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Removing portions of a material, using a laser is referred to as laser-

induced material ablation.  The general goal of laser ablation is the efficient 

removal of material with minimum damage to the surrounding region.  The 

appropriate selection of laser parameters, which determine the ablation 

mechanism, is essential to achieving a successful outcome.  The research 

described in this dissertation was designed to evaluate the ablation mechanisms 

associated with pulsed lasers operating with different pulse durations and their 

medical applications.  

The role of a transparent liquid layer during a laser ablation process was 

studied.  In comparison with a dry ablation process, the liquid-assisted ablation 

process resulted in augmented ablation efficiency and reduced ablation threshold. 
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The results indicate that increased photon energy conversion to mechanical 

energy is responsible for the enhanced material ablation. 

Transparent targets were exposed to the one picosecond mid-IR pulse in 

order to investigate the origin of laser-induced surface damage.  The results 

indicate that the surface damage was initiated by the laser-induced plasma created 

through the optical breakdown process.  

The retropulsive momentum of calculus during the Ho:YAG laser 

lithotripsy was measured using a high speed camera.  The correlation between 

laser-induced crater shape, the trajectory of debris, and the retropulsive 

momentum is discussed.  

Due to the strong interaction between the laser pulse and calculus, the 

endoscopic delivery fiber may be subjected to damage resulting in diminished 

fragmentation efficiency.  Deterioration of the delivery fiber during lithotripsy 

was quantified in terms of transmission loss and change in exit beam profile.  

To test the feasibility of Er:YAG laser lithotripsy, the fragmentation 

efficiency of Ho:YAG and Er:YAG lasers was compared.  The results suggest 

that although the Er:YAG laser produced more precise drilling it did not create 

more fragmentation of calculus than the Ho:YAG laser for multiple pulse 

processes.  
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Chapter One:  Introduction 

 

1.1. MOTIVATION 

My Ph.D. research was originally motivated by the laser-assisted cleaning 

study conducted by Dr. Kim and his colleagues at the University of California, 

Berkeley [1-6]. They reported that the cleaning of submicron particles on the 

contaminated surface, by means of laser-induced thermoelastic expansion, was 

enhanced by applying a thin transparent liquid film on the target surface.   

The liquid layer on the solid surface was expected to improve the transfer 

efficiency of photon energy to thermal and mechanical energy through the 

explosive vaporization of liquid.  I initially investigated the feasibility of using a 

liquid layer for laser-assisted material removal (ablation). Research began by 

determining the role of liquid layer at high laser energy settings. I examined the 

use of a transparent liquid layer to improve the ablation efficiency of pulsed 

infrared (IR) laser at super-ablation energy levels.  

Under the direction of Dr. Welch and Dr. Diller, the original research has 

been expanded to explore ablation mechanisms associated with hard and soft 

tissue. The majority of laser-tissue interaction study is related to the laser 

lithotripsy which has allowed me to work with Dr. Teichman, M.D., to evaluate 

the laser-induced fragmentation of human calculus.   

Even though IR pulsed lasers are popularly used as calculus fragmentation 

tools in the clinic, physicians still have questions regarding the underlying 
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mechanism of the fragmentation process and there is still room to improve laser 

ablation of human calculus [7-11].  With the intention of getting better insight on 

these matters and improving current laser systems, I have investigated the 

dynamics of laser-induced calculus fragmentation.  

A collaborative research with the Free Electron Laser Laboratory at 

Stanford University leaded me to examine the ablation mechanism of the mid IR 

ultra short pulse laser (USPL). When the mid IR USPL was first built and tested 

for material ablation at Stanford University, the initial process that caused surface 

damage was not fully understood. Since previous USPL research was limited to 

near IR spectrum (wavelength ~ 1µm) [12-20], I explored the mid IR USPL 

material interaction process to distinguish it from the near IR USPL process. 

Although underlying motivations of the above mentioned subtopics are 

slightly different from one another, the research presented in this dissertation was 

designed to gain better insight on the mechanism of pulsed laser ablation of solid 

targets including tissue, metal and dielectric material.  

 

1.2. GOAL OF RESEARCH 

The overall goal of this research is to evaluate the ablation mechanisms 

associated with pulsed lasers operating with different pulse durations (2psec, 

6nsec, and 250µsec) and their medical applications. Primary goals of subtopics 

described in subsequent chapters are divided into three groups.  

First, ablation yields of liquid layer-coated and uncoated metal surfaces 

were compared experimentally and analytically.  The object of this investigation 
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was to determine the role of the transparent liquid layer during nanosecond pulsed 

laser-induced ablation of metal. 

Second, it was hypothesized that the initiation of surface damages 

associated with a picosecond laser is attributed to laser-induced optical 

breakdown.  This hypothesis was tested by comparing experimental ablation 

threshold of homogenous dielectric materials for various wavelengths.    

Finally, the dynamics of calculus fragmentation and deterioration of 

delivery fiber optics during the microsecond pulse fragmentation process is 

presented.  This study provides a comprehensive understanding of the 

fragmentation process and performance of optical delivery fibers during laser 

lithotripsy.  

 

1.3. OVERVIEW 

Research described in each chapter is considered as an independent project 

and has been published or submitted for publication.  

Chapter Two introduces the background and fundamentals of the research.  

The basic aspects of laser material interaction, emphasizing ablation mechanisms 

associated with different laser pulse durations, are discussed.   

Chapter Three presents the role of a transparent liquid layer during a 

nanosecond pulse laser ablation process.  Ablation phenomena on a metal 

surface covered with thin liquid film is investigated analytically and 

experimentally.  Among a variety of interrelated phenomena induced by a laser 

pulse, emphasis is placed on the effect of an artificially deposited liquid layer on 
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ablation rate, surface topography, and laser-induced acoustic transients.  Based 

on the results, discussions are made on the mechanisms of ablation enhancement 

in the presence of the liquid layer (Published in the Journal of Applied Physics) 

[21]. 

Chapter Four describes the interaction between mid-IR USPL with 

dielectric materials.  Transparent targets were exposed to the one picosecond 

mid-IR light (4.7~7.8µm) to investigate the origin of laser-induced surface 

damage and morphological changes on the target. The results of this study 

implicate that the surface damage was initiated by the laser-induced plasma 

created through optical breakdown (Contents partially in review at the Physical 

Review Letters and to be submitted to Applied Surface Science). 

Chapter Five quantifies the retropulsive momentum of calculus caused by 

the fragmented particle ejection and/or the laser-induced pressure field during the 

Ho:YAG laser lithotripsy. The recoiling dynamics of calculus was monitored by a 

fast camera and the laser-induced craters were examined with a Color Doppler 

Optical Coherent Tomography system.  The correlation among crater shape, the 

trajectory of debris and the retropulsive momentum are discussed.  The results of 

this study helped to determine the optimal fiber for lithotripsy and understand 

how strong retropulsive momentum can be generated during Ho:YAG laser 

lithotripsy (Contents partially published in Journal of Urology [22] and in review 

at the ASME, Journal of Biomechanical Engineering). 

Chapter Six investigates the transmission loss and beam profile of delivery 

fiber during endoscopic laser lithotripsy. For minimally invasive surgery, pulsed 
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laser light is delivered to the urinary system through a flexible optical fiber in 

conjunction with an ureteroscope.  Since the endoscopic lithotripsy requires 

efficient delivery of optical energy to the calculus surface, the performance of 

optical fiber is critical.  Due to the strong interaction between the laser pulse and 

calculus, the fiber tip may be subjected to damage resulting in diminished 

fragmentation efficiency.  Deterioration of the delivery fiber during lithotripsy 

was quantified in terms of transmission loss and change in exit beam profile. 

(Published in the Journal of Endourology [23]). 

Chapter Seven compares the calculus fragmentation of two distinct lasers.  

Chan suggested that the Er:YAG laser can replace the Ho:YAG laser as a next 

generation of laser lithotripter due to its efficient absorption in calculus [10-11]. I 

measured the ablation efficiency of two lasers using various energy settings, 

ranging from the IR wavelength damage threshold energy of calculus to clinical 

energy settings of the Ho:YAG laser.  By comparing laser-induced crater width, 

depth and ablation volume, the feasibility of Er:YAG laser lithotripsy was 

examined (To be submitted to Physics in Medicine and Biology). 

Chapter Eight summarizes major conclusion of this research and discusses 

the future directions for further investigation.  

Appendix A lists the nomenclature and notation used throughout the this 

dissertation. 

Appendix B compares the performance of the germanium and sapphire 

fibers that were used for the endoscopic delivery of Er:YAG laser. (Contents 

partially in review at the Journal of Endourology) 
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Chapter Two:  Background 

 

This chapter provides background information and fundamental concepts 

upon which this research is based.  The physics and phenomena related to laser- 

material interaction are introduced, emphasizing the mechanism of laser-induced 

ablation associated with different laser parameters.  

 

The word “ablation” stems from the Latin ablatus which means “to 

remove”.  Removing portions of a target material, using a laser with sufficient 

energy for a phase transfer and a chemical breakdown,  is referred to as laser-

induced material ablation.   The general goal of laser ablation is the efficient 

removal of material with minimum damage to the surrounding regions [1-8].  

The appropriate selection of laser parameters, which determine the ablation 

mechanism, is essential to achieving a successful outcome.   Typically, the 

mechanism of laser-induced ablation falls into four categories: photothermally 

induced ablation, photomechanically induced ablation, plasma induced ablation, 

and photoablation.   

2.1. PHOTOTHERMALLY INDUCED ABLATION 

The temperature rise in the laser-affected zone (where photons are directly 

absorbed) is the one of the most common features during the interaction of laser 

light with matter.  The photon energy of the incident laser is absorbed in the 

target by means of the excitation of electrons and molecules to higher energy 
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levels.  Excited particles transfer their energy to neighboring particles through a 

collision process, resulting in the increase of microscopic kinetic energy. 

Macroscopically, the increase of kinetic energy is interpreted as the temperature 

rise that may lead to the phase transfer of a target material.  The resultant 

removal of the melted and vaporized material is called  photothermally induced 

laser ablation.  The ablation induced by Continuous Wave (CW) and long 

pulsed (a typical pulse duration is longer than tens of microseconds) lasers falls 

into this category.  Many medical applications of lasers (such as laser surgery in 

dermatology, orthopedics, dentistry, otorhinolaryngology, and urology) are based 

on the thermally induced ablation of soft and hard tissues [9-20].   

The most challenging issue involving thermally induced ablation is the 

minimization of collateral damage [21-25].  The thermal energy in the laser- 

affected zone dissipates into surrounding regions through a heat conduction 

process, generating undesirable collateral damage.  Since this side effect is 

unavoidable, researchers have tried to minimize it by selecting wavelengths and 

pulse durations to reduce the degree of thermal diffusion  (or thermal diffusion 

time).    Prior to defining the thermal diffusion time (τt), two wavelength-

dependent properties (reciprocals of each other) should be introduced.  The 

optical penetration depth (δ) of the laser beam is the depth at which the energy of 

the collimated laser has been reduced to 37 % (a factor 1/e) of the incident energy.  

This depth is related to the absorption coefficient (µa) as:  

 

( ) ( )λµ
λδ

a

1
=      (2.1) 
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where λ is the wavelength of the laser.  The thermal diffusion time (τt) depicts 

the time which is necessary  for the initial deposited laser energy  to escape the 

laser-affected zone  (optical penetration depth)  and when the laser spot sized is 

greater than the penetration depth τt is defined as [5]:  

 

α
δτ
4

2

=t      (2.2. a) 

 

where α is the thermal diffusivity.  If the spot radius (ro) is smaller than the 

penetration depth, τt is defined as [5]: 

 

α
τ

4

2
o

t
r

=      (2.2. b) 

 

In case the laser pulse duration (τp) is shorter than the thermal diffusion time (τt), 

the majority of the pulse energy can be accumulated within the penetration depth.  

This condition is referred to as a thermally confined condition [5]; most laser 

ablation systems are designed to satisfy this condition.  The localization of 

deposited energy leads to an efficient material removal, i.e. most of the pulse 

energy is consumed by the “pure” ablation process without significant conduction 

of its energy to the adjacent region.  For pulses longer than the thermal 

relaxation time, it is difficult to confine the laser energy to the ablation process 

and typically causes collateral thermal damages such as coagulation and 

carbonization of tissue.   
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2.2. PHOTOMECHANICALLY INDUCED ABLATION 

When a material interacts with a short pulsed (a typical pulse duration is 

less than 1 µsec) laser, the heating of the laser-affected zone occurs in a violent 

and explosive manner.  As a result of the rapid temperature rise, the target 

experiences an impulsive mechanical excitation that creates stress waves (acoustic 

and shock waves).  The bulk material removal induced by this mechanical 

energy is called photomechanically induced ablation. The vicinity of laser-

induced craters is subjected to photomechanical collateral damages like fractures 

and cracks.  In order to excite a stress wave that is strong enough to cause 

physical damage, the laser pulse duration (τp) should be shorter than the acoustic 

diffusion time (τa) which is required for the stress wave to propagate out of the 

laser-affected zone.  Since the stress wave travels through a medium at the speed 

of sound (σ), the acoustic diffusion time is defined as [5]:  

 

σ
δτ =a      (2.3) 

 

A laser whose pulse duration is shorter than τa can build up mechanical energy 

within the optically affected zone in the form of stress waves.  This condition is 

called the stress confinement condition [5] and is determined by the following 

criteria.   

 

ap ττ <      (2.4) 
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2.2.1. Thermoelastic Expansion 

At a relatively low energy setting, the pulse laser can induce thermoelastic 

expansion under the stress confinement condition illustrated in Figure 2.1.  For 

the sake of simplicity, the scattering of incident light is neglected.  The fluence F 

(J/cm2) of a laser beam inside the target, which represents the energy distribution 

as a function of depth (z), is determined by the incident laser fluence at the surface 

(Fo, J/cm2) and the absorption coefficient (µa).  According to Beer’s law, the 

fluence exponentially decreases with the depth: 

 

)exp( zFF ao µ−=     (2.5) 
 

As mentioned in the previous section, the laser energy absorption induces a rapid 

heating that causes the target medium to undergo an instantaneous mechanical 

expansion and a compressive pressure (stress wave) is generated in the irradiated 

volume.  The amplitude (P) of the stress wave and the temperature rise (T) is 

proportional to the product of the laser fluence (F), the absorption coefficient (µa) 

and the Grüneisen parameter (Γ),  which is a non-dimensional thermal variable 

[27].  
 

pC

2βρ
=Γ                       (2.6) 

 

)exp()exp(
2

zF
C

zFFP aoa
p

aoaa µµβρµµµ −=−Γ=Γ=    (2.7) 

 

where β (Κ−1) denotes the thermal coefficient of volume expansion and Cp (J/gK) 

denotes the heat capacity at a constant pressure.  Once the stress wave is 
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generated, it propagates in two directions: into the target (downward) and out of 

the target (upward) with half amplitude of the initial value.   While the 

downward wave keeps propagating deeper without being interrupted, the upward 

wave is reflected at the interface between the target and surrouding medium due 

to the acoustic impedenance mismatching.  If the impedance of the 

medium(usually air) is much smaller than that of the target,  this condtion called 

pressure release surface condition, the reflected wave changes its sign (phase) 

and become a negative wave (tensile wave). This rarefactive wave trails the 

positive wave forming a bipolar wave.  If the tensile strength at a certain point in 

the target is weaker the strength of the rarefactive wave, the target starts to tear 

apart, resulting in a bulk material removal.  This photomechanical ablation 

process is called spallation (Refer to Figure 2.1) [28-32].  

2.2.2. Microexplosion 

Laser-induced microexplosion can be observed when lasers interact with 

tissue which contains water.  In the case of most soft tissues, the gaps between 

the fibers are packed by up to 70% of water. For hard tissues, such as bone, teeth, 

and calculus, the pores between the calcified materials are filled with about 10% 

of water. When the tissue is irradiated with an IR laser whose wavelength is close 

to the absorption peak of water, the vaporization of water takes place.  

