the microchip laser LIBS to detect and quantify elemental 

composition in pellet samples was also investigated. Figure 5-8 is a spectrum showing 

iron emission lines in silicon dioxide. Figure 5-9 shows the variation of signal with 

element concentration for iron and magnesium. The samples were in a powder form and 

presented as pressed pellets after blending in a mixer. Samples of this nature are more 
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Table 5-3 Analytical figures of merit of the elements analyzed using both the portable 
high resolution spectrometer and the intensified spectrometer as detector. SLR 
denotes studied linear range. The data in bold were obtained for the portable, 
non-intensified spectrometer 
Emission Line SLR 

(%) 
RSD 
(%) 

LOD 
(%) 

Cr(I) 425.43 nm 0.018-1.92 4.6 
3.6 

0.01 
0.003 

Mn(I) 403.1 nm 0.09-1.86 1.2 
6.3 

0.003 
0.004 

Mo(I) 384.4 nm 0.007-1.34 5.2 
5.5 

0.008 
0.009 

Ni(I) 341.42 nm 0.052-2.42 1.3 0.009 
Si (I) 288.16 nm 0.27-2.02 4.6 0.02 

 
heterogeneous than the steel samples studied in this chapter, which have been 

commercially blended to achieve acceptable homogeneity. Because the microchip laser 

removes just ng to pg samples for analysis, it will be expected that poorer reproducibility 

and lower correlation between element concentration and signal intensity will be obtained 

from such samples. The bending of the calibration curves at higher concentrations, 

especially in the case of Mg, might rather be due to matrix effects as well as self-reversal. 

Ideally, transitions that are not coupled to ground state (i.e. non-resonance lines) should 

be used to avoid this effect. However in this study, no suitable emission lines free of 

interference from the matrix were available within the spectral window provided by the 

spectrometer.  

Even though for all the elements studied, the most sensitive lines within the 

wavelength window provided by the spectrometer were used, detection limits (LODs) 

were between 0.1 and 0.2%. These values are at least 100 times higher than what was 

observed in the steel analysis described above. Several reasons could account for the 

poorer LODs in these matrices. The most significant, perhaps, is the higher breakdown 
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Figure 5-8 Spectrum of silicon dioxide: (a) pure and (b) spiked with iron ore. 

thresholds in these pellets compared to the steel targets. The higher breakdown thresholds 

can be ascribed to the material morphology as well as the surface quality as these 

determine the mechanisms of dissipation of laser energy in bulk solids (see Table 4-1). 

Generally, the laser-induced spark on pure metals and alloys was larger in size and more 

luminous than observed on pellets. In metals, the conduction band electrons absorb laser 

energy and then dissipate it through the thermal conductivity via electron-phonon 

collisions (20). As the metal character of the material decreases, the laser-matter 

interaction becomes more complicated including multiphoton absorption, absorption on 

structural defects, etc. Electron-lattice coupling also changes, affecting the efficiency of 

energy transfer from laser-heated electrons to the material bulk. Equally important is the 

surface quality of the target. The surface of the pellets is more grainy and loose than that 

of metal samples. It is therefore easy for an aerosol to form above the sample surface 

which blocks the emission from the collection lens. Again it is expected that more 

material will be removed per laser shot in the pellets than in pure metallic samples. Much 

less material is expected to contribute to plasma emission as discussed in Chapter 3, 

 



86 

while these bigger craters erodes the surface integrity which deteriorates the focusing 

condition as the focus depth of the microscope objective is shallow. It should be pointed 

out that the detection limit of 0.1-0.2% reported for the 50 µJ microchip laser is 100 times 

better than what was observed for the microchip laser at 7 µJ in the preliminary feasibility 

study (20) in a similar matrix. 

As mentioned earlier, unlike high power lasers which ablate 100s of ng material for 

analysis, in the case of the microchip laser, only pg to ng of material is removed and only 

a fraction of this is expected to be vaporized into the plasma. The situation makes the 

homogeneity of the material a critical requirement in chemical analysis based on the 

microchip laser LIBS. The effect of the sample homogeneity was studied using silicon 

dioxide with varying concentration of iron. The samples were blended with a mixer for 

different times and the variation of emission intensity with time was assessed. Figure 5-

10 was obtained for a 3% Fe sample in silicon dioxide blended for 5 and 10 minutes. The 

RSDs for data (a) and (b) are respectively 17% and 6.8%, showing a significant 

improvement in reproducibility with higher mixing time. The values at both times are 

however higher than the mean RSD obtained for the relatively homogeneous steel 

samples analyzed earlier. 

Conclusions 

The results in this study demonstrate the feasibility of quantitative analysis based 

on microchip laser LIBS. The robustness of the laser, miniaturization of the detector, and 

the simplicity of the experimental configuration and data acquisition confer to the 

technique the advantage of field portability and real-time applications. Analysis of the 

composition of a low alloy steel has been performed and characterized by remarkably 
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Figure 5-9 Calibration curves for (a) magnesium and (b) iron ore in sand (silicon 

dioxide). In (a), the signal is presented in form of intensity ratio of Mg (1) 
285.2 nm to Si (I) 288.16 nm while in (b) the net intensity is used. 
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Figure 5-10 Effect of sample homogeneity on data reproducibility: (a) A mixture of iron 

ore and silicon dioxide blended for 5 min. and (b) sample blended for 10 min. 

good figures of merits. Detection limits in pellet samples was about two orders of 

magnitude higher than in steel samples possibly due to the higher sample heterogeneity, 

surface irregularities and different mechanisms involved in the laser interaction with the 

different matrices. 

Practically, in the field, the sample possibly cannot be held static at a fixed distance 

to the focusing and collection optics as used in this work. Field setup will then be more 

susceptible to fluctuation in the LIBS signal. Again in an industrial setting, for instance, 

in scrap sorting in steel production, samples with different roughness, thickness and 

composition of surface layers will be presented to every laser pulse. Detection limits and 

precision may therefore be poorer than reported in this work. Nevertheless, from the 

point of view of both economics and response time, there are situations where the 

capability for real-time, in-situ, “non-destructive” measurements is more compelling than 

detection limits and precision.

 



 

CHAPTER 6 
AIRBORNE PARTICLE DETECTION BY MICROCHIP LASER-INDUCED 

BREAKDOWN SPECTROSCOPY 

Introduction 

Determination of the source and nature of atmospheric metal and biological 

particles has been the subject of increasing interest in recent years, especially with regard 

to their environmental and health implications. There is evidence that submicrometer 

sized airborne particles are more reactive and more dangerous than larger particles due to 

large surface-to-volume ratio and higher permeability into respiratory systems (89). 

Aerosols have been implicated in global warming and heterogeneous chemistry in both 

the troposphere and stratosphere(90). Airborne particles can vary widely in composition, 

size, and biological effects and their sources can be traced to wind, sea spray, fires, 

meteoric and anthropogenic (combustion, industrial and cultivation). In Table 6-1, the 

approximate size range of some common airborne particles is presented. The very low 

concentration of some of these particles tends preclude the development of direct or near 

real-time methods for detection.  Conventionally, filters are used to trap particles in the 

atmosphere for subsequent off-line chemical analysis using techniques such as scanning 

electron microscopy (SEM), electron probe X-ray microanalysis (EPXMA), and particle-

induced X-ray emission (PIXE)(90, 91). The technique of collecting particles on filters 

for later analysis is characterized by a number of disadvantages. In the first place, it is a 

time consuming process since the sample collection site is usually distant from the 

analysis site. Also, a considerable amount of time is normally required to collect a 
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measurable amount of a particular atmospheric agent. The procedure also normally 

requires high-purity filters (for example, polytetrafluoroethylene, PTFE membrane) with 

high loading capacity which are difficult to come by. In addition, a high level, short 

duration, incident exposure may be dangerous but when averaged over an extended 

period, may not be considered as dangerous. Today, there is a greater awareness that low 

levels of metal particles may be dangerous due to their accumulation in the body(92).  