Subsequently, the pressure inside the gaps and pores of the tissue builds up 

quickly, leading to the rupturing of the tissue. This process is called 

microexplosion [33-35].  
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Figure 2.1:   Schematic illustration of the spallation process.  (a) The incident light 
produces a temperature and pressure profile that follows the fluence 
distribution along the laser beam axis.  (b)Laser-induced stress waves 
(initially compressive waves) travel in two directions(upward and 
downward). The upward wave became a tensile wave upon the 
reflection at the target surface. (c) The wave with two poles keeps 
propagating into the target.  (d) If the material tensile strength at a 
certain location is weaker than the strength of the tensile wave, 
spallation takes place. 
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2.2.3. Shock wave induced ablation  

The last photomechanical ablation process is associated with shock waves that 

travel at supersonic speed with strong mechanical energy.  Once created, the 

shock wave induces ablation and fractures inside the target material.  Shock 

waves can be produced during phase explosion, bubble expansion and collapse, or 

plasma expansion and collapse.  It has been shown that rapid laser heating of 

liquids, e.g., producing a temperature rise at a rate on the order of 1010 K/s, leads 

to the strong superheating of liquids [36-42]. When the liquid reaches the 

superheat limit, the homogeneous bubble nucleation rate increases exponentially, 

causing a phase explosion (also termed “explosive boiling”) that induces strong 

shock waves.  High power laser-induced plasma (a gaseous state of high 

temperature ions) also produces the shock wave while it expands and collapses 

[43-47].  The mechanism related to the plasmas is discussed in the next section.  

Short pulsed laser lithotripsy using the Dye laser and Nd:YAG (whose pulse 

duration is about 1 µsec) is known to break the human calculus with laser-induced 

shock waves [48-51].  

2.3. PLASMA INDUCED ABLATION 

The plasma is the fourth physical phase, described as a cloud of high 

energy gas and ions.  The initiation and consequences of laser-induced plasma 

are illustrated in Figure 2.2.  When the target is exposed to the extremely high 

irradiance (typical pulse duration is less than 1µsec and fluence rate (φ) is more 

than 1010W/cm2), a phenomenon called optical breakdown occurs [4, 52-55].  

The laser creates numerous ionized molecules and free electrons.  These ionized 
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molecules and electrons are ejected from the surface and form a localized cloud 

called plasma. Once the plasma is generated, its complete absorption of the laser 

beam acts as a shield, preventing laser energy deposition to the target surface.  

As a result of this, the ablation yield saturates at high pulse energy, limiting the 

maximum ablation rate during the laser-induced material process.  As mentioned 

in the previous section, the rapid expansion of plasma can induce shock waves 

that cause additional photomechanical ablation and damage.  Due to the high 

temperature of the plasma, collateral thermal damage may also occur during 

plasma expansion.  

The ionization can be triggered by three distinct mechanisms.  In the 

instance of a nanosecond pulse, the thermionic process initiates the plasma. For 

Ultra Short Pulse Laser (USPL) process, either (or both) the multiphoton or 

tunneling ionizations are considered the triggering mechanism.  Once the seed 

electrons and ions are generated through either mechanism, the number of free 

electrons can be multiplied by the subsequent inverse Bremsstrahlung and 

avalanche ionization process.  

2.3.1. Thermionic emission 

The emission of electrons or ions by highly heated substances is called the 

thermionic emission and the charged particles are called thermions. When a 

nanosecond pulse interacts with a target, the photon energy is converted to the 

kinetic energy of electrons (macroscopically, the heat energy) and subsequently, a 

number of thermions are emitted.  During the interaction between the Q-

switched nanosecond pulse and targets, such as tissue or industrial material, the 
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plasma is initiated by means of thermionic process [54-56].  Usually, thermal 

and mechanical damage accompanies this process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2:   The schematic illustration of plasma-induced ablation.  (a) The 
initiation of optical breakdown (ionization process) (b) The shielding 
of incident light by the plasma in an early stage (c) The expansion of 
plasma and formation of shock waves (d) Additional ablation and 
collateral damage around the crater. 
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2.3.2. Ultrashort pulse laser ablation 

An ultrashort pulse laser (USPL) emits pulses with a duration less than or 

comparable to the time required for an energy exchange between electrons and 

material lattices.  As a result, the interaction between USPL and material can be 

highly localized, allowing more precise ablation to be achieved.  Typical heat 

diffusion time in metal is a few picoseconds; in semiconductors and dielectrics, it 

is in the range of tens or hundreds of picoseconds.  It is hypothesized that USPL 

ablation is initiated by multiphoton and tunneling ionization, followed by an 

electron avalanche. Consequently, the ablation threshold and rate are less 

sensitive to linear absorption of material and are governed by a nonlinear 

interaction between the laser pulse and the material.   

The multiphoton ionization in a dielectric substance whose bandgap 

energy (∆E: the energy difference between the conduction and covalence band) is 

higher than the single photon energy of incident light is depicted in Figure 2.3.  

The bandgap energy of the substance in the figure is assumed to be 3 eV and the 

photon energy of incident light is set to 1 eV (corresponding to the wavelength of 

1.24µm). Originally, most electrons are bound in the covalence band (stable or 

lower energy state).  When an electron absorbs three photons simultaneously, the 

electron crosses the bandgap, becoming a free electron called a seed electron. 

Since the ionization requires the simultaneous absorption of multiple photons, this 

process is called multiphoton ionization [57-68].  In order for multiphoton 

ionization to take place, an extremely large number of photons (provided by a 
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high power short pulse duration laser) are needed; the greater the number of 

photons, the higher the probability of simultaneous photon absorption.  

 

 

 

 

 

 

 

 

 

 

Figure 2.3:   The schematic illustration of multiphoton ionization. 

The plasma can be initiated by another process called tunneling ionization 

(or field ionization) that is illustrated in Figure 2.4 [68-70].  The energy states of 

electrons are described differently from the multiphoton ionization process for the 

purpose of clarity.  In the absence of external fields, the energy of a bounded 

electron, as a function of distance from the nucleus, is described by the Coulomb 

potential.  The energy of an electron at a certain distance is indicated by the 

horizontal line.  When a strong electric field, due to the laser irradiation (shown 

as the straight line) is applied, the original potential energy can be modified. The 

bounded electron is now able to escape the potential well and become a free 

electron (seed electron).  
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Figure 2.4:   A schematic illustration of tunneling ionization. 

Once seed electrons (excited through either multiphoton or tunneling 

ionization) are generated, they absorb additional photons through a process called 

inverse Bremsstrahlung.  These seed electrons collide with nearby unexcited 

electrons, transferring part of their energy to neighboring electrons (this process is 

called collision ionization) [71-73]. Through this collision process, the number of 

free electrons is multiplied, eventually forming a plasma. 

The potential application of USPL has been demonstrated in many fields, 

including pulsed laser deposition of thin films, micro-machining, and biomedical 

applications [74-78]. Among many practical usages, USPL application in the 

biomedical area is promising. A recent study has shown that an USPL system that 
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can make clean and precise cuts in the human cornea [79].  Feasibility studies 

for dentistry, bone drilling, and neurosurgery have also been carried out [80-82].  

2.4. PHOTOABLATION 

 A single photon energy of UV light (3 eV at λ=400nm) is higher than the 

dissociation energy of common chemical bondings.  Upon the UV light 

irradiation, the chemical bonding of the target can be broken by direct photon 

energy absorption, leading to material removal. This kind of material removal is 

called photoablation.  Photoablation can achieve a precise material removal with 

minimal thermal damage to neighboring regions. Refractive corneal surgery and 

most semiconductor machining processes (such as lithography) are based on UV 

laser-induced photoablation ( ArF Excimer laser operating at 193nm) [83-84]. 

 

 As expected, most laser-induced ablations are a result of a combination of two 

or more mechanisms.  For example, the ejection of melted and vaporized 

material (photothermally-induced products) is driven by a high pressure field 

(photomechanical-induced product) which is built in the crater.  Due to its high 

energy, laser-induced plasma always causes additional thermal and mechanical 

effects in the vicinity of a crater.  In addition, most photomechanical 

mechanisms start with the heating of the target, which is a photothermal effect.   
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Chapter Three: Enhanced Ablation and Photoacoustic Excitation 

in Near-Threshold Laser Ablation of Liquid-Coated Surfaces 

 

3.1. ABSTRACT  

The effect of an artificially deposited liquid film on a laser-ablated metal 

surface at near-threshold laser fluences is presented. Experiments utilizing a Q-

switched Nd:YAG laser (wavelength=1064 nm, Full Width at Half Maximum=20 

nsec) revealed that deposition of a liquid film results in substantial reduction of 

ablation threshold and enhancement of ablation yield. In addition, enlarged 

photoacoustic emission was detected in the ablation involving the liquid film. The 

augmentation of ablation efficiency at high laser fluences is known to be induced 

by confinement of laser-generated plasma in the liquid layer. In contrast, the 

enhancement in the near-threshold regime, as in the present study, was primarily 

due to the photomechanical effect associate with the explosive liquid vaporization 

in the strongly superheated liquid layer. The effect of liquid-film thickness on 

near-threshold ablation were also examined for two different liquids, water and 

water/isopropanol mixture. 

3.2. INTRODUCTION 

Pulsed-laser interaction with a surface covered with a liquid layer has been 

a subject of interest. Investigations on laser cleaning showed that "wet" laser 
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pulses were capable of removing submicron particulates from a solid surface [1]. 

Based on the observation, a series of studies have been performed on laser-

induced rapid vaporization of highly superheated liquid and its photoacoustic 

effects at laser fluences below the surface ablation threshold [2-10]. On the other 

hand, there have been several studies on high-power (~GW/cm2) laser interaction 

involving plasma confinement by a liquid layer.  Augmented material removal 

has been reported in high-power laser ablation with a liquid layer [11-15].  In 

this case, the enhancement was attributed to the confinement of plasma in the 

liquid layer. The present work is concerned with pulsed-laser ablation of a liquid-

coated surface at near-threshold fluences, in which thermal mechanisms of 

surface/liquid vaporization dominate the ablation process with little effect by the 

plasma.  Nanosecond Nd:YAG laser pulses were employed to study the ablation 

of Al surfaces coated with a thin liquid film of thickness up to a few microns. 

Photoacoustic deflection measurements were carried out to characterize the 

ablation process and discussions are made on the mechanisms of ablation 

enhancement based on the experimental results. Experiments were also carried 

out to examine the effect of liquid-layer thickness on ablation efficiency. 

 

3.3. MATERIAL AND METHOD 

Aluminum was chosen as a test material since the ablation phenomena 

induced by pulsed-laser irradiation are relatively well understood [16, 17]. Both 

thin Al films and bulk foils were ablated with a multiple number of Nd:YAG laser 
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pulses (5~30) in the ambient air. Accordingly, oxide layers made the ablation 

phenomena different from those of pure Al with significantly lowered ablation 

threshold. Experiments were conducted using a Q-switched Nd:YAG laser 

(wavelength =1064 nm, Full Width at Half Maximum FWHM=20 nsec). The laser 

beam had a Gaussian spatial distribution of energy with a beam diameter of 7 mm 

(1/e2). In the present study, a small aperture of diameter 1.5 mm was placed at the 

center of the Gaussian beam to make the energy distribution approximately flat. 

Aluminum thin films (100 nm in thickness) deposited on Si substrates (1-0-0, p-

type, boron-doped) and bulk aluminum foils (100 µm in thickness) were ablated 

under various conditions. 

 

Figure 3.1 exhibits the schematic diagram of the main experimental setup. 

Prior to the laser-pulse irradiation, a thin liquid film was deposited by the liquid 

puffing system. The temperature-control system displayed in Figure 3.1 maintains 

the   puffing liquid at a constant temperature slightly below   the saturation point. 

The upper part of the liquid container was then filled with saturated vapor. When 

a pressure pulse was applied to the container from a compressed-air line at a 

specified moment, the saturated vapor was ejected though a nozzle onto the 

sample surface exposed to the ambient air. An air filter had been installed to avoid 

contamination of the puffing liquid from the compressed-air line. The displaced 

vapor was condensed on the surface, forming a thin liquid film. After the 

condensation period, the liquid film was removed gradually by natural surface 

vaporization.  
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Figure 3.1: Schematic diagram of the liquid-assisted pulsed laser ablation 
system. 

Figure 3.2 displays the experimental set up for measuring the acoustic 

pulse generated in laser-(liquid)-target interaction. Photoacoustic beam deflection 

techniques were employed for monitoring the acoustic transient [7].  Deflection 

of a He:Ne laser beam (CW, λ=633 nm) was detected by a knife-edge set-up 

equipped with a Si PIN photodiode (rise time ~1 ns). The probe beam passed 
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through the ambient air over the heat-affected zone.  The distance between the 

probe beam and the solid surface had been set to be approximately 25 mm. The 

distance was greater than the propagation distance of the ablation plume that was 

composed of aluminum and/or liquid plume. Accordingly, the optical deflection 

signal was not affected by the ablation plume and mainly dependent on the 

pressure gradient in the air.  It is noted that the deflection signal is determined by 

the refractive-index gradient of in the air, which is a function of thermodynamic 

state. The temporal resolution achieved by the photoacoustic technique can be 

estimated to be cro2  ~ 300 ns (where c is the speed of the light in air) for the 

beam radius ro=50 µm at the focal spot.  High-frequency components of acoustic 

transients were therefore averaged over the integration period. Considering the 

fact that the characteristic time scale of thermoelastic pressure transients is on the 

order of laser pulse width, the measurements provided only a relative measure of 

acoustic transients generated under the two different conditions, i.e., dry and 

liquid-coated surfaces. 

Optical reflectance was measured in the case of ablation with a liquid film. 

The signal detected the threshold of liquid vaporization. If the laser fluence 

exceeds the vaporization threshold, rapid change of reflectance signal takes place 

with a time scale of ~1 ms as the bubbles and the vapor plume were formed [3,9]. 

In addition to the optical deflection measurements, low-frequency (<20 kHz) 

sound emission has been measured in the ablation process by utilizing a 

condenser microphone. The surface topography was analyzed by a stylus-type 

profilometer after each ablation process.  
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Figure 3.2: Experimental set up for monitoring laser-induced photoacoustic 
signal by the optical beam deflection technique. 

3.4. RESULTS  

The cross sectional profiles of aluminum surfaces (100 µm-thick foils) 

after exposure to 30 Nd:YAG laser pulses are displayed in Figure 3.3 for various 

laser fluences. In the figure, the laser fluence F is normalized by the ablation 

threshold of a dry surface Fd.  It is noted that the ablation threshold in both cases 

is lower than that of a pure Al surface because of the oxide layer. The left and 

right columns in Figure 3.3 represent the results obtained for dry and water-coated 

surfaces, respectively. In the liquid-assisted process, thin water films were 
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deposited. It is evident that the liquid-assisted ablation results in significant 

increase of mass removal compared with the results in a typical dry process.  

Figure 3.4 compares the volume ablation rate (etched volume per pulse) 

on a dry surface with that on a liquid-covered surface as a function of laser 

fluence. The plot clearly indicates enhancement of material ablation in the liquid-

assisted ablation process in the entire fluence range under examination. The 

enhancement further increases with the normalized laser fluence. The ablation 

threshold Fth is lowered from 640 to 380 mJ/cm2 and from 650 to 500 mJ/cm2 for 

Al thin films and bulk foils, respectively. 

The effect of liquid-film thickness on etch profile has been studied for two 

different liquids, pure water and a water-isopropanol mixture (50 % by volume). 