A collection of physical methods for the analysis of airborne particles includes X-

ray fluorescence, mass spectrometry, X-ray diffraction and neutron activation 

analysis(93). Some of these methods are limited to a particular group of compounds (such 

as volatility), are costly, difficult to automate and may require extensive preliminary 

sample preparation. Again, many of these techniques are not easily translatable into field 

instruments. The recent knowledge of the effects of particulate matter together with the 

shortcomings associated with traditional systems has stimulated growing interest in the 

development of a direct, continuous or near real-time systems for the determination of 

particles in the atmosphere.  

Review of Laser Spectroscopy Techniques for Aerosol Analysis 

Due their multi-element capability, sensitivity and selectivity, several atomic 

spectroscopy methods have been employed for the determination, sizing and semi-

quantitative analysis of trace metals in complex matrices.  These include flame atomic 

absorption spectrometry (flame AAS), ETAAS (electrothermal~), inductively coupled 

plasma spectrometry (ICP-MS) and laser-induced breakdown spectroscopy (LIBS), just 

to mention a few.  In reference (93), a survey of atomic spectroscopy methods used in 

airborne particle analysis and the sensitivity achievable for some elements are provided. 
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Atomic absorption based on flames is the most commonly used technique for 

determining atmospheric trace metals, despite the difficulty of directly analyzing solids. 

ETAAS can be used for direct analysis of metal compounds with greater sensitivity 

although the capability for multi-element analysis is low. ICP-MS has several attractive 

features regarding its use in the analysis of airborne particulate matter. Compared with 

other techniques, ICP-MS has low detection limits for most elements, multi-element 

analysis capability and simple and easily interpreted spectra. The limitation of ICP-MS in 

this area of application is that it is seldom field portable. Moreover, sample digestion is 

usually required which may lead to the loss of trace elements, sample contamination, and 

spectrometric interference owing to acid-derived background ions. 

Atomic emission employing arcs, flames, sparks and plasmas is available for both 

multi-element and single-element analysis. Currently plasma emission spectroscopy 

appears to present the keenest competition to ETAAS. Higher temperatures attainable in 

plasmas ensure a higher extent of atomization and ionization resulting in more spectra 

lines than normally obtained in flames. A further advantage of plasmas is that both metals 

and non-metals such as sulfur, carbon and the halogens can be detected.  

In this chapter, microchip laser-induced breakdown spectroscopy (LIBS), which 

shows great promise for direct and near-real-time determination of metal particles in the 

atmosphere, will be discussed. LIBS appears to be the most practical means for bringing 

elemental analysis to the field. Another factor that makes LIBS an attractive technique for 

particulate analysis is the ability to detect single biological samples. In Table 6-2, typical 

elemental concentrations (as percent by weight) in some biological particles are 

presented.  It was demonstrated recently by Hahn et al. (94) that Na, Ca, and Mg can be 
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detected by LIBS in ambient aerosols with absolute mass detection limits of 3.3, 0.5, and 

1.2 fg respectively. Given the concentrations of these elements in bioaerosols, and the 

detection limits reported above and elsewhere, it should be possible to detect these metals 

in single bioaerosols. In addition to chemical composition, LIBS offers a real-time 

simultaneous measurement of size distribution and number densities(95).  

Even though the miniature lasers employed in this work are limited by their output 

energy, this will be compensated for by other attractive features such as high pulse 

repetition frequency and low pulse-to-pulse amplitude variation. The potential of 

microchip LIBS to detect single particles will have applications in areas such as real-time 

assessment of industrial atmospheres and clean room monitoring. 

Table 6-1 Common airborne particles and their respective size range 
Substance Minimum 

Diameter (µm) 
 

Maximum 
Diameter (µm) 

Human hair 35 200 
Cement dust 3 100 
Metallurgical dust 0.5 100 
Insecticide dust 0.3 35 
Sulfur dioxide mist 0.3 3 
Paint pigments 0.1 5 
Metallurgical fume 0.011   
Tobacco smoke 0.01 1 
Magnesium fume 0.01 0.4 
Viruses and 
proteins 