Figure 3.5 represents the variation of etch depth as a function of dry-out time. The 

dry-out time is defined as the time taken for the liquid film to evaporate 

completely starting from the onset of liquid puffing. The time was determined by 

visual inspection and thus has an uncertainty of approximately 100 ms.  It is also 

noted that the dry-out time measures the thickness of liquid film only qualitatively 

as it is not linearly proportional to the thickness. Zero and infinity of dry-out time 

in Figure 3.5 correspond to a dry surface and a surface covered with a bulk liquid 

layer of thickness ~0.1mm, respectively. The laser fluence has been normalized by 

the ablation threshold of a dry surface Fd. It is shown in the plot that the etch rate 

or etch depth per pulse is strongly dependent on liquid-film thickness. Once the 

thickness exceeds a certain critical value, the etch rate is saturated and does not 

increase any more.  
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Figure 3.3: Cross sectional profiles of aluminum surfaces (100 µm-thick foils) 
after 30 Nd:YAG laser pulses. The left and right columns correspond 
to dry and liquid-coated surfaces, respectively. Nd:YAG laser beam 
diameter is 1.3 mm. 
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Figure 3.4: Ablation rate of dry and liquid-coated Al surfaces (100 µm-thick 
foil) as a function of laser fluence normalized by the ablation 
threshold of a dry surface Fd=650 mJ/cm2. 

Temporal profiles of photoacoustic deflection signals are displayed in 

Figure 3.6 for several laser fluences. The laser fluence has been normalized by the 

ablation threshold of a dry surface in the figure.  Figure 3.7 displays the 

amplitude of the photoacoustic deflection and microphone signals emitted from 

the thin-film Al surface in the far field as a function of laser fluence. The laser 

fluence has been normalized by the ablation threshold of a dry surface Fd.  

F/Fd=0.24 and 0.60 correspond to the threshold of liquid (pure water) 

vaporization and liquid-coated surface ablation, i.e., ablation of aluminum 
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surface, respectively.  It is clear that the acoustic excitation  increases with the 

pulse energy and the ‘wet’ condition produced stronger acoustic excitation than 

that of the ‘dry’ condition. 
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Figure 3.5: Dependence of ablation rate (etch depth per pulse) on Al surfaces (100 
nm thin film) on liquid dry-out time, i.e., liquid-film thickness. The 
open and solid markers represent pure water and water-isopropanol 
mixture (50% by volume), respectively. The dry-out time is the total 
period from the onset of liquid-film deposition to the moment when 
the liquid film is completely removed by natural vaporization. 
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Figure 3.6: Nd:YAG laser induced photoacoustic deflection signals from (a) dry 
and (b) water-coated Al surfaces (100 nm thin film on Si substrate). 
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Figure 3.7: Amplitude of (a) photoacoustic-deflection and (b) microphone signals 
as a function of laser fluence normalized by the ablation threshold of a 
dry surface Fd=640 mJ/cm2. 
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3.5. DISCUSSION 

It is noted that increased energy-coupling efficiency produced by “optical 

matching” enhances the etch rate. Since the refractive index of water is greater 

than that of air, the overall optical absorptivity of air-water-aluminum system is 

larger than that at the air-aluminum interface. As the coherence length of a 

Nd:YAG beam is typically very short [18], multiple interference of the laser beam 

by the liquid layer can be neglected in the analysis. The average overall 

reflectance R at the air-water-Al interface can thus be calculated in terms of 

reflectivity Rij at the interface between medium i and j by 
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where subscripts 1, 2, and 3 represent air, water, and aluminum respectively. 

According to the above equation, the average overall surface absorptivity 

increases from 0.08 to 0.099 as the water film is applied on the surface. Prior to 

ablation, interference between reflected light caused by multiple interfaces can 

take place under wet condition which has two interfaces.  During multiple pulse 

interaction, the surface is no longer smooth and interference effects do not appear 

to be a factor in analysis.  

To demonstrate augmented energy-coupling efficiency by the liquid film, 

the temperature transients generated by a laser pulse have been calculated 

numerically both for dry and liquid coated surfaces in the absence of material 
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ablation.  In the calculation, one-dimensional heat conduction equation has been 

solved, treating the laser energy absorption as volumetric heat generation 

exponentially decaying from the surface.  Figure 3.8 shows the enhancement in 

the energy coupling between optical and thermal energy. The maximum surface 

temperature at a given laser fluence increases by approximately 25 %. If the laser 

fluence exceeds melting threshold, latent heat of melting reduces the maximum 

temperature. For a laser fluence above the ablation threshold, the latent heat of 

vaporization needs to be taken into consideration. Nevertheless, it has been shown 

that the transient temperature profile induced by a high-power laser pulse was not 

significant affected by mass ablation during the initial stage of ablation where the 

maximum temperature is below the thermodynamic critical temperature [6, 17].  

In the ablation by a short-pulsed laser, substantial material removal takes place 

only by explosive vaporization or phase explosion in a highly superheated 

medium. 

In Figure 3.4, the dry surface exhibits a linear dependence of ablation 

yield on )ln(
thF

F . On the other hand, the dependence does not hold in the case of 

ablation of liquid-covered surfaces. This indicates that increased energy-coupling 

efficiency by optical matching is not the only mechanism that is responsible for 

the augmented ablation efficiency. The results suggest that there are other 

nonlinear mechanisms involved in the process.  
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Figure 3.8: Numerically computed temperature transients for dry and liquid-
coated Al surfaces exposed to the Nd:YAG laser pulse irradiation. 
Triangular temporal distribution of laser energy has been assumed 
with tp=10 ns and tl=20 ns. The temperature increase and time are 
normalized by the difference between melting temperature of Al and 
the ambient temperature and the total laser pulse width tl, 
respectively. 

In the near-threshold ablation of Al, the surface temperature is 

substantially lower than the thermodynamic critical temperature of Al, however it 

reaches the critical temperature of the liquid.  It has been shown that rapid laser 

heating of liquids, e.g., at a rate on the order of 1010 K/s, accompanies strong 

superheating of liquids. When the liquid reaches the superheat limit, 
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homogeneous bubble nucleation rate increases exponentially, causing phase 

explosion [8, 19-22].  In the vaporization of superheated liquid, the pressure (Pv) 

inside the nucleating bubbles should exceed the equilibrium value at the liquid 

temperature (T) 
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where Psat,  ρ, and R are saturation vapor pressure, density, and gas constant, 

respectively [23].  The pressure calculated by the above equation is close to the 

saturation pressure of water at each temperature and approaches 0.79Pc (Pc: 

critical pressure) as the temperature approaches the thermodynamic critical 

temperature Tc.   Consequently, strong pressure waves are emitted as the bubble 

nuclei rapidly expand. The pressure transients intensified by liquid vaporization 

interact with the solid surface and enhances material ablation, which was shown 

experimentally in Figure 3.7.  

The effect of liquid-film thickness on etch profile has been studied for two 

different liquids, pure water and a water-isopropanol mixture (50 % by volume) 

(Figure 3.5). The experimental results reveal that the ablation rate is strongly 

dependent on the liquid-film thickness in the submicron range and increases with 

the liquid-film thickness for the two liquids. However, once the thickness exceeds 

a certain critical value, the ablation rate is saturated.  Direct comparison of pure 

water and water/isopropanol mixture is not possible at a given dry-out time since 

the relation between dry-out time and liquid-film thickness varies depending on 

the binary diffusion coefficient of the liquid into air. However, the effect of liquid 
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composition on ablation rate was relatively small compared to that of the liquid-

film thickness. 

Figure 3.7 displays the amplitude of the photoacoustic deflection and 

microphone signals emitted from the thin-film Al surface in the far field as a 

function of laser fluence.  In the case of a dry surface, the signal at a laser 

fluence below the ablation threshold was produced by the thermoelastic 

mechanism and therefore the amplitude is linearly proportional to the laser 

fluence. Under the condition of acoustic confinement, the pressure pulse has an 

amplitude of the order of FP aµΓ∆ ~ , where Γ and µa are Grüneisen parameter 

and absorption coefficient, respectively[6, 24].  Once the ablation threshold is 

reached, the amplitude-fluence curve deviates from linearity, showing the effect 

of ablation plume as in Figure 3.7.  

Above the liquid vaporization threshold, expansion of bubble nuclei in the 

superheated liquid yields an addition enhancement of acoustic emission. 

Consequently, the augmentation of photoacoustic emission becomes more 

pronounced at high laser fluences as Figure 3.7 confirms.  In the figure, the 

liquid vaporization threshold determined by optical reflectance probing is denoted 

as well as the threshold of liquid-coated Al surface (F/Fd=0.24 and 0.60, 

respectively). The low-frequency photoacoustic signal measured using the 

microphone exhibits similar trends to those by the probe beam deflection 

technique. This result suggests that low-frequency sound detection can be utilized 

for monitoring ablation processes. 
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It should be noted that the acoustic impedance of water is Z2=1.49×106 

kg/m2s, which is much greater than that of air Z1=410 kg/m2s.  The reflectance of 

an acoustic wave at an interface is expressed as follows; 
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intr
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=      (3) 

where Zin and Ztr are the acoustic impedances of the incident medium and the 

transmission medium, respectively.  According to the above equation, the 

reflectance at the air-aluminum interface reaches -1; the reflectance at the water-

aluminum interface is -0.839.  In the case of the wet condition, the acoustic wave 

is assumed to arrive at the air-water interface prior to a significant vaporization of 

the liquid layer.  Kim et al. observed that a significant vaporization of the liquid 

layer on top of target starts to take place a few hundreds nanoseconds after a 

20nsec laser pulse [28]. The minus sign of reflectance implies a 180o phase shift, 

i.e. the laser-induced compressive wave becomes a tensile wave upon the 

reflection.  If the amplitude of this tensile wave is greater than the tensile 

strength at a certain point in the target, the target starts to tear apart, resulting in a 

bulk material removal (spallation) [25-27].  The calculated reflectances suggest 

that more spallation (ablation) can take place in the dry condition.  However, 

since greater ablation was observed under the wet condition, the spallation is 

considered not to be the governing ablation mechanism.   
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3.6. CONCLUSION  

It is clear that application of a thin liquid film increases the ablation rate. 

Furthermore, the liquid film lowers the ablation threshold by 20~40 %. The 

enhancement of material ablation and acoustic-transient generation in the liquid-

assisted process cannot entirely be explained by increased optical- and/or 

acoustic-coupling efficiency.   The experimental results reveal that the degree of 

ablation enhancement by the liquid layer is not a constant but increases with laser 

fluence, indicating a different functional dependence of ablation yield on laser 

fluence. Consequently, it can be concluded that other nonlinear mechanisms 

including explosive liquid vaporization and ablation-plume dynamics play a 

significant role. In the ablation process involving explosive liquid vaporization at 

the interface, the pressure impact by the superheated liquid layer at ~Tc and ~Pc. 

leads to enhancement of ablation and acoustic emission. Augmentation of ablation 

rate depends strongly on the thickness of applied liquid film until the thickness 

reaches an optimal value.  
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Chapter Four: Picosecond Mid-Infrared Laser-Induced Surface 

Damage and Optical Breakdown in Transparent Dielectrics 

 

4.1. INTRODUCTION 

An ultrashort pulse laser (USPL) emits pulses with duration less than the 

time required for an energy exchange between electrons and material lattices [1].  

Typical heat diffusion time of metal is a few picoseconds and that of 

semiconductor and dielectric is in the range of tens or hundreds of picoseconds. 

Due to its short pulse duration, the interaction between USPL and material can be 

highly localized, allowing us to 1) achieve more precise ablation, 2) minimize 

thermal and mechanical damage to the surrounding region, and 3)avoid 

interaction between the laser pulse and the ablated plume [2-5].  These 

advantages over longer pulsed lasers have generated significant interest for 

potential application of USPL in many fields, including pulsed laser deposition of 

thin films, machining, and biomedical applications [3,4, 6-12]. 

It is generally accepted that the ablation in this short pulse regime starts 

with the laser-induced optical breakdown. The extremely high power pulse 

generates seed electrons (free electrons) by photoionization, either multiphoton-

ionization (MPI) or tunnel-ionization (TI) [13-25].  Seed electrons produces 

additional free electrons through the inverse Bremsstrahlung and avalanche 

ionization process [26-28], forming a dense plasma that consists of high 
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temperature gas and ionized material. Once the plasma is generated, the majority 

of laser energy is first absorbed by the plasma and transferred to ions in the 

neighboring lattice, inducing the ablation.  This ablation process is not governed 

by the linear absorption coefficient (µa) but by a nonlinear interaction 

(photoionization) between the laser pulse and material.  Because of this, the 

transparent material (whose linear absorption coefficient is very small so that the 

absorption of photon energy minimally takes place during long pulsed laser 

interaction) can be ablated with USPL [6, 23-25]. 

The relative role of ionization processes depends on material properties 

and on the laser pulse duration and wavelength. At near-infrared wavelengths 

(wavelengths ~ 1053nm), and pulse lengths between 100fs and 10ps, MPI 

generates sufficient number of free electrons to initiate the avalanche process [13-

21]. For pulses shorter than 100fs, TI becomes important and the total number of 

electrons produced by photoionization increases [20-22]. There are indications 

that for extremely short pulses, pulses approaching 5 fs, plasma of critical density 

can be generated solely by TI without the avalanche process [29] 

The short pulse laser-induced breakdown studies, referred to above, were 

performed in a relatively narrow spectral range at wavelengths shorter than 

1053nm. The present work extends these breakdown studies into the mid-IR 

spectral region to wavelengths as long as 8000nm. At mid-IR wavelengths, MPI is 

strongly suppressed since many tens of photons are required to excite electrons 

across the bandgap of typical dielectrics. One can expect, therefore, significant 

differences in the breakdown process. For a fixed pulse length of 1ps, we have 
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measured the mid-IR spectral dependence of the ablation threshold for a number 

of dielectric materials with different bandgap energies.   

4.2. MATERIAL AND METHOD 

For the optical breakdown experiments we used two laser sources: a 

commercial Ti:Sapphire (Ti:S) laser for measurements at 400nm and 800nm (we 

will call these "visible" light experiments), and an Optical Parametric Amplifier 

(OPA) for mid-IR measurements.  Pulses of mid-IR radiation, tunable from 4µm 

to 8µm with energy up to 1µJ and pulse length of 1ps, were generated in a 

commercial OPA pumped by a Ti:S laser system (OPA-800, Spectra Physics). 

These pulses were further amplified in an AgGaS2-based OPA, pumped by a 

Nd:YLF laser at 1053nm.  The final output pulse was amplified with energies up 

to 50µJ and it is tunable from 4.7µm to 7.8µm. The system was operated at 10Hz.  

The delivery and detection optics employed in our breakdown studies is 

illustrated schematically in Figure 4.1. To reach the high fluences required for 

dielectric  breakdown in transparent materials,  laser pulses were focused with a 

two mirrors system with NA=0.5. The focal spot size, which was close to 

diffraction limited, varied with wavelength and was measured by a knife-edge 

method for all wavelengths used in our study. It ranged from 12±1.5µm(1/e2) at 

4.7 µm wavelength to 18±2µm(1/e2) at 7.8µm. The maximum achievable fluence 

in the focal spot exceeded 20J/cm2,  well above  damage threshold for all tested 

materials. The energy of each pulse was monitored with a room temperature MCT 

detector using a fraction of the beam, reflected from a CaF2 beam splitter. The 

MCT detector was calibrated for each wavelength using a power meter (OPHIR) 
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positioned close to the target plane. Accuracy of the fluence measurements was 

determined mainly by the accuracy of the focal spot size measurements and was 

±20%.  

Both wide-gap and narrow-gap transparent dielectric materials were 

investigated in the mid-IR optical breakdown experiments. Materials employed in 

the study are listed in Table 4.1 together with their known band-gaps. All material 

samples were optically polished.  

The single pulse-induced damage threshold was determined as any surface 

modification detectable under a visible light microscope. As shown in Fig.1, two 

diagnostics were used for in situ monitoring of surface damage: scattering of a 

He-Ne laser beam from the damaged region of the sample, and visible light 

plasma emission. We found that even the smallest damage, observable with the 

microscope, produces significant scattering of the He-Ne beam. Visible light 

plasma emission also proved to be a good indicator of the damage threshold. 

Plasma emission from the focal spot region was collected by the same mirror 

system used to focus the mid-IR light. The plasma emission was reflected by the 

beamsplitter, and detected by a photomultiplier tube. 