0.003 0.005 

Gas molecules 0.0001 0.0006 
 

Experimental 

A picture of the experimental microchip LIBS setup is shown in Figure 6-1. Th

excitation source for all experiments in this section was a 50 µJ per pulse microchip la

described in detail in Chapter 3. Dry aerosols of sodium chloride (NaCl), magnesium 

 

e 
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Table 6-2 Elemental concentration as percent by weight in some biological samples. Bg 
is Bacillus subtilis var. niger, a common simulant for Bacillus anthracis. In 
the case of oat, wheat and corn, it was fungal spores on these samples that 
were analyzed. 
Element Bg Oat Wheat Corn 

Ca 1.08 0.16 0.0147 0.12 

Mg 0.37 0.20 0.0937 0.19 

Na 0.38 0.0132 0.0110 0.0171 

K 0.49 1.60 2.24 1.63 

Fe 0.57 0.0253 0.0032 0.0081 

P 2.32 0.44 0.41 0.58 

Mn 0.0122 0.006 0.0024 0.0037 

 
chloride (MgCl2), calcium chloride (CaCl2), aluminum chloride (AlCl3), and silicon 

dioxide (SiO2) were produced using a commercial ultrasonic nebulizer and a membrane 

desolvator (CETAC U-6000 AT) designed for an ICP system. Using a peristaltic pump, 

dilute salt solutions were delivered at 2.5 mL/min into the nebulizer. Carrier gas and 

sweep gas flow rates were set at 0.6 L/min and 2.0 L/min, respectively. Argon gas was 

used throughout. Heater and coolant temperatures of the nebulizer were 140 oC and 3 oC, 

respectively, while the desolvator temperature was 150 oC. Wet aerosol from the 

nebulizer was introduced into the desolvator where they were dried and resulted in fine 

dispersion of metallic salts. Dry particles coming out of the desolvator were collected 

with a polyethylene tube (1.5 m length, 0.5 cm internal diameter) and introduced into the 

focal point of the microscope objective using a Pasteur pipette (1 mm internal diameter at 

the exit). Particle flow was perpendicular to the direction of the laser beam. Laser-

induced sparks were observed whenever particles happen to be in the working volume 

during the time of the laser pulse. A CCD camera with a filter to remove any interference 

from the 1064 nm laser beam was used to collect images of the sparks. Also, a fiber 
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optics cable coupled to a miniature spectrometer, SD 2000 (Ocean Optics, Inc.), was used 

to collect and store emission signals from the aerosol plasma. Alternatively, emission 

signals were collected using a single lens setup and PMT connected to the exit port of a 

monochromator (HV-10). The monochromator was set to one of the most sensitive lines 

of the elements of interest. This arrangement, together with a newly acquired digital 

oscilloscope, (Tektronix TDS 6604), allowed shot-to-shot statistics of spark production in 

real-time. 

Results and Discussion 

Within any measurement time, a volume of gas containing aerosol particles flows 

past the laser beam. Particles that happen to be in the focal volume during the duration of 

the pulse have a probability of interaction with the laser beam. The extent of this 

interaction will depend of the particle velocity, size, shape, and duty cycle of the laser 

and will determine whether a spark will be formed or not.  

It has been shown  that the traditional averaging of LIBS spectra may lead to lower 

signal-to-noise ratios of the analyte of interest if the overall sampling rate of the analyte 

containing particles is low(96, 97). With regard to airborne particulate analysis, ensemble 

statistics may even make experimental data not useful. This is because the discrete nature 

of the particles and the laser sampling mechanism make the process an ‘all-or-nothing’ 

phenomenon. In other words, either a particle is present in the working volume during the 

laser pulse or not present. Again different size particles and instantaneous flow rates may 

occur during every laser pulse. Averaging signals with such heterogeneous distributions 

may conceal vital information. In view of this background, the first part of the data 

acquisition in this work was setup to examine individual signals from single laser sparks 

on particles. 
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Figure 6-1 Single particle microchip LIBS setup. 

Signals from individual breakdowns were examined using a PMT and a digital 

oscilloscope operating in waveform-data-base/histogram mode. This provided both a 

count rate and an intensity distribution of signals from individual trigger events. In order 

to avoid false triggers, the experiment was first done with the laser turned off and/or 

particle flow stream stopped. In this case, no visible sparks were observed in the focus of 

the microscope objective. Figure 6-2 (top) is a histogram of false triggers obtained 

resulting from the PMT dark current. Similar plots prior to every experiment were done 

in order to set the trigger thresholds to reject triggers that may not have resulted from 

spark formation on particles. The mean of the PMT false signals plus 3σ was 0.01 V. 

Signals with amplitude smaller than this value were excluded from the count rate. 

Introduction of sample increased both the maximum signal and the frequency of triggers. 

Figure 6-2 shows the intensity distribution of 0.024% Na with trigger threshold at -20 
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mV. With the trigger threshold set at 10 mV, NaCl solutions with concentrations ranging 

from 300 to 5000 ppm were nebulized, dried and introduced into the working region 

(mass percent of Na in the solutions ranged from 0.012% to 0.2%). For each sample, the 

percent trigger, (that is, number of trigger events with signal at least 10 mV as a 

percentage of the total number of laser pulses fired), was calculated. Figure 6-3 shows 

one of such plots. As the concentration increased, the percentage trigger increased 

initially but plateau and then decrease. In fact, at 0.5% NaCl concentration, trigger rate 

was 1.6% (not shown in plot), significantly lower than the value at 0.25% salt solution 

which was about 2.25%. 
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Figure 6-2 Intensity  distribution of sparks on NaCl particles, 0.024% Na by weight. 

An alternative calibration was based on the signal intensity versus concentration. 

Because of the intensity distribution and different frequency of occurrence, as shown in 

Figure 6-2, the weighted mean signal was used. The signal value in every bin was 

multiplied by the number of times it occurred and the mean of these values obtained. 

Even though Figure 6-2 shows substantial variation in the signal intensities, this means of 
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handling the data reduced the mean errors significantly. Figure 6-4 is the plot of signal 

intensity versus concentration. Similar to the trigger rate, signals at higher concentrations 

(not shown in figure) did not increase proportionally with concentration. 
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Figure 6-3 Variation of trigger rate (fraction of laser pulses that produce sparks with 

signal at least 10 mV as a percentage of the total number of laser pulses fired). 
Concentrations are presented as mass % NaCl. 

 
Magnesium chloride solutions containing up to 0.102% Mg by mass were also 

measured. Two methods were considered in determining the trigger rate. A study of the 

PMT false triggers at 285 nm required that for Mg, the trigger threshold should be set not 

lower than 30 mV. One method implemented was to set the trigger threshold as low as 

possible in order to avoid rejecting true trigger events. PMT triggers at this low threshold 

would then be included in calibration and subtracted from the sample triggers; 
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Figure 6-4 Variation of aerosol spark intensity with concentration. Data were obtained 
with a PMT. Concentrations are presented as mass % NaCl. 

analogous to the treatment applied to blank signals. The next approach was the one 

discussed earlier that sets a higher enough threshold in order to reject most false triggers. 

Data from both schemes for MgCl2 is shown in Figure 6-5. With a more relaxed 

threshold, there was a significant increase in trigger rate even after correcting for false 

triggers. For example, for 0.4% MgCl2, at -10 mV trigger level, the trigger rate after 

correcting for false triggers was 1.40% while it was 0.7% at -40 mV trigger level. This 

shows that when the trigger threshold is set too high, there may be loss of data due to 

actual sparks that fall below the threshold. The latter approach extends the sensitivity to 

small particle size range. 

In Figure 6-6, photographs of plasma plumes obtained for breakdowns on MgCl2 

and CaCl2 particles are shown. The images at the bottom were taken with the laser beam 

attenuated below the breakdown threshold using a neutral density filter. This was verified 

by the absence of spark formation when the sample was introduced. This arrangement 
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allowed the observation of sample flow past the focal volume. When the filter was 

removed, spark formation was observed as shown by the images at the top. In terms of 

size, the aerosol plasmas were comparable to plasmas formed on metallic foils. The 

significant differences were that the aerosol plasmas were less luminous, more spherical 

and more heterogeneous in size distribution. 
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Figure 6-5 Variation of trigger rate with concentration: (Black) threshold set at -10 mV 

and (Red) threshold set at -40 mV. Concentrations are presented in mass % 
MgCl2. 