Surface morphological changes after a sequence of laser pulses were 

observed using optical and electron microscopes. 
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Figure 4.1: Experimental setup used to measure the single pulse-induced 
ablation threshold.  
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Group Matertial Bandgap E, eV　  

LiF 13.6 

MgF2 10.8 

CaF2 10.0 
Wide-gap 
materials 

BaF2 9.07 

ZnS 3.5 

ZnSe 2.7 Narrow-gap 
materials 

GaP 2.26 

Table 4.1:  Dielectric materials used in experiments 

4.3. RESULTS  

4.3.1. Laser-induced morphology change 

Typical examples of laser-induced surface morphological change for 

selected materials are presented in this section. The laser fluence has been 

normalized by the ablation threshold fluence (F/Fth = Laser fluence/Damage 

threshold fluence).  Damage threshold fluences are listed in Table 4.2 and Figure 

4.7. 
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4.3.1.1. Single pulse-induced morphology 

Figure 4.2 presents the SEM images of single pulse-induced surface 

damages on GaP.  A single pulse created randomly oriented trenches that are 

believed to be along previously non-visible polishing scratches (Figure 4.2 (a)). 

As fluence increases, damage develops over the whole laser spot, causing it to 

look as if a thin layer in the middle is ablated, which visualizes the edge of the 

spot (Figure 4.2 (b)). ).  

In the case of wide bandgap materials, a single pulse made small pits that 

were randomly distributed over the whole laser spot (Figure 4.3). These pits were 

elongated along the polarization of the beam with a length ~ 1 µm and accompany 

the re-deposition of melt material. Polishing scratches on BaF2 and MgF2 should 

be distinguished from those on GaP, since scratches on BaF2 and MaF2 were 

visible prior to the laser irradiation. In addition to the pits, fractures on the surface 

were produced on wide bandgap materials with higher pulse energy (Figure 4.4) 

4.3.1.2. Multiple pulse-induced morphology 

After the initial damage, additional irradiations (typically more than 30 

pulses) produced periodic corrugated surface structures (Figure 4.5 (a) and (b)) as 

well as more material removal.  Regardless of the material and wavelength, 

observed corrugations are aligned perpendicular to the polarization of the beam 

(termed laser-induced ripples [30]).   The spacing between crests measures 

3~4µm.   
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In case of irradiation of more than 50 pulses, laser produced bulk material 

removal (Figure 4.5 (c) and (d)).  The bulk material removal occasionally 

accompanied chips at the rim of the crater (Figure 4.5 (d)).  

 

Table 4.2:  Damage threshold fluences for tested materials.  

 

Damage threshold fluences (J/cm2) 
Materials 

4.7µm 6.25µm 7.8µm 

LiF 5.74 4.54 2.2 

MgF2 5.43 3.87 1.76 

CaF2 6.53 5.36 2.37 

BaF2 5.51 4.83 2.17 

ZnS 1.34 1.61 1.33 

ZnSe 0.42 0.52 0.41 

GaP 1.21 - 0.59 
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Figure 4.2:   Single pulse-induced surface damages on GaP.  λ=4.7µm, (a) 
F/Fth=1 and (b) F/Fth =4.   
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Figure 4.3:   Single pulse-induced elongated pits on wide gap materials. (a)BaF2, 
λ=6.25µm, F/Fth =1.50 and (b) MgF2, F/Fth =1.33. Arrows indicate 
the polarization of the incident laser. 

3µm 

2µm 

(a) 

(b) 



 59

 
 

 

Figure 4.4:   Single pulse-induced fractures on wide gap materials. (a)CaF2, 
λ=4.7µm, F/Fth =3.50 and (b) LiF2, λ=4.7µm, F/Fth =2.05.  

3µm 

3µm 

(a) 

(b) 



 60

 

  
(a) (b) 

 

  
(c)        (d) 

Figure 4.5:   Multiple pulse-induced surface damage. (a) GaP, λ=4.7µm, F/Fth 
=4.0, 50 pulses, (b) CaF2, λ=4.7µm, F/Fth =1.33, 50 pulses, (c)GaP, 
λ=4.7µm, F/Fth =4, 1000 pulses, and (d) CaF2, λ=4.7µm, F/Fth =4.33, 
100 pulses,  

10µm 10µm

10µm 10µm
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4.3.2. Ablation threshold energy 

The typical dependence of He-Ne scattering and visible light plasma 

emission on mid-IR fluence is shown in Figure 4.6. Each data point in these plots 

was taken on a new spot on the sample. The breakdown probability distribution 

calculated from the HeNe scattering data, shown in Figure 4.6 (a), indicates a 

mean breakdown fluence of  4.25J/cm2 and a 10% to 90% width of ±6%.  The 

observed threshold for visible light plasma emission, as shown in Figure 4.6 (b), 

occurs at the same fluence within a similar uncertainty. 

Single pulse breakdown threshold measurements for both wide-gap and 

narrow-gap dielectric materials and for both the "visible light" and mid-IR 

spectral regions are presented in Figure 4.7.  It is obvious that the ablation 

threshold energy increases with the bandgap energy, regardless the wavelength.  

The data of narrow-gap dielectrics is less dependent to the wavelength than the 

wide-gap material.  The data for "visible light" breakdown of wide-gap 

dielectrics indicates that the threshold increases with wavelength. However, 

behavior in the mid-IR is quite different from that of near IR irradiation: The 

threshold energy decreases with wavelength. 
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Figure 4.6:  Plasma emission and He-Ne laser scattering from CaF2 target 
irradiated by 1ps laser pulses at 6.25 µm. 
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Figure 4.7: Wavelength dependencies of the ablation thresholds for wide- and 
narrow-gap materials. Solid lines show general trend of the ablation 
thresholds. Single line is drawn for wide-gap materials.  

4.4. DISCUSSION 

Intrinsic surface defects, such as digs and scratches, on the surface 

dramatically reduce the damage threshold energy, since they enhance the 

absorption efficiency by introducing additional energy states between conduction 
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and covalence bands.  This phenomenon is called incubation effect and the 

surface defects are referred to as incubation centers [31-34].  A single pulse 

irradiation produced randomly oriented lines on GaP (Figure 4.2 (a)).  These 

lines are considered to be the damage along the polishing scratches that were not 

observable prior to the laser pulse.  The laser-induced damage made the 

polishing visible as if it engraved scratches on the surface.  The random location 

of pits on wide-gap material (Figure 4.3) also suggests the incubation effect.  It 

can be noted that the laser pulse-induced damage were incubated at the inherent 

defects of targets that were randomly distributed over the laser beam.  Once a 

single pulse initiates damage, this laser-induced damage augmented the energy 

absorption around it, leading to the bulk material removal by multiple pluses 

(Figure 4.5).  

Observed fractures  (Figure 4.4)  on the surface are related to the natural 

cleavage plane of the targets [35-37].   Laser-induced mechanical stress leads to 

fractures along a crystal direction with the weakest binding energy.  This 

photomechanical effect can be initiated separately by two different processes or a 

combination of both.  First of all, rapid temperature increase at the surface 

induces thermoelastic expansion that results in the escalation of the shear stress.  

Initiation of fracture occurs when this shear stress exceeds the local tensile 

strength.  Secondly, the shock wave, generated during the expansion of plasma, 

induces a high local stress. This stress can contribute to the initiation of the 

fracture. 
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Laser-induced ripples, as shown in Figure 4.5, have been wildly observed 

and studied, since Birnbaun first observed them after irradiating semiconductors 

with a ruby laser with irradiance of 104~105W/cm2 [38].   It has been postulated 

that these coherent structures (termed ‘laser-induced ripple’) on the surface are 

induced by the interference of incident, reflected and/or transmitted light with the 

light scattered(diffracted) by the microscopic non-uniformity of the target surface 

[30, 39-40].  Once the interference develops, the surface undergoes a non-

homogeneous energy deposition leading to coherent structures (ripples). 

The measured damage threshold for "visible light" breakdown of wide-gap 

dielectrics correspond well to data in the literature where it is found that the 

threshold increases with wavelength since more and more photons are required 

for MPI.  While absolute values of our measured single pulse thresholds are 

approximately 2 times higher than the multiple pulse thresholds previously 

reported in [17] , this factor of 2 ratio of single pulse to multiple pulse thresholds 

is well known [21,22].  In case of mid-IR irradiation, the threshold energy of 

wide-gap materials decreases with increasing wavelength.   It is clear that MPI 

will be dramatically suppressed for wide-gap materials in the mid-IR.  Even at 

4.7 µm more than 30 photons are required to produce a free electron. Despite this, 

there is good evidence that the tunneling ionization plays an important role in the 

mid-IR ablation of targets. As we have already shown in Figure 4.6, the mid-IR 

breakdown threshold width is quite narrow, approximately ±6%. In the literature a 

well-defined breakdown threshold has generally been explained by assuming that 

MPI of bulk material produces a sufficient number of initial electrons to trigger 
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AI. Since we observe similar threshold widths throughout the "visible light" and 

mid-IR regions, it is plausible that TI provides an adequate source of initial 

electrons in the mid-IR region, just as MPI provides that source in the "visible 

light" region. 

To assess the likely role of TI in the mid-IR ablation process, the Keldysh 

parameter (γ ), which indicates whether ionization proceeds in the multiphoton or 

the tunneling regime, was evaluated.     

 
( )

Ee
Em

⋅
∆⋅⋅

=
2/1ωγ     (4.1) 

 

where ω is the laser frequency, ∆Ε  is the bandgap, m is the electron-hole reduced 

mass, and E is the laser electric field.  Photoionization in a strong laser field 

occurs in the tunneling regime when the parameter γ <<1.  For solid materials, 

we can give an upper estimation of the parameter γ  at damage threshold using the 

free electron mass.  For the wide-gap materials studied, the parameter γ is ~0.4 

for all mid-IR wavelengths. Spectroscopic measurements indicate [29], that TI 

can prevail in solids at values of γ even larger than 1, solidifying our conclusion 

about the major role of TI in the ablation process.  Tunnel ionization is 

independent of wavelength and thus can not itself explain the observed decrease 

in the breakdown threshold with increasing wavelength. This behavior, however, 

can be attributed to the AI process, once free electrons generated by TI initiate it.  

For AI the breakdown strength of dielectric materials decreases for low 

frequencies, approaching its dc value as:  
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2/122 )1()( τωω += dc

th
ac
th EE    (4.2) 

 

where )(ωac
thE  is the ac breakdown threshold, dc

thE  is the dc breakdown 

threshold, ω  is the laser frequency, and τ is the electron collision time. Neither 

the dc breakdown field, nor the electron collision time are known for the materials 

studied here, thus taking plausible values ( dcE ~10 MV/cm and τ ~ 10 fs) leads to 

a breakdown fluence of ~ 3 J/cm2 at a wavelength of 6 µm. This estimated 

breakdown fluence which is proportional to ( dcE ), is within 50% of the measured 

value.  Evidence of the TI-initiated avalanche breakdown of wide-gap materials 

also can be found in the morphology of the damage spot.  Single pulse-induced 

damage spot consists of a large number of small pits elongated in the direction of 

the laser electrical field vector (Figure 4.3).  Typical values of eccentricity of 

these pits are somewhat less than 1 micrometer.  In an electric field of several 

tens of MeV/cm, which corresponds to the threshold intensities, the drift velocity 

of free electrons is determined by collisions and is almost saturated with a typical 

value v~2⋅107 cm/s. This velocity multiplied by the laser pulse duration of 1 ps, 

gives us a drift distance that is a fraction of 1 micrometer, which corresponds 

quite well to the eccentricity of the observed pits. This observation provides direct 

evidence of the electron avalanche, which is an essential part of the breakdown 

process in wide-gap materials.  

For narrow-gap materials, the mid-IR ablation threshold is reduced and is 

independent of wavelength within experimental uncertainty. The observed 
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wavelength independent thresholds might be understandable, if TI alone were 

sufficient to induce breakdown.  In the absence of a theory for solid materials, 

the rate of tunnel ionization was estimated using a parameter called appearance 

intensity (Iapp).  The appearance intensity indicates the ionization intensity of 

atoms in a strong laser field. Calculated in the barrier-suppression model, the 

appearance intensity is:  

 
249 /104 ZEI iapp ⋅=       (4.3) 

 

where Z is the ion charge and Ei is the ionization potential.  Using the bandgap 

value in place of the ionization potential and setting the ion charge to 1 for single 

stage ionization, the appearance intensity for narrow-gap materials were 

determined.  The resulting appearance intensity was two to three times lower 

than the observed breakdown threshold intensities.  Thus it seems plausible that 

tunnel ionization could be solely responsible for mid-IR laser breakdown of 

narrow-gap materials.  

4.5. CONCLUSION  

The picosecond mid IR laser-induced surface damage on transparent 

dielectric materials was investigated.  The SEM images suggested that the laser-

induced damage initiated at the intrinsic surface defects, such as the polishing 

scratches and digs.  Under a certain condition, the laser pulse also created ripples 

as well as fractures along the cleavage plane of a crystal.  Laser-induced 

mechanical stress leads to fractures along a crystal direction.  The ripples are 
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considered to be a result of interference between the incident and diffracted wave.  

For narrow-gap materials with E∆ ~3 eV, the tunneling ionization was solely 

responsible for the initiation of surface damage.  For wide-gap materials with 

E∆ ~10 eV, the tunneling ionization provides seed electrons, but optical 

breakdown was dominated by avalanche ionization.   
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Chapter Five: Dependence of calculus retropulsion dynamics on 

fiber size and laser energy during Ho:YAG lithotripsy 

 

5.1. ABSTRACT 

During pulsed laser lithotripsy, the calculus is subject to a strong recoil 

momentum which makes the procedure inconvenient and prolongs the operation. 

This study was designed to quantify the recoil momentum during Ho:YAG laser 

lithotripsy. The correlation among crater shape, debris trajectory, laser-induced 

bubble and recoil momentum was investigated.  Calculus phantoms made from 

plaster of Paris were ablated with free running Ho:YAG lasers.  The dynamics of 

recoil action of a calculus phantom as a function of delivery fiber diameter was 

monitored by a high-speed video camera and the laser ablation craters were 

examined with Optical Coherent Tomography (OCT).  Higher laser energy 

resulted in larger ablation volume (mass) which increased the recoil momentum.   

The larger fiber produced a wider and shallower crater and enhanced recoil 

momentum compared to the smaller fiber.  In the presence of water, recoil 

motion of the phantom deviated from that of phantom in air. Under certain 

conditions, we observed the phantom rocking towards the fiber after the laser 

pulse.  The shape of the crater is one of the major contributing factors to the 

augmented recoil momentum of larger fibers. The re-entrance flow of water 
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induced by the bubble collapse is considered to be the cause of the rocking motion 

of the phantom. 

5.2. INTRODUCTION 

Since the mid-80’s, many reports have demonstrated the clinical feasibility 

of fragmenting urinary and biliary calculi with high power lasers [1, 2]. Several 

pulsed lasers such as pulsed dye, alexandrite, and Ho:YAG have been 

successfully used as intracorporeal lithotriptors [3-5].  Calculus fragmentation is 

mainly produced by the combination of laser energy absorption and resultant 

laser-induced shock wave [5-7].  During pulsed laser calculus interaction, the 

calculus is subject to a strong recoil momentum caused by the combined effect of 

the fragmented particle ejection, bubble expansion and collapse, and the laser 

induced shock wave [8-11]. The momentum may cause the calculus to recoil 

away from the laser delivery fiber. Then the physician must move the fiber to the 

new calculus position for additional laser irradiation. This cumbersome process 

makes the procedure inconvenient and difficult, and eventually prolongs the 

operation.  

This study was designed to quantify the recoil momentum during the 

Ho:YAG laser lithotripsy.    The dynamics of recoil action of a calculus 

phantom was monitored with a high-speed video camera and ablation craters were 

examined with Optical Coherent Tomography (OCT) [12, 13].  The trajectory of 

ejected debris was studied also. The correlation among crater shape, debris 

trajectory, laser-induced bubble and recoil momentum was investigated. 
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5.3. MATERIAL AND METHOD 

Calculus phantoms with a mass of 150mg and a dimension of 5mm cube 

were made from plaster of Paris (calcium phosphate). The calculus phantom was 

placed in a model of the ureter (Figure 5.1) consisting of a clear glass tube with an 

inner diameter of 12.5mm.  The experiment was performed with and without 

deionized water in the tube. A clinical Ho:YAG (VersaPulse Select, Lumenis, 

CA) and a scientific Ho:YAG laser (1-2-3 laser, Schwartz Electro Optics, FL) 

were employed in our study.  Both lasers emit 2.1µm laser pulses with a pulse 

duration of 250~300µsec. A Ho:YAG pulse was delivered to a calculus phantom 

via low OH- quartz fibers (SlimLineTM 200, 365, 550 and 1000, Lumenis, CA).  