 
Dependence of Signal Intensity and Trigger Rate on Particle Size. 

With the ultrasonic nebulizer used in this work, increasing concentration is 

expected to affect the particle size more than the number of particles produced. As bigger 

particles are more sluggish and also present larger volumes to the laser pulse, it is 

expected that increasing concentration will lead to higher probability of hitting a particle. 

It is interesting to note that the dependence of  trigger rate on concentration is linear only 
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Figure 6-6 Photographs of sparks on MgCl2 and CaCl2: (Top): Full laser energy in use, 

interference filter in front of camera removes 1064 nm light, (Bottom) Laser 
energy attenuated below breakdown threshold; scattered laser beam shows 
particle flow in the focal volume. 

 

at lower concentrations and bends at higher concentrations (Figures 6-3, 6-4, and 6-5). 

Several reasons can be suggested to explain these observations: 

1. Transport efficiency may account for particle losses in the sampling line between 
the aerosol chamber and the laser focus. These losses will be determined by both 
the length of the tube as well as the particle size. Experiments and calculations have 
shown that depending on flow rate, pressure and other factors, different size 
particles may be transported with varying efficiency(94, 98). 

2.  Inlet transmission between the point where the sample exits the nozzle and the 
laser working volume. Due to inertial deposition, bigger particles have more 
likelihood of falling out and not interacting with the laser beam. 

3.   Efficiency of mass ablation and particle vaporization, even for particles that enter 
the working volume, may differ from particle to particle, partly depending on 
particle size. Bigger particles can act as heat sink absorbing the laser energy. 
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In a related study using a 320 mJ laser source and silica particles, Carranza et al. 

established 2.1 µm as the upper particle size for complete vaporization of aerosol 

particles(97). This limit may vary for different pulse energies, focusing optics and 

particle types. An attempt was made to obtain size distribution with a particle sizing 

instrument based in light scattering. The output data indicated that more than 98% of 

particles under consideration are below 200 nm. Since minimum display on the 

instrument is 100 nm, the size distribution could not be obtained. Using the densities of 

the materials, and assuming the nebulizer produces wet aerosols of 1 µm spherical 

diameter, the estimated mean dry particle sizes are of the order of 50 nm to 200 nm 

depending on the concentration. The masse of the analytes in these particles are of the 

order of fg to ag levels. 

In order to understand the effects of increasing concentration (and hence particle 

size) on signal intensity and trigger rate, it will be important to consider the processes that 

lead to mass ablation and particle vaporization in the plasma. In reference(97), it was 

inferred through experiments and theoretical models that plasma-particle interaction 

controls the vaporization and dissociation of particles. Specifically, it was concluded that 

laser-particle interaction contributes to less than 1% of the processes leading to 

vaporization and dissociation. With the short pulse of the microchip laser (20 times 

shorter than that used in referenced work), it is expected that much less interaction 

between the laser pulse and aerosol particles occurs. It has to be pointed out that in the 

reference(97) a spark or plasma was created with every laser pulse and aerosols particles 

were introduced into the plasma for vaporization. In the work with the microchip laser, 

the plasma is only formed if a particle happens to be in the laser focus during the lifetime 
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of the pulse. A complete understanding of the laser-particle and plasma-particle 

interaction will therefore require different assumptions and models and will not be treated 

in this dissertation. 

Identification of Particles by Emission Signal 

Detection of particles is only part of the story: An analytical chemist is further 

interested in identifying the particle or its composition if it is heterogeneous or in a 

complex matrix. Plasma emission was collected by an optical fiber into a spectrometer. 

The optical fiber was pointed directly at the plasma without any other optics. The 

integration time for all samples was 10 s, which required that the experiments be done in 

complete dark in order to avoid interference from room light. The fixed pattern noise of 

the spectrometer was subtracted from all spectra. Figure 6-7 to 6-10 are representative 

spectra for various samples. All samples were introduced as their chloride salts. Several 

emission lines from Ar were observed in the higher wavelength region in all samples. 