Before each irradiation, the fiber was placed in contact with the phantom and the 

irradiation spot was adjusted with a three-axis translation stage to be centered on 

the phantom. Before and after the ablation, the laser energy out of the distal end 

of the fiber was measured with an energy meter (EPM 2000, Molectron, OR)  

equipped  with a pyroelectric joulemeter (J25, Molectron, OR).   All presented 

data were collected without damage to the delivery fiber (i.e. the transmission loss 

due to fiber damage after irradiation was less than 10% of input laser energy).   
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Figure 5.1: Experimental setup used to measure the initial velocity of the 
calculus phantom after the laser pulse.  

Motion of the calculus phantom was monitored with a high-speed video 

camera (FASTCAM Super 3K, Photron, CA) that allowed us to take pictures at 

1000 frames per second. A white light source illuminated the glass tube and 

phantom.  The high-speed video camera and lens system were adjusted to 

capture the motion of the phantom with a spatial resolution of 3µm.  Acquired 

images were transferred to a PC equipped with a frame grabber.  Edges of the 

transferred digital images were enhanced using Image Processing toolbox in 

Matlab (Mathworks, MA).   
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A series of experiments was conducted to measure the initial velocity of 

the phantom   after the pulse under various conditions. Variables included laser 

energy (200, 400, 500, 800 and 1000mJ) and fiber diameter (272, 365, 550 and 

940µm).   The laser-induced retropulsive force was assumed as an impulse 

impact due to its short existence (less than 1msec).  The initial displacement (the 

displacement during the first millisecond after the onset of the laser pulse) of the 

recoiling phantom was measured by examining the first two frames after the laser 

pulse. The initial velocity of the phantom was calculated from the initial 

displacement and travel time (1msec). The linear recoil momentum was 

determined from the product of mass and initial velocity. 

 

mvJ =      (5.1) 

                
where J= linear recoil momentum (kg×m/sec),  m = mass of phantom(kg),  and 

v = initial velocity(m/sec).                                                              

Laser induced craters were examined with an OCT system (λ0=1290nm 

and ∆λ=42nm) with a lateral and axial resolution of ~ 20µm to obtain the 

quantitative ablation crater shape [14].  A series of cross sectional images was 

obtained over the entire crater (The step-size between images was 40µm). 

Ablation volume was estimated from OCT cross sections over the crater volume. 

The propagation direction of the laser-induced ablation plume governs the 

direction and amount of the recoil momentum.  To investigate the direction of 

plume propagation after being ablated, we used the high-speed video camera to 
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monitor the dynamics of the laser-induced plume. Laser burn paper (Kentek, NH) 

was placed 2cm away from the fiber at three different angles with respect to the 

fiber (perpendicular and ±45o) and then irradiated with a single Ho:YAG laser 

pulse (940µm fiber and 500mJ of pulse energy). The trajectory of the ejected 

ablation plume was determined from the acquired image sequences. 

5.4. RESULTS 

5.4.1 Recoil action of calculus phantom during pulsed laser lithotripsy 

The laser-induced plume and recoil action of the phantom can be observed 

in consecutive pictures presented in Figure 5.2.    In this example, the phantom 

was placed on a metal surface to demonstrate the process.  The actual recoil 

momentum data presented below were obtained with phantoms in a glass tube.  

The fiber tip was initially positioned in contact with the phantom (Figure 5.2 (a)).    

A single Ho:YAG laser pulse irradiated the phantom, and the ejected ablation 

plume (white particles) was observed around the fiber and the irradiated side 

(Figure 5.2 (b)). Due to the conservation of momentum, momentum imparted to 

the ejected particles created a recoil momentum on the phantom and the phantom 

moved away from the fiber (Figure 5.2 (c)).  The phantom continued to move 

until friction and drag forces caused it to stop (Figure 5.2 (d)). 
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                (a)                            (b) 

    

                (c)                            (d) 

Figure 5.2: Calculus phantom recoil after laser pulse (Fiber diameter = 940µm 
and incident laser energy =1J).  (a) before laser pulse, (b) 4msec, 
(c) 8msec, and (d) 60msec after the onset of the pulse. 

5.4.2. Recoil momentum dependence on the fiber size and laser energy 

Figure 5.3 shows the recoil momentum of the phantom surrounded by air 

in the glass tube as a function of laser energy for four different fiber diameters.  

At least ten measurements were carried out for each condition. Error bars 

represent the standard deviations.  Recoil momentum was calculated using 

equation 5.1 and assuming the single laser pulse did not significantly decrease the 

initial 150mg mass of the phantoms. The recoil momentum increased linearly with 
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laser energy for all four fiber sizes.  For a given laser energy, the recoil 

momentum increased with fiber diameter. 
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Figure 5.3: Recoil momentum of 150mg calculus phantoms as a function of 
Ho:YAG laser energy for different fiber diameters.  Measurements 
were made in air. 

5.4.3. Calculus phantom recoil in water 

Figure 4 displays recoil momentum calculated from initial velocity of the 

phantom in water as a function of laser energy for four different fiber diameters.  

The behavior of the phantom at pulse energies of 200 and 500mJ was similar to 
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that seen under dry condition (Figure 5.3).  However, at energy levels higher 

than 500mJ, except for the largest 940µm fiber, the motion of phantom deviated 

from those observed under dry condition.  At these energy levels, the laser pulse 

caused the phantom to move away initially. The top of the phantom then rocked 

back towards the fiber, while the phantom continued to move away from the fiber 

(Figure 5.5).   This data was not plotted in Figure 5.4 because the initial velocity 

was affected by the nonlinear motion of the phantom. 
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 Figure 5.4: Recoil momentum of 150mg calculus phantoms as a function of 
Ho:YAG laser energy for different fiber diameters.  Measurements 
were made in water. 
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(a)Before the pulse              (b) 2msec after the pulse             

 
 
 
 
 
 
 
 
 

                   

(c) 6msec after the pulse          (d) 20msec after the pulse 

Figure 5.5: Rocking of phantom in water after pulse (Fiber diameter = 550µm 
and input laser energy = 600mJ). 

5.4.4. Laser induced bubble and re-entrance flow 

Figure 5.6 provides the sequence of the formation and collapse of the 

laser-induced bubble and the resulting re-entrance flow.  In order to clearly 

visualize the dynamics of the rocking, a gap was introduced between the fiber and 

the phantom. This minimized the recoil motion and ensured that the rocking 

Fiber



 83

motion was the dominant movement.  Suspended particles (white dots in the 

pictures) were introduced in the water in order to visualize the current of the re-

entrance flow.  The exposure time of the camera was set at 4msec.  Before the 

pulse, the phantom was at rest in the glass tube (Figure 5.6 (a)) and a bubble was 

created by the pulse (Figure 5.6 (b)).  The collapse of the bubble created the re-

entrance flow which can be observed as the tail of the suspended particle (Figure 

5. 6 (b) and (c)).  The re-entrance flow caused the stone to rock towards the fiber 

(Figure 5.6 (c)), after which, the stone fell back to the resting position (Figure 5.6 

(d)). 

5.4.5. Laser-induced crater topography  

After exposure to a single Ho:YAG laser pulse, ablation craters were 

scanned with an OCT and the cross sectional profiles are displayed in Figure 5.7.   

Typical images for two fiber diameters are shown.  An increase in laser energy 

produced larger craters for all four fibers.  The crater shape was also affected by 

fiber size. At a given laser energy, irradiation with the larger fiber produced wider 

and shallower craters.  

5.4.6. Ablation volume as a function of the fiber size and laser energy 

The ablation volumes, calculated from cross sectional OCT image, are 

provided in Figure 5.8.   Error bars indicate the standard deviation of the 

measurement.  Use of a larger input energy produced a larger ablation volume.  

The 365µm fiber ablated the least volume through the tested input energy range.  

At 200 and 400mJ, the 550µm fiber produced the most ablation.  At 600 and 
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800mJ, the 940µm fiber ablated the most volume and the ablation with the 365µm 

fiber (the least ablation) is 30% less compared to the 940µm fiber.  
 

 
 

 
 
 
 
 
 
 
 

(a) Before the pulse                (b) 4msec after pulse 
 

 
 
 
 
 
 
 
 
 
(c) 6msec after the pulse         (d) 20msec after the pulse 
 

Figure 5.6: Laser-induced bubble and re-entrance flow (Fiber diameter = 550µm 
and input laser energy = 600mJ). 

5.4.7. Propagation of ejected particles 

Figure 5.9 consists of three series of images that shows the propagation 

direction of the ablated plume during laser ablation of  burn paper.  Even when 

the target (burn paper) is at an angle with respect to the laser beam, the ejected 

plume propagates in the direction normal to the burn paper surface. 
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Figure 5.7: Cross-sectional topography of Ho:YAG laser-induced craters 
acquired with OCT. 
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Figure 5.8: Ablation volumes as a function of laser energy and fiber diameter. 

5.5. DISCUSSION  

It was found that the recoil momentum of the phantom increases as pulse 

energy increases (Figure 5.3).  It is not a surprising result because higher input 

energies typically result in larger ablation volume (mass) which increases the 

recoil momentum of the phantom.  
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Figure 5.9: Direction of plume propagation with different incident angles (Fiber 
diameter = 940µm and input laser energy = 500mJ).  

The dependency of recoil on fiber diameter is affected by a few factors 

including the laser induced pressure wave, initial velocity of ejected particles,  

total volume (mass) removal and the propagation direction of ejected particles.   

First of all, at a given input energy, the smaller fiber is more likely to 

create higher pressure wave and velocity of ejected particles. This is due to its 

higher fluence and temperature rise within the irradiated volume.  If the pressure 

wave and the initial velocity of ejected particle is the governing factor for calculus 

recoil, then the smaller fiber should move a calculus more than the larger fiber, 

but this is not observed.  Accordingly, the enhanced recoil of larger fibers cannot 
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be explained solely by comparing the pressure wave and the initial particle 

velocity.   

Second, if the ablation volume is the most dominant factor, the recoil 

momentum should linearly depend on the ablation volume (mass) due to the 

conservation of momentum.  Therefore, the momentum dependency on fiber 

diameter should be similar to that of ablation volume.    As seen in Figure 5.3, 

recoil momentum increases with fiber diameter, while the data in Figure 5.8 show 

that there is no clear correlation between fiber diameter and the ablation volume.  

Furthermore, at higher energy levels (600 and 800mJ), the smallest ablated 

volume is 30% less than the largest ablation volume while the smallest recoil 

momentum is three times lower than that of the largest. These observations 

suggest that the ablation volume is not a major contributor to the enhanced 

momentum seen with use of the larger fiber.   

Finally, the propagation direction of ejected particles of different fibers 

can be compared based on the laser induced crater shape.   From OCT images 

(Figure 5.7), it was revealed that the crater width increased and crater depth 

decreased as the fiber diameter increased. This can be explained by comparing the 

laser fluence (laser energy per unit area) of each fiber. The smaller fiber has a 

smaller irradiation area thus a higher radiant exposure (J/cm2). The high fluence 

beam with a small irradiation area (SlimlineTM 200, Diameter =272µm) makes 

deep and narrow craters and the low fluence beam with a large irradiation area 

(SlimlineTM 1000, diameter=940µm) makes shallow and wide craters.  Figure 

5.10 shows an illustration that demonstrates how the differences in crater 
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topography ((a) wide and shallow crater versus (b) narrow and deep crater) can 

affect the recoil momentum during laser lithotripsy.  For simplicity, assume that 

the laser pulse produced five particles which are about to leave the surface at a 

certain point in time. The propagation velocity and mass of all particles are 

assumed the same to simplify the comparison. Laser-induced particles will come 

out in a direction normal to the surface (that is confirmed by the plume 

propagation experiment, Figure 5.9). The particles will generate a force on the 

calculus in the opposite direction of their propagation. To analyze force terms, 

divide the force vector into two directions (x and y axis). The x components of 

particles cancel each other and hence do not contribute to the recoil momentum. 

Only the y components will make the calculus move in the negative y direction, 

and the recoil momentum should correspond to the summation of y components.  

Accordingly, by comparing the total y components of both craters, we can 

determine which crater can produce the higher recoil momentum. Particle 1 and 5 

have only x components, which will not affect the recoil action. The y 

components of particle 3 of both cases are identical. In case of particles 2 and 4, 

they have both directional components and again only the y component generates 

the recoil action.  Particles 2 and 4 of case (a) have a larger y component than 

that of case (b) due to their propagation direction.  As a result, the summation of 

the y components of case (a) is larger than case (b), which results in higher recoil 

momentum of the wide and narrow crater.  As a result of that, the larger fiber, 

that creates a wide and shallow crater, is likely to create a larger recoil momentum 

than smaller fibers.  
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(a) Wide and shallow crater         (b) Narrow and deep crater 

Figure 5.10: Ejection of ablated particles from two distinct craters.  Velocity 
vectors are resolved into X and Y components. 
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In the presence of water, we observed the phantom rocking after the laser 

pulse (Figure 5.5). Absorption of a small portion of the Ho:YAG pulse energy in 

water produces a bubble. The re-entrance flow of water induced by the bubble 

collapse (Figure 5.6) is considered to be the cause of the rocking of the phantom. 

During lithotripsy, the surrounding water is a highly absorbing medium for the 

Ho:YAG laser beam.     Once the water absorbs the laser pulse energy, the 

water is vaporized, forming a bubble, and the bubble eventually collapses.  If 

there is no solid boundary near the bubble, the bubble collapses symmetrically.   

If a solid boundary exists near the bubble, the bubble will collapse asymmetrically 

due to retarded flow near the solid boundary [15-19].  Figure 11 demonstrates 

the asymmetric bubble collapse process near a solid boundary.  Numbers in the 

Figure 5.11 indicate the time sequence (Number 1 indicates the initial stage of 

bubble collapse and number 5 indicates the last stage of collapse).  As the bubble 

collapses, the upper boundary deforms more rapidly than the lower boundary, this 

is because the re-entrance flow from the bottom of the bubble is retarded by the 

viscous force due to the presence of the solid boundary.  As a consequence, the 

bubble collapses asymmetrically which results in a powerful microjet flow 

(represented by arrows) that may lead to physical damage on the solid surface 

[20]. 
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Figure 5.11: Asymmetric bubble collapse near a solid boundary.  Numbers 
indicate time sequence of the bubble collapse which is on the order 
of 100µsec.   

Based on the microjet phenomenon, the rocking after the pulse can be 

explained by the following mechanism. 1) The calculus phantom is at rest before 

the pulse (Figure 5.12 (a)). 2) The laser pulse produces an ablation plume, recoil 

motion is initiated, and a water bubble is formed (Figure 5.12 (b)). 3) The water 

bubble collapses asymmetrically due to the presence of the solid boundary, which 

results in a re-entrance flow from the top to the bottom (Figure 5.12 (c)). 4) The 

re-entrance flow causes the top of phantom to rock (Figure 5.12 (d)).  
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(a)                              (b) 
 
 
 
 
 
 
 
 
 
 
 
 

(c)                              (d) 

Figure 5.12: Proposed mechanism of calculus rocking.   

Based on our observations: we suggest 1) using small diameter fibers to 

minimize retropulsion during Ho:YAG lithotripsy and 2) using the laser at modest 

energy levels to minimize the effect of re-entrance flow. 

5.6. CONCLUSION 

I quantified the recoil momentum of calculus phantom during the 

Ho:YAG laser lithotripsy. The dependency of recoil on the fiber size and laser 

input energy was determined.  The correlation among crater shape, debris 

Solid 



 94

trajectory and recoil momentum was investigated.   Higher input laser energy 

resulted in larger ablation volume (mass) which increased the recoil momentum.  

The largest fiber produced a wider and shallow crater and enhanced recoil 

momentum compared to the smallest fiber.  The shape of the crater was one of 

the major contributing factors to the augmented recoil momentum of larger fibers.  

In the presence of water, recoil motion of the stones deviated from that of stone in 

air. Under certain conditions, bubble was formed and the calculus rocking was 

observed after the laser pulse. The re-entrance flow of water induced by the 

bubble collapse was postulated as the cause of the rocking of the calculus. 
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Chapter Six: Beam Profile and Deterioration of Fiber Optics 

during Ho:YAG Lithotripsy 

6.1. ABSTRACT 

For minimally invasive surgery, pulsed laser light is delivered to the 

urinary system through a flexible optical fiber in conjunction with an ureteroscope.  

Since endoscopic lithotripsy requires efficient delivery of optical energy to the 

calculus surface, the performance of optical fiber is critical.  Due to the strong 

interaction between the laser pulse and calculus, the fiber tip may be subjected to 

damage,  resulting in diminished fragmentation efficiency.  In order to identify 

the deterioration of the optical fiber during lithotripsy,  the transmission loss and 

the beam profile of the fiber were characterized.  Beam profiles were measured 

with 272 µm and 365 µm diameter optical fibers straight, and fibers bent to 

simulate lower pole ureteronephroscopy.  Beam profiles and energy outputs 

were characterized for the fibers before and after ablation.  Ablation crater 

geometry was characterized with optical coherence tomography. Undamaged, 

straight fibers produced a near Gaussian beam profile.  Undamaged, bent 272 

µm fibers produced a near Gaussian beam, but slightly flatter profile compared to 

the straight fiber.  The bent 272 um fiber transmitted 99-100% of the energy 

similar to the 100% transmission of the straight fibers.  After ablation, measured 

energy output dropped by 30% within the irradiation of 50 pulses.  The damaged 
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fibers produced irregular beam profiles with hot spots.  Craters showed irregular 

contours.  

6.2. INTRODUCTION 

The Ho:YAG laser is the intracorporeal lithotripter of choice for 

ureteroscopy [1].  Unlike other lithotripsy devices, which fragment stones in 

irregular fracture planes, the photothermal mechanism of Ho:YAG lithotripsy 

produces symmetric craters on the stone surface [2-8].  These craters increase in 

depth and width as pulse energy increase, and retain their symmetric appearance 

regardless of stone composition [9].  Although fragmentation with Ho:YAG 

laser may take longer than with other devices, Ho:YAG lithotripsy produces 

smaller fragments than other intracorporeal lithotriptors [10].  Ho:YAG 

lithotripsy may be advantageous for ureteronephroscopy as optical energy may be 

delivered with small caliber flexible optical fibers [1,11,12].  Because lithotripsy 

requires efficient delivery of optical energy to the stone surface, optical fibers 

must function properly.  Optical fiber damage during lithotripsy is associated 

with diminished lithotripsy efficiency [5,13].  In order to identify the 

mechanisms that lead to diminished lithotripsy efficiency, I studied the effect of 

lithotripsy on optical beam profile and transmission loss.  I also studied the 

bending effect of the fiber as occurs during lower pole retrograde 

ureteronephroscopy to determine the impact on optical beam transmission and 

beam profile.   
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6.3. MATERIAL AND METHOD 

Cleaved optical fibers of 272 µm and 365 µm diameter (Slimline-200 and 

–365, Lumenis, Santa Clara, CA) were polished using diamond lapping films with 

sequentially smaller grit sizes (minimum grit size was 1 um).  After polishing the 

fiber, the surface of the optical fiber tip was examined under a microscope to 

confirm a smooth, flat uniform surface. 

Figure 6.1 illustrates the schematic diagram of beam profile measurement 

system.  The beam profile at the distal end of the optical fiber was imaged with a 

microscope objective (magnification = 20, numerical aperture = 0.4).  The 

optical fiber tip was placed at the object plane of the microscope objective and the 

magnified beam was imaged at the image plane where the beam profiler (Pyrocam 

I, Spiricon, Logan, UT) was placed.  The beam profiler was based on a 

pyroelectric detector array that was triggered by an external InAs photo-diode 

(EG&G Judson, PA).  The acquired images were transferred to a personal 

computer equipped with a frame grabber. 

The beam profile of the undamaged fiber was measured with the beam 

profiler.  Optical fibers were then used to ablate human calculi of >95% struvite 

composition.  All calculi were cut with a dental diamond band saw and the 

surface sanded to create a smooth, flat surface.  The calculi were hydrated in 

deionized water for a minimum of 24 hours.  Calculi were placed in a water 

cuvette.  The Ho:YAG laser (VersaPulse, Lumenis) was configured to deliver a 

pulse energy of 600 mJ at 6 Hz.  After 167 pulses (total energy of 100 J), the 

damaged optical fiber tip surface was re-imaged with the beam profiler.  The 



 99

fiber was re-polished and re-damaged prior to each damaged profile 

measurement.  The output energy of the distal end of the fiber was measured 

using an energy detector (Molectron, Portland, OR) before and after ablation of 

struvite calculi up to 3500 pulses (with a pulse energy of 600 mJ at 6 Hz).   

Beam profile was examined with the 272 µm diameter optical fibers bent 

to simulate the bending of a flexible ureteroscope.  We made photocopies of 7 Fr 

flexible ureteroscopes (models 11274AA, Karl Storz, Culver City, CA, URF-P3, 

Olympus, Lake Success, NY, 7325.172, Richard Wolf, Vernon Hills, IL, and 

DUR-8, ACMI-Circon, Stamford, CT) in maximally upward and downward 

deflection with a 272 um optical fiber through the working port.  These copies 

were cut out and taped on more rigid card stock.  The 272 µm optical fibers were 

taped to the photocopies to simulate the bent fiber in the ureteroscope.  Each 

fiber was then aligned to the beam profiling system (above) and the beam profile 

was measured.    The energy output of the optical fiber was compared between 

straight and bent fibers. 

The craters on the stone surface produced from Ho:YAG lithotripsy were 

characterized with Optical Coherence Tomography(OCT).  Craters were 

produced using undamaged, polished fibers and damaged fibers.  To create 

damaged fibers, undamaged fibers were used to ablate calculi at 600 mJ pulse 

energy until a total of 100 J was delivered.  To compare the ablation volumes of 

craters produced from straight and bent fibers, the flat surface of Plaster of Paris 

phantoms were irradiated with 500 mJ single pulse energy.  Ten ablation craters 
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(ten phantoms) per cohort were characterized with optical coherence tomography, 

and volumes analyzed with unpaired t-test. 

 
 

 

Figure 6.1: Experimental setup used to measure the beam profile at the distal 
end of delivery fiber during Ho:YAG laser lithotripsy.  
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6.4. RESULTS 

The straight, undamaged fibers showed a near Gaussian beam profile 

(Figure 6.1).  Using a constant pulse energy of 200mJ, the smaller fiber (272µm) 

hold a higher fluence (mJ/cm2) and larger peak profile than the 365µm fiber.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.2: Beam profile of straight, undamaged optical fibers. (a)  The 272 µm 
fiber.  (b) The 365 µm fiber.  Both fibers show near Gaussian 
beam profiles. 

(a) 

(b)
)



 102

 

After stone ablation with a total energy of 100 J (the irradiation of 167 

pulses with a single pulse energy of 600mJ), the beam profile became erratic, with 

hot spots, irregular contours, and unpredictable profiles (Figure 6.2). Damaged 

fibers in all trials produced different beam profiles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.3: Beam profile of straight and damaged fibers. (a) The 272 µm fiber.  
(b)  The 365 µm fiber.  Both fibers exhibit irregular beam profiles, 
hot spots, and unpredictable contours. (a) 

(a) 

(b) 
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During ablation, the measured output energy decreased approximately 

30% within the first 50 pulses, and stabilized thereafter (Figure 6.4). 

 

Figure 6.4: Measured output energy at the distal end of the fiber during 
lithotripsy. Average of 5 measurements. The bars indicate the 
standard deviation.  

 

Beam profiles of bent fibers were categorized into four groups based on 

the curvature (the reciprocal of the banding radius) of bending. Typical examples 

of each group are presented in Figure 6.5.  As the curvature increased (more 

severe bending), the peak radiance exposure dropped and beam diameter 

increased.  Table 6.1 quantitatively compared the peak intensities and beam 
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diameters (FWHM: full width half maximum) of four groups.  For comparison, 

the peak radiant exposure and beam diameter of the straight fiber were set to 1 

and for other categories the values are the ratio to the straight fiber.   

Energy measurements from the straight fibers were 100% of the selected 

laser delivery energy.  The energy measurements from the bent 272 µm fibers 

were 99-100% of the stated input energy.  There were no detectable differences 

among energy outputs with fibers bent among the ureteroscopy simulations.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.5: Undamaged fiber is bent to simulated retrograde ureteronephroscopy 
The beam approaches a near Gaussian profile but is flatter than the 
straight fiber beam profiles. (a)Straight, (b) Minimal bending, (c) 
Moderate bending, and (d)Severe bending.
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(c) 

(b)

(d)
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Category Ureteroscope Curvature 
Normalized 

Peak Radiant 
Exposure 

Normalized 
Beam diameter 

(FWHM) 

Straight None 0 1 1 

Minimal 
banding Stortz upward 0.5 cm-1 0.86486 1.2 

Moderate 
banding 

Olympus upward 
and downward, 
DUR 8 upward 
and downward , 

Wolf upward 

0.667 cm-1 0.81000 1.225 

Maximum 
banding 

Stortz downward 
Wolf downward 1 cm-1 0.758182 1.300 

Table 6.1: Comparison of normalized peak intensity and beam profile diameter 
produced with different bending angle. 

Optical coherence tomography images of craters produced with polished 

fibers were approximately symmetric, grossly comparable to their beam profiles 

(Figure 6.6).  The craters from damaged fibers exhibited irregular contours with 

grossly less fragmentation compared to the undamaged fibers.   

The ablation crater volumes of the straight and bent fibers were 0.038 ± 

0.007 mm3 vs. 0.044 ± 0.008 mm3, p=0.11, respectively. 
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Figure 6.6: Laser-induced craters.  Optical coherence tomography shows 
representative cross-sectional images of struvite calculi after single 
pulse (600 mJ) irradiation with the 272 µm optical fiber.  (a) 
Undamaged fiber-induced crater.  (b) Damaged fiber shows 
irregular crater with grossly less ablation compared to undamaged 
fiber. 

 

6.5. DISCUSSION 

The Ho:YAG laser emits optical energy in roughly a Gaussian 

distribution. Ho:YAG lithotripsy produces symmetric craters because the beam 

profile is symmetric.  The crater is deepest under the fiber center because fluence 

and energy density are greatest at this location.  At the periphery of the fiber, 

fluence and energy density are weakest, so the crater depth is minimal.  

Increased pulse energy produces larger crater volumes as fluence increase at all 

points along the fiber tip.  Crater geometries vary among different fiber 

diameters, however, based on varying factors (such as fiber acceptance angle and 

fiber diameter) as the fluence diminish with a larger fiber diameter.  Thus, the 
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same pulse energy produces a deeper and narrower crater when using a small 

diameter optical fiber versus the shallower and wider crater from a large diameter 

optical fiber [14]. 

In contrast, after contact lithotripsy, the beam profile is changed 

dramatically and unpredictably.  This finding is not unexpected since fiber 

damage during lithotripsy causes microfractures of the optical fiber tip [9,15].  

These fiber tip microfractures produce decreased collimation with less forward 

transmission of optical energy [13].  The decreased measured optical output was 

seen with the same pulse energy input, implying that forward transmission of 

energy was decreased.  The difference in the stated energy output and measured 

energy output is due to the defects on the damaged fiber tip.  Once produced, the 

defects on the surface serve as incubation centers which absorb laser energy more 

efficiently than undamaged region leading to further damages. Optical fiber tip 

damage is greater as pulse energy increases, particularly greater than 1.0 J.  

Calculus fragmentation efficiency diminishes for calcium stones at pulse energies 

greater than 1.0 J. 

Clinically, the data raise the question whether urologists should cleave 

Ho:YAG fiber tips during prolonged lithotripsy cases.  Or alternatively, 

urologists might use a fiber for a set number of pulses before exchanging for 

another fiber.  The rationale is that either maneuver may yield more efficient 

lithotripsy.  At this point, however, I do not recommend either maneuver.  Our 

data show clearly that the fragment removal rate diminishes over 50 pulses 

(roughly 5-10 seconds of lithotripsy at customary repetition rates) and thereafter 
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remains stable at a diminished output.  I assume it would take longer to re-polish 

fibers or exchange fibers intraoperatively, and even then, the urologist would have 

to repeat the maneuver every 5-10 seconds to ensure using a polished fiber.  

Enhanced optical fibers protected by a shield would seem a logical solution. 

For all fibers bent similar to the manner used in lower pole nephroscopy, 

the beam profile changed only minimally, with a slightly flatter distribution of 

optical energy.  It is also obvious that as the bending angle increases, the light is 

distributed more evenly across the fiber and the profile become broader and flatter 

than the profile produced by a straight fiber. The bending of a fiber leads to a 

leakage of the delivered light from the core to the cladding (or even out of the 

fiber).    Considering the total energy was not attenuated by the deflected fiber, 

the leaked beam was trapped in the cladding of the fiber.  Leakage generally 

increases with the curvature of bending.  Accordingly, as the fiber is deflected 

more, more loss to the cladding takes place and the beam become broader.    

In spite of the broadened beam profile, the total output energy loss was 

less than 1%.  I infer that lower pole retrograde ureteronephroscopy causes no 

significant leakage of laser light to the ureteroscope, and causes no significant 

change in the optical output.  Anecdotally, one of my collaborators had 

experienced cases of lower pole retrograde ureteronephroscopy whereby optical 

energy damaged the inside of the ureteroscope.  In this case, the fiber was 

damaged at the site of maximal ureteroscope deflection after firing the laser.  

However, using the bending simulations and pulse energy of 0.6 J in this study, I 

was unable to reproduce fiber damage at the site of bending.  It is unclear if 
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higher pulse energies or greater bending (larger angle of deflection or smaller 

bending radius) might reproduce fiber damage from optical damage.  It is 

nonetheless prudent to verify that optical fibers are intact prior to use.  

Urologists should confirm the integrity of the optical fiber by turning the tracer 

beam on high in a darkened operating room.  Any bright spots along the fiber, 

except the tracer beam exiting the fiber tip, would indicate a fracture, and the fiber 

should be cleaved proximal to the fracture or discarded.   

6.6. CONCLUSION 

The beam profile during Ho:YAG lithotripsy approaches a Gaussian 

shape, but becomes erratic with fiber damage after ablation.  The altered beam 

profile caused less efficient lithotripsy.  Deflection of the fiber for low pole 

application does not modify the beam profile or significantly reduce energy 

output. This result indicates that unless there is an inherent defect in a fiber, 

normal bending does not cause any severe energy leakage to the surrounding 

ureteroscope.  
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Chapter Seven: Comparison of urinary calculus fragmentation 

during Ho:YAG and Er:YAG lithotripsy at high energy setting 
 

7.1. ABSTRACT 

The urinary calculus fragmentation with long pulsed Ho:YAG and 

Er:YAG lasers was investigated.  We measured the ablation efficiency of two 

lasers using various energy settings, ranging from the IR wavelength damage 

threshold energy of calculus to clinical energy setting of the Ho:YAG laser.   By 

comparing laser-induced crater width, depth and ablation volume, the feasibility 

of Er:YAG laser lithotripsy was examined.  The Er:YAG laser made deeper and 

narrower craters while the Ho:YAG laser made shallower and wider craters.   