When the argon gas alone was introduced, no visible sparks were observed. From the hit 

rate discussed earlier, each of these spectra is expected to be the result of 40 to 60 or 

fewer single sparks depending on both the inlet and fiber geometry. Since no optics were 

used to collect the emission into the optical fiber, the fraction of the plasma imaged will 

depend on the particle location in the focal volume.  
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Figure 6-7 LIBS spectra of solution containing 0.05% Ca presented as AlCl3

 
Figure 6-8 LIBS spectra of solution containing 0.15% Ca presented as CaCl2. 
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Figure 6-9 LIBS spectra of an ICP grade standard solution containing 0.05% Na, 0.04% 

Ca and 0.027% Mg 
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Figure 6-10 Spectrum of solution containing 0.3% Cd. 

 



105 

Figure 6-11 shows the effect of increasing concentration on the emission signal 

from Mg. Since the spectrometer could not resolve the Mg II 279.55 nm and Mg II 

280.27 nm, the data used to obtain the calibration curve are the net emission intensities of 

both lines. The large error bars are due partly to the effect of particle size distribution, 

particle location in the focal volume, as well different hit rates. 

The results emphasize one of the unique advantages of plasma spectroscopy: the 

capability to detect both metals and non-metals. In this work, emission from Ar, N2 

(when N2 was used as carrier gas) and Cl2 were observed in most samples. 
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Figure 6-11 Signal dependence on concentration for Mg aerosol. 

Conclusion 

Individual nanometer sized airborne particles have been detected by microchip 

laser-induced breakdown spectroscopy. An attractive feature of the counting statistic 

employed in this work is that, distinguishing spectral properties or other features of the 
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particles of interest can be easily retrieved because they are not hidden in averages 

associated with bulk spectral measurements. Both spark intensity and hit frequency 

showed a strong dependence on sample concentration and particle size, with this 

dependence being fairly linear at lower concentrations. Detection of airborne particles by 

MCL LIBS using their spectral fingerprint has also been demonstrated. The low emission 

signal required relatively long integration times.  

The capability to detect submicron particles in real time with microchip laser LIBS 

will have wide applications. Certain manufacturing industries require that airborne 

particles are controlled to specified limits. In the preparation of Si wafers or chips in the 

semi-conductor industry, for instance, particles in the size range used in this work can 

modify a host of chemical properties and result in product defects. A cheaper, simpler 

system, as described in this work, could provide the first warning signal should airborne 

particle density exceed a defined limit. 

 



 

CHAPTER 7 
CONCLUSION AND FUTURE WORK 

Conclusion 

Microchip laser ablation of metals and its application to laser-induced breakdown 

spectroscopy (LIBS) was studied. The ablation performance of these solid state miniature 

lasers is superior compared to lasers used in traditional laser ablation systems due to high 

spatial and depth resolution. The mass removed per laser shot during microchip laser 

ablation can be easily characterized due to well defined crater parameters resulting from 

low pulse-to-pulse amplitude fluctuations and good beam quality. At lower energies the 

ablation efficiency of the microchip laser is higher than that reported for other lasers, but 

this property does not translate into emission intensity and hence sensitivity of microchip 

laser LIBS. This lower emission intensity at lower energies was ascribed to the fact that a 

significant fraction of the ablated material is not vaporized and therefore does not 

contribute to plasma emission. At relatively higher energies, much less of the ablated 

target is re-deposited. The parameter “ablation sensitivity” was introduced to characterize 

the ablation process and was defined as the detector count per laser pulse energy. Unlike 

“ablation efficiency”, values of ablation sensitivity could be easily reconciled with LIBS 

signal and other observation during the ablation process. 

Diagnostics of the microchip laser-induced plasma was important in establishing 

steps that could improve the analytical performance of LIBS based on these lasers. 

Unlike plasmas induced by long pulse high energy lasers, microchip lasers are short-

lived; the plasma lasts for few nanoseconds. This did not allow time-resolved study of the 
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plasma using conventional electronic systems available in the laboratory. Time-depended 

information on the microchip laser plasma was obtained using the absorption of a probe 

beam introduced into the plasma at different times after the laser pulse. Maximum 

attenuation of the probe beam was observed about 1.2 ns after the laser pulse. Other 

studies in the literature suggest that the evolution of electron number density and 

temperature can be ascertained from this observation. CCD photography provided snap-

shots of the plasma plume propagation. Plasma height above target surface was 

approximately 100-200 µm, depending on focusing conditions and target properties. The 

low output energy from the microchip laser required tight focusing in order to overcome 

the breakdown threshold. Using this tight focusing, the breakdown threshold was 

measured for several targets. This, however, makes plasma parameters heavily dependent 

on experimental conditions and may represent the most serious limitation of the 

microchip laser, especially when used as a source for LIBS. Using electrical signal 

measurements and the absorption studies, a significant observation in microchip laser 

ablation is that, the plasma interacts to a lesser extent with the laser pulse, compared to 

conventional laser sources. There is less shielding of the laser pulse and therefore more of 

the incident energy is deposited onto the target surface and results in material removal. 

The partly explains the higher ablation efficiency of the microchip lasers discussed 

above. 

Microchip laser LIBS was used to determine and quantify trace elements in various 

matrixes. The high pulse repetition frequency was employed in the cleaning of the target 

surface which resulted in significant improvement of precision. The elements Cr, Si, Mo 

and Mn were quantified in steel alloys with detection limits of the order 100 ppm and 
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accuracy of 6% or better. In powdered samples, sensitivity and accuracy was low due to 

spurious interference from laser generated aerosol, sample heterogeneity, and surface 

quality. Due to the small amount of material analyzed, microchip laser LIBS showed 

strong dependence on sample homogeneity and shot averaging. Detection limits obtained 

using the microchip LIBS setup and non-intensified CCD (CCD) spectrometer were 

comparable to those obtained with an intensified CCD detector (iCCD). However, more 

species could be detected with the iCCD than with the CCD. The compactness of the 

laser together with the portability of the spectrometer used in this work offer a prototype 

for field-friendly LIBS setups.  

Airborne particulate matter ranging in size from 50 to 150 nm was characterized by 

microchip laser LIBS. Sampling statistics employed here were based on single laser hits 

and not on bulk averaging normally employed in LIBS. Signal was considered as 

resulting from plasma breakdown on an aerosol particle if the intensity was above a 

preset threshold. Two main calibration schemes implemented were the variation of hit 

versus concentration and variation of the weighted signal intensity versus concentration. 

Both relationships were fairly linear at lower concentration but deviated from linearity at 

higher concentrations. Since increasing concentration is normally associated with 

increasing particle size, it was inferred that the bending of the curve at higher 

concentrations was partly due to changes in transport efficiency and inlet efficiency.  

Future Work 

This dissertation presents the first feasibility of the use of microchip lasers in laser-

induced breakdown spectroscopy. Several areas of both fundamental importance and 

application were studied. Some of the areas investigated need complete studies devoted 
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to them in order to provide both a deeper understanding as well as to establish figures of 

merit.  

An attempt to estimate coating thickness based on time-dependent emission 

profiles was performed, but the accuracy of the method has not yet been established. If 

the MCL-based depth profile analysis is compared to a standard technique such as glow 

discharge, the performance of the system discussed in this dissertation can be quantified. 

Again, commercially coated samples with known thickness can be analyzed in order to 

estimate the accuracy obtainable by the MCL technique. It is then that the use of MCLs 

for depth analysis could be considered as a cheaper alternative to some of the more 

expensive standard methods. 

A number of studies have been done to provide clues as to the mechanisms that 

lead to the vaporization of airborne particles in plasmas. Whether these mechanisms are 

controlled by the laser-particle interaction or plasma-particle interaction depend on a host 

of factors including pulse energy, pulse duration, beam focusing as well as particle size 

and flow conditions. Since these parameters vary for different experimental setups, some 

of the conclusions from the earlier studies could not be extrapolated to the case with the 

MCL. It is hoped that a collection of models, mathematical analysis and different 

experimental configurations will help to answer some of the questions that remain 

unanswered.
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