The deeper crater induced by the Er:YAG laser is attributed to the higher 

absorption associated with its wavelength of 2.9µm. A mechanism is proposed 

that considers the expansion of vaporized material and scattering of incident light, 

to explain the wider craters induced by the Ho:YAG laser.  In spite of the high 

absorption coefficient of the Er:YAG laser, the resulting ablation volume after 

five consecutive pulses of both lasers are comparable. This result is attributed to 

debris shielding. Although the Er:YAG laser produces more precise drilling, it 

does not create more fragmentation of MAPH calculus than the Ho:YAG laser for 

multiple pulse process.  
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7.2. INTRODUCTION 

Since the continuous CO2 laser (λ=10.6µm) has been tested to fragment 

human calculi [1], several laser lithotriptors, including Ho:YAG (λ=2.12µm, 

tp~250µsec), Q-switched Nd:YAG(λ=1.064µm, tp~8~20nsec) and pulsed dye 

laser(λ=504nm, tp~1µsec), have been investigated and used clinically [2-3].  For 

minimally invasive surgery, pulsed laser light is delivered to the urinary system 

through an optical fiber in conjunction with a ureteroscope.  Among many laser 

lithotriptors, Ho:YAG laser is considered to be the most efficient and versatile 

tool since it can break most kinds of urinary calculi and causes less retropulsive 

motion than the short pulsed lasers[4-6]. The fragmentation during Ho:YAG laser 

lithotripsy is initiated through direct pulse energy absorption in a calculus.  The 

absorbed pulse energy is converted to thermal energy that heats the laser-affected 

zone, leading to fragmentation [7].   

Recently, K. Chen et al. suggested that Ho:YAG laser lithotripsy can be 

replaced by an even better tool [8]. They examined the calculus fragmentation 

process using a Free Electron Laser (FEL) whose wavelength can be tuned from 

2µm to 10µm.  By irradiating calculi with different wavelengths, they 

demonstrated that the fragmentation threshold energy is determined by the 

absorption spectrum of calculi.  The lasers, whose wavelength corresponded to 

the calculi absorption peaks (~3µm and ~6µm), more efficiently broke up calculi.  

Given the difficulty of finding a proper laser with a wavelength of 6.0µm,  the  

Er:YAG laser with a wavelength of 2.94um was a good candidate for the next 

generation of laser lithotripsy.  J. Teichman et al. demonstrated that a free 
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running Er:YAG laser can produce more calculi fragmentation than a free running 

Ho:YAG laser [9].  However, the ablation measurement of the Er:YAG laser in 

their study was limited to near calculi-damage threshold energy  since the 

delivery fiber(sapphire fiber) for the Er:YAG laser was not able to tolerate the 

strong laser-calculi interaction at a high pulse energy. As a follow-up study, we 

investigated the calculus fragmentation process with long pulsed Ho:YAG and 

Er:YAG lasers without using a delivery fiber system.  We measured the ablation 

efficiency of two lasers using various energy settings, ranging from the damage 

threshold energy of calculus to clinical energy setting of the Ho:YAG laser.   By 

comparing laser-induced crater width, depth and ablation volume, the feasibility 

of Er:YAG laser lithotripsy was examined.  

7.3. MATERIALS AND METHOD 

Struvite calculus (>80% magnesium ammonium phosphate hexohydrate) 

extracted from a single patient was cut with a dental diamond band saw to create a 

flat surface with a thickness of 2~3mm.  Experiments were conducted with “dry” 

and “wet” calculi.  For the case of “wet” calculi, prior to the experiment, calculi 

were hydrated in deionized water for a minimum of 24 hours.  The “wet” calculi 

then were taken out of the water cuvette right before the ablation experiment. A 

scientific Er:YAG laser (Schwartz 1-2-3, Orlando, FL, wavelength(λ)=2.94 µm, 

FWHM pulse duration (tp)~275µsec) and a Ho:YAG laser (Schwartz 1-2-3, 

Orlando, FL, wavelength (λ)=2.10 µm, FWHM pulse duration (tp) ~275µsec) 

operating in free running mode with a repetition rate of 2Hz were employed for 

ablation measurements(Figure 1).  A mechanical shutter in conjunction with a 
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shutter controller was used to block the initial ten pulses, which were unstable.  

The laser and shutter controller were synchronized using a pulse generator and the 

laser pulse was focused onto the surface of calculus by a CaF2 lens with a focal 

length of 10cm.  The spatial beam profile of lasers was determined using a knife 

edge that was scanned through the beam. By placing a beam splitter in the beam 

path, pulse energy was monitored using an energy meter (EPM 2000, Molectron 

Detector Inc., Portland, OR) equipped with a pyroelectric joulemeter (J25, 

Molectron Detector Inc., Portland, OR).  In order to ensure constant pulse 

duration and beam diameter, the pumping voltage for the flash lamp was fixed 

and attenuation filters were used to modify the pulse energy.  Ablation craters 

were produced with either a single pulse or five pulses with various energy 

settings.  Laser induced craters were examined with an OCT system 

(λ0=1290nm and ∆λ=42nm) with a lateral and axial resolution of ~ 20µm to 

obtain quantitative ablation crater dimensions [10-11].  A series of cross-

sectional images were obtained over the entire crater (The step-size between 

images was 40µm). Crater width, depth and ablation volume were estimated from 

OCT cross sections over the crater volume. 
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Figure 7.1: Experimental setup for calculus ablation measurement. 

7. 4. RESULTS 

Beam profiles at the focal point were obtained using a knife edge scan 

through the beam with a special resolution of 50µm; the energy at each increment 

was normalized with total energy (~80mJ).   Since both lasers generated a 

multimode beam, the energy was not evenly distributed (See Figure 7.2).  

However, the lasers produced comparable beam diameters (Ho:YAG ~450µm and 

Er:YAG~ 485µm).  
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Figure 7.2: Spatial beam profiles at target surface as determined from a knife 
edge method.  

After a single or five pulse irradiation of calculi, laser-induced craters 

were scanned; typical cross-sectional profiles are displayed in Figure 7.3.  Pulse 

energy for all four craters was about 600mJ, which yields an average fluence of 

377 J/cm2.  The depth of the five pulses-induced craters was about three times 

deeper than the depth produced by a single pulse; but the widths of both cases 

were comparable.  The Er:YAG laser produced deeper and narrower craters than 

the Ho:YAG laser, regardless of the number of pulses.  The crater depth, width 
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and ablation volume were compared quantitatively in Figure 7.4~7.  No 

statistical difference (student t-test) was evident between “Dry” and “Wet” data 

(p>0.05). The depth of the Er:YAG laser induced craters was greater than that of 

the Ho:YAG (Figures 7.4).  With the highest pulse energy, the Er:YAG laser 

produced craters twice as deep as those of the Ho:YAG laser.   However, the 

Ho:YAG laser produced wider craters (Figures 7.5) and the difference between 

lasers became more obvious at high pulse energies. The ablation volume of single 

Er:YAG pulse-induced craters was larger than that of the Ho:YAG (Figure 7.6).  

However craters volume created by five pulses from Ho:YAG and Er:YAG lasers 

were comparable (Figure 7.7).  To compare the ablation efficiency of a single 

pulse and multiple pulses (five pulses), the ablation volume of five pulses was 

normalized with the number of pulses (Figures 7.8 and 7.9).  The ablation 

efficiency of the Ho:YAG slightly improved and that of the Er:YAG decreased 

with the number of pulses.      
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(a)     (b) 

   
(c)                                 (d) 

Figure 7.3: Cross-sectional topography of Ho:YAG and Er:YAG laser-induced 
craters acquired with OCT. (a) Er:YAG, Wet, Single pulse, E= 
608mJ, and (b)Ho:YAG, Wet, Single pulses, E=557mJ, (c)Er:YAG, 
Wet, five pulses, E=596mJ per pulse, (d)Ho:YAG, Wet, five pulses, 
E=589mJ per pulse,  

450µm 
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Figure 7.4: Depth of five pulses-induced craters. 
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Figure 7.5:  Width of five pulses-induced craters. 
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Figure 7.6:  Ablation volume of single pulse-induced craters.   

 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0 100 200 300 400 500 600 700 800

Laser Energy per Pulse(mJ)

A
bl

at
io

n 
Vo

lu
m

e(
m

m
3 )

Er, Wet
Er,Dry
Ho, Wet
Ho,Dry

 
Figure 7.7:  Ablation volume of five pulses-induced craters. 
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Figure 7.8: Comparison of normalized ablation volume of five pulses crater and 

ablation volume of single pulse (Er:YAG laser).  
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Figure 7.9: Comparison of normalized ablation volume of five pulses crater and 
ablation volume of single pulse (Ho:YAG laser).  
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7.5. DISCUSSION 

K. Chan and J. Teichman et al. reported that the Er:YAG laser ablated 

calculi more efficiently than the Ho:YAG laser, as most calculi possess an 

absorption peak at 2.94um which is coincident with the wavelength of the 

Er:YAG laser [8-9].   However, ablation measurements in previous studies were 

limited to prevent damage to the delivery fiber optics (sapphire fiber) for the 

2.94µm wavelength.  Er:YAG pulse energies were no larger than 50mJ which 

was slightly above the threshold for crater production.  The optimal energy 

setting of the Ho:YAG laser in the clinic is from 600mJ to 1000mJ with a low 

OH- silica fiber diameter of a 373µm. In this study, we have compared the 

ablation (fragmentation) efficiency of free running Ho:YAG and Er:YAG lasers 

during the lithotripsy without using a delivery fiber.  The degree of 

fragmentation at super-threshold energy were determined by setting the Er:YAG 

energies at the clinical level for the Ho:YAG laser.  The cross-sectional 

topography of ablation craters showed that Ho:YAG and Er:YAG lasers produced 

craters with different geometries (Figure 7.3).  Regarding crater depth, the 

Er:YAG made deeper craters than the Ho:YAG (Figures 7.4).  The superior 

drilling ability of the free running Er:YAG laser, which did not inflict significant 

collateral damage, was demonstrated in a numerous studies.  Frenz et al. 

reported that the Er:YAG laser is capable of drilling a much deeper hole than the  

Ho:YAG laser during laser-soft tissue interactions [12-13].  They also compared 

the shape of bubbles that were formed during the irradiation of two lasers into 

water [14].  The Er:YAG laser generated an elongated cigar-shaped bubble while 
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the Ho:YAG laser made a pear-shaped bubble.  The better drilling capability of 

the Er:YAG laser was attributed to the high absorption coefficient of tissue which 

absorbed Er:YAG light within a shallow penetration depth(~10µm).  Because of 

the high heat source (rate of heat generation), sufficient heat for ablation occurs 

and hot ablated material is ejected before energy diffuses to neighboring region.  

For this reason, the Er:YAG laser can drill more efficiently than Ho:YAG laser 

during lithotripsy, as we have shown experimentally.   

Regarding crater width, the Ho:YAG laser produced wider craters than the 

Er:YAG laser, and the width of these craters was more than twice the beam 

diameter.  There are several possible mechanisms that can explain the 

augmented width of Ho:YAG-induced craters. The first is the lateral thermal 

energy diffusion which is usually the cause of the thermal collateral damage 

during Ho:YAG laser-tissue interaction. Given the low thermal diffusivity (α) of 

most soft tissue,  hard tissues and dielectric material [15] is less than 0.5 mm2/s) 

and the short pulse duration of free running lasers (tp~500µsec), the heat diffusion 
length ( xd  = ptα  ) during the pulse is at most about 15µm.  Even though the 

heat diffusion continues after the pulse, leading to collateral damage, the residual 

heat cannot produce additional material removal.  

K. Chan et al. experimentally showed that no more ablation took place 

once the laser pulse stopped during the free running laser lithotripsy [7].   This 

is because once the pulse has stopped, no more energy can be supplied to the 

tissue, and non-ablated regions (where the residual energy is lower than the 

specific heat of ablation (Ha: J/mm3)) will simply diffuse away their energy to 
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neighboring zones.  Accordingly, the heat energy transfer by the conduction 

minimally contributed to the augmented width of the crater during the Ho:YAG 

process.  

The second mechanism is light scattering of the incident light which can 

cause the range of photon distribution to extend beyond the beam diameter.  

Since the absorption of Ho:YAG light is much smaller than that of Er:YAG laser, 

the scattering of Ho:YAG beam can be more significant than that of Er:YAG light 

[16].  Accordingly, the Ho:YAG light can be distributed more laterally in target, 

resulting in a wider crater than the Er:YAG laser.  Perhaps future measurement 

of absolute absorption and scattering coefficients of calculus will clarify how 

significantly light scattering contributes to the lateral distribution of absorbed 

photons. 

 The most possible mechanism is related to the dynamics of ablation. The 

calculus fragmentation of free running lasers [7, 17] starts with the conversion of 

photon energy to thermal energy that results in chemical breakdown along with 

vaporization of crystal material and water.  The vaporized material will expand 

and penetrate through the crystal layer in the porous calculus.  This expansion of 

vapor may cause additional fragmentation because of its high thermal and 

mechanical energy.  M. Frenz et al. suggested that the vapor expansion 

contributed to the crater diameter being larger than the beam size and the 

additional collateral damage [12].  This thermo-mechanical effect should be 

distinguished  from the shock wave,  which is induced by the plasma expansion 

and cavitation collapse during short pulsed laser (tp<1µsec) process [18-21].   
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The expansion of vaporized material is governed by the mechanical 

properties of calculus and the wavelength of the incident light.  Since the same 

calculus were used for our experiments, the role of mechanical properties should 

be excluded as a cause for the difference between the Ho:YAG and Er:YAG 

lasers.  Based on the distinct energy distribution (J/cm3) inside the calculus, we 

propose a mechanism that can explain the augmented crater width of Ho:YAG 

laser.    

Figure 7.10 compares the temporal evolution of energy distribution along 

the depth, from the onset of the pulse until the surface energy of the Ho:YAG-

irradiated target reaches the specific heat of ablation. Because of the high 

absorption coefficient, the Er:YAG produces a sharper gradient of absorbed 

photons with depth; thus a smaller fraction of the Er:YAG pulse is required to 

reach  the ablation threshold value (In the illustration, the surface energy of the 

target is assumed to have reached the threshold value at the first time step).  

Once the surface energy of the Er:YAG laser target exceeds the specific heat of 

ablation, the ablation process begins and the ablation front moves deeper and 

deeper into the calculus.  The Er:YAG laser produces a crater with a certain 

depth while the Ho:YAG laser is still depositing energy into the calculus without 

any material ablation.    

The energy distribution near the surface is magnified and shown in Figure 

7.11, when the surface energy of the Ho: YAG-irradiated target approached the 

specific heat of ablation.  The highlighted zone (ablation zone) indicates the 

region where energy is higher than the ablation threshold energy, and material in 
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this region is about to be ablated.  We assumed that the ablation zone has a finite 

thickness as it was modeled in the numerical simulation of ablation [22-24]. The 

Er:YAG laser yields a sharp and shallow profile, resulting in the superficial 

energy deposit. Consequently, material in the ablation region will be ablated 

without hindrance of the above material.  On the other hand, the Ho:YAG laser 

produces a gradual and deep fluence profile, resulting in volumetric energy 

accumulation. As a result of that, the ejection of materials in deeper ablation zone 

would be interrupted by the material close to the ablation front and triggering 

more lateral and axial (downward) expansion [12,25-27] of vapor (consists of 

crystal and water) than the Er:YAG laser process.  The energy transfer through 

this physical movement of vapor can occur much faster than the heat conduction 

process, since the travel velocity of vaporized material can reach the speed of 

sound [28,29].  Accordingly, further ablation beyond the beam diameter during 

Ho:YAG laser process can take place by this lateral expansion of vaporized 

material.   In addition to the lateral movement of vaporized materials (consisting 

of crystal and water) in the ablation zone, the expansion of water vapor beneath 

the ablation zone may take place and result in further lateral ablation.   Walsh et 

al. reported that the specific heat of ablation of calcified tissue is higher than the 

latent heat of water vaporization [30].   Accordingly, the energy below the 

ablation zone could be higher than the water vaporization threshold, resulting in 

the lateral expansion of water vapor.  

The ablation volume is the most important criteria in determining which 

laser is a better lithotripter.  In case of the single pulse craters, the Er;YAG laser 
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produces more ablation than the Ho:YAG laser, which is more obvious at high 

energy levels(Figure 7.6).  Due to the lack of data points near the threshold 

energy and measurement error, it is not appropriate to compare the ablation 

threshold energy of the two lasers with the measured ablation volume.  The 

higher absorption of the Er:YAG laser over the Ho:YAG contributed to the larger 

ablation volume.  However, ablation volumes induced by five pulses for both 

lasers were about the same. We believe the reduced ablation efficiency of the  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.10: Temporal evolution of energy distribution as a function of depth.  
The scattering of the light has been neglected.  Numbers indicate 
the time sequence with arbitrary delay.  Dashed lines for Er:YAG 
laser indicate the new location of the ablation front corresponding to 
each time step. 
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Figure 7.11: One-dimensional fluence distribution as a function of depth near the 
ablation front. The highlight indicates the region where fluence is 
higher than the ablation threshold fluence. Both lasers have a flat top 
beam with the same diameter. The scattering of the light was 
neglected.  Bold arrows in the Ho:YAG process indicates the lateral 
and axial expansion of ablated material in deep ablation zone. 
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pulse energy that reaches the target and diminishing the ablation efficiency.  The 

amount of debris shielding is determined by the density and extension of debris in 

the beam path.  The debris shielding usually increases as the crater gets deeper 

with either higher fluence or number of pulses.  Since the crater width of the 

Ho:YAG is wider than the Er:YAG laser, relatively more debris can be ejected 

without interacting with the pulse, the narrower crater of the Er:YAG laser 

prevents the debris from dispersing  and allows for more interaction with the 

beam.  More debris shielding takes places during the Er:YAG laser lithotripsy 

than Ho:YAG laser lithotripsy.  The difference in the shielding effects can be 

amplified as more pulses are applied on the calculus, since the Er:YAG produces 

deeper craters and the Ho:YAG laser produce more ablation at the peripheral of 

craters.  In case of the single pulse, the higher shielding during the Er:YAG 

process(compared to the Ho:YAG laser) is not strong enough to depress the 

advantage of the Er:YAG in terms of drilling, resulting in more ablation during 

Er:YAG lithotripsy.  However, as crater depth increases with more pulses 

applied, the debris shielding during the Er:YAG process becomes strong enough 

to depress the advantage of the Er:YAG, resulting in comparable ablation 

volumes during Er:YAG and Ho:YAG lithotripsy.  Since multiple pulses are 

applied to break calculus in the clinic, the five pulses-induced ablation volume is 

more realistic than the single pulse ablation.   The ablation volume data 

indicates that the Er:YAG laser is not a better fragmentation tool than the 

Ho:YAG laser for MAPH calculus.  
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7. 6. CONCLUSION 

Ablation efficiency in terms of the crater width, depth and ablation volume 

were compared for Er:YAG and Ho:YAG laser lithotripsy.  The Er:YAG laser 

made deeper and narrower craters while the Ho:YAG made shallower and wider 

craters.  Three mechanisms were suggested to explain the wider craters induced 

by the Ho:YAG laser.  Considering the short pulse duration and low heat 

diffusivity of the calculus, the heat energy transfer through the conduction process 

does not extend far beyond the laser beam.  The significance of lateral photon 

distribution through the scattering should be determined with the measurement of 

the absolute value of optical properties.  The lateral expansion of ablated 

material due to the volumetric energy deposit is the most likely cause of the wider 

cater of Ho:YAG laser process. The deeper crater of the Er:YAG laser attributes 

to its superior drilling ability.  However, debris shielding eliminates any 

efficiency advantage of Er:YAG laser for multiple pulses.    
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Chapter Eight:  Summary and Conclusions 

 

The overall goal of the research presented in this dissertation is to evaluate 

the ablation mechanisms associated with IR pulse lasers operating with different 

pulse durations.  Five subtopics related to laser-induced ablation were identified 

and addressed by this work: 1) effects of a transparent liquid layer during 

nanosecond pulse-induced metal ablation, 2) tunable picosecond laser-induced 

ablation, 3) Ho:YAG laser-induced recoil momentum during lithotripsy, 4) 

performance of fiber optics during Ho:YAG laser lithotripsy, and 5) comparison 

of Er:YAG and Ho:YAG laser lithotripsy.  The following sections summarize 

the findings in each study and discuss topics of future studies.   

 

8.1. EFFECT OF A TRANSPERANT LIQUID LAYER DURING NANOSECOND 
PULSE-INDUCE METAL ABLATION 

Enhancement of ablation yield by an artificially deposited liquid film in 

the process of pulsed-laser ablation is investigated in Chapter Three. Etch rate, 

ablation threshold, surface topography, and acoustic transient emission are 

analyzed experimentally. In comparison with a dry ablation process, the liquid-

assisted ablation process results in substantially augmented ablation efficiency 

and reduced ablation threshold. The results indicate that both increased laser-

energy coupling, i.e., lowered reflectance, and amplified acoustic excitation by 

explosive vaporization of liquid are responsible for the enhanced material 
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ablation. This study demonstrates the feasibility of using this liquid-assisted 

ablation technology in a variety of micromachining applications.  This technique 

is now being extended to both soft and hard tissue ablation. 
 

8.1.1. Future Studies 

8.1.1.1. The role of liquid layer with different pulse duration 

Considering the fact that the laser-induced acoustic excitation can be 

significant only under a stress-confined condition, the role of the liquid layer on 

the target during pulsed laser-tissue ablation is determined by the laser pulse 

duration.  It is necessary to expand the scope of this study to applications with 

different pulse durations.  I suggest comparing the ablation yield of “dry” and 

“wet” conditions by employing various lasers with different pulse durations 

ranging from femto- to microsecond.  

  

8.2. TUNABLE PICOSECOND INDUCED ABLATION  

Surface morphological change and optical breakdown measurements for 

transparent dielectrics are reported for 1 ps laser pulses as a function of mid-IR 

wavelengths from 4.7µm to 7.8µm.  The microscopic images suggested that the 

laser-induced damage initiated at the intrinsic surface defects, such as the 

polishing scratches and digs.  The pulse also created ripples as well as fractures 

along the cleavage plane of crystal.  For wide-gap dielectrics seed electrons are 

generated by tunnel ionization with subsequent avalanche ionization and laser 
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absorption by dense plasma.   For narrow-gap dielectrics tunnel ionization alone 

leads to dense plasma formation.  

8.2.1. Future Studies 

8.2.1.1. Biological tissue ablation 

As a follow-up study, targets should be extended to include biological 

tissue.  The main goal of this study is to determine the dependence of damage 

threshold energy of tissue on wavelength. Since most tissues have strong 

vibrational absorption peaks in the mid IR spectrum, the mid IR laser is 

considered superior to visible and UV lasers in terms of vibrational mode 

excitation of those materials. It would be interesting to examine how the mid-IR 

picosecond laser interacts with tissues at their absorption peaks.  As long as the 

results of previous experiments can be applied for tissues, the ablation threshold 

will be determined not by the absorption coefficient of tissue but by the non-linear 

interaction (i.e. the optical breakdown).   Even though tissues are absorbing 

dielectrics, considering the short pulse duration of a pico-second laser, the 

likelihood of damage initiation by optical breakdown is higher than that by 

thermal effects (which are governed by the absorption coefficient).   This is 

partially confirmed by previous experiments with Fused silica and BK7 

experiments, since these are absorbing materials for tested wavelength 

(4.7~7.8µm). 
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8.2.1.2. Optimization of laser parameters for micromachining 

To test the feasibility of micromachining using the picosecond laser, the 

ablation efficiency dependence on the number of pulses and laser energy should 

be understood.  Many studies have suggested that the ablation efficiency varies 

with the number pulses and the laser energy, due to the accumulated effect by the 

previous pulses and the saturation effect (such as plasma shielding). After 

irradiating targets with  different numbers of pulses and with different energies, 

the ablation yield can be characterized for various laser parameters. The optimal 

laser setting for micromachining can be determined. 

 

8.3. HO:YAG LASER-INDUCED RECOIL MOMENTUM DURING LITHOTRIPSY  

Chapter Five quantifies the retropulsive momentum of calculus during 

microsecond pulsed laser lithotripsy. The largest fiber produced a wider and 

shallow crater and enhanced recoil momentum compared to the smallest fiber.  

The shape of the crater was one of the major contributing factors to the 

augmented recoil momentum of larger fibers.  In the presence of water, a bubble 

was formed and the calculus rocking was observed after the laser pulse.  The re-

entrance flow of water induced by the bubble collapse was postulated as the cause 

of the rocking of the calculus.  The results of this study suggest using small 

diameter fibers at modest energy levels to minimize retropulsion during Ho:YAG 

lithotripsy.  
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8.3.1. Future Studies 

8.3.1.1. Measurement of photoacoustic excitation and fast flash photography 

The recoiling of calculus is caused by the combination of material 

ejection, bubble dynamics, and laser-induced photoacoustic excitation.  The role 

and significance of bubble expansion and photoacoustic excitation is still not 

completely understood.  A future study is required to distinguish the effects of 

the above mentioned mechanisms.  A piezoelectric transducer can be used to 

evaluate an acoustic transient that propagates into the target. A fast flash 

photographic technique can be also employed to get a better understanding of 

bubble dynamics and particle ejection.   

 

8.4. PERFORMANCE OF FIBER OPITCS DURING HO:YAG LASER LITHOTRIPSY  

In Chapter Six, the transmission loss and the beam profile of the fiber 

were characterized to identify the deterioration of fiber optics during Ho:YAG 

laser lithotripsy. Undamaged, straight fibers produced a near Gaussian beam 

profile. Bent fibers produced a near Gaussian beam with negligible energy loss, 

but slightly flatter profile compared to the straight fiber.  After ablation, 

measured energy output of fiber dropped by 30% at the early stage of lithotripsy 

and the fiber tip produced irregular beam profiles with hot spots.  The altered 

beam profile and energy loss yielded less efficient lithotripsy.  This result 

indicates that the bending does not cause any severe energy leakage to 
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surrounding ureteroscope and the tip of the fiber need to be improved for better 

fragmentation efficiency. 

 
8.4.1. Future Studies 

8.4.1.1. Improving the performance of fiber 

Since the outcome of endoscopic lithotripsy is determined by the efficient 

laser energy delivery to the calculus surface, the performance of the optical fiber 

is critical.  Considering that the transmission loss of undamaged fiber is 

negligible, the loss caused by the damaged fiber tip is the main constraint for a 

better performance of the delivery fiber. Suggestions to improve the fiber tip are: 

1) modify tip geometry so it is less susceptible to damage caused by the impact of 

calculus debris, 2) put a protective cap, made of a less brittle material, on the tip 

of fiber, and  3) perform a heat treatment, such as an annealing, on the fiber tip.  

 

8.5. COMPARISON OF ER:YAG AND HO:YAG LASER LITHOTRIPSY 

To test the feasibility of Er:YAG laser lithotripsy, I compared the 

dimensions of Ho:YAG and Er:YAG laser-induced craters.  The Er:YAG made 

deeper and narrower craters while the Ho:YAG made shallower and wider craters. 

In spite of the high absorption coefficient of the Er:YAG laser, the resulting 

ablation volume after the five-pulse irradiation of both lasers were comparable. 

This result was attributed to the widening of the Ho:YAG-induced crater and 

debris shielding. Although the Er:YAG laser produced more precise drilling, it 
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did not create more fragmentation of MAPH calculus than the Ho:YAG laser for a 

multiple pulse process.  

 
8.5.1. Future Studies 

8.5.1.1. Expansion of target calculus 

 The widening of the Ho:YAG laser-induced craters were explained with 

the expansion of vaporized material.  Another study should focus on testing 

various types of calculi in order to examine the effects of different mechanical 

properties and crystal structures on the expansion of vaporized material. 

8.5.1.2. Measurement of absolute optical properties of calculi 

One of the main obstacles of lithotripsy study was the lack of information 

on absolute optical properties of calculi.  A theoretical analysis was not possible 

since the absolute values of absorption and scattering coefficients were not 

available.  It is necessary to measure the optical properties of calculi for a better 

understanding of the laser lithotripsy mechanism.  
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Appendix A 

Nomenclature And Notation 

 

A.1 INTRODUCTION 

 
 The following table outlines the descriptions and dimensions of all the 

nomenclature used throughout the dissertation. 

 

Symbol Description   Definition   Units 
 
 

FUNDAMENTAL PARAMETERS 
 
m  mass     -    kg 
 
z, r  distance   -    m 
 
t  time    -    s 
 
f  frequency   f = 1/t    Hz 
 

 
 

OPTICAL PARAMETERS 
 

λ  wavelength   -    µm, nm 
 
λo  bandwidth of wavelength -    µm, nm 
 
ω  laser frequency   -    1/s 
 
µa  absorption coefficient  probability of absorption cm-1 

per infinitesimal path length 
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∆x is µa∆x  
 
µs  scattering coefficient  probability of scattering cm-1 

per infinitesimal path length 
∆x is µs∆x 

 
δ  penetration depth  δ = 1/µa   cm 
 
ro    spot radius, beam radius -    cm 
 
τp  pulse duration    -   
 s 
 
F  incidence fluence  -    J/cm2 
 
Fo  surface fluence  -    J/cm2 
 
Fth  threshold fluence  -    J/cm2 
 
φ  fluence rate    -    W/cm2 
 
Rij  reflectivity    -    - 
 
n  refractive index  -    - 
 
 

THERMAL PARAMETERS 
 
T  temperature   -    °C, K 
 
Tc  critical temperature  -    °C, K 
 
k  thermal conductivity   -              
W/m.K 
 
ρ  density    -     kg/m3 
 
α   thermal diffusivity  α = k/(ρ c)   mm2/µs 
 
Hab  specific heat of ablation     J/cm3 
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τt  thermal diffusion time  τt= δ2/(4α)   µs 
 

Cp  heat capacity at   -    J/g.K 
  constant pressure 
 
β   volumetric thermal   -    K-1   

expansion coefficient      
 
 
 

MECHANICAL PARAMETERS 
 
P  pressure   -    kPa 
 
Psat  vapor saturation pressure -    kPa 
 
Pc  critical pressure  -    kPa 
 
σ  speed of sound or  -    m/s,  
  acoustic velocity      mm/µs 
 
τa  acoustic diffusion time  τt= δ/σ    s 
 
Γ  Gruneisen parameter  Γ = βσ2/Cp   - 
 
Z  acoustic impedance   -    kg/m2s 
 
J  linear recoil momentum         -                                       
kgm/s 
 
v  velocity    -    m/s 
 
C  curvature    -    1/m 
 
 

ELECTRICAL PARAMETERS 
 
∆E  bandgap energy   -   eV 
 
γ  Keldysh parameter   -   - 
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ac
thE   AC breakdown threshold  -             

 V/cm 
 

dc
thE   DC breakdown threshold  -             

 V/cm 
 
τ  electron collision time   -   s 
 
Iapp  appearance intensity   -   W/cm2 
 
 
 

UNIVERSAL CONSTANTS 
 
R  universal gas constant      8.234   J/mol.K 
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Appendix B 

COMPARISON OF SAPPHIRE AND GERMANIUM OPTICAL 
FIBERS FOR Er:YAG LITHOTRIPSY 

 

Publication: Submitted in Journal of Endourology  

 

Coauthors: Robert T. Ryan M.D., Joel M.H. Teichman M.D., and A.J. Welch 

Ph.D. 
 

B. 1. INTRODUCTION 

The Er:YAG laser operates at a wavelength of 2.94 µm and a pulse 

duration of 250-300 µsec.  Er:YAG wavelength is highly absorbed by water and 

fused silica [1, 2].  Thus, the flexible low OH- silica fibers used in Ho:YAG 

applications absorb Er:YAG energy when used for Er:YAG transmission, causing 

fiber damage and reduced optical energy output.  Currently, the optical fibers 

available for transmission of Er:YAG energy are composed of sapphire, 

germanium, zirconium fluoride, or hollow wave guide [3-6].  Since the 

zirconium fluoride is not biocompatible and the hollow wave guide is not proper 

for endoscopic application due to its open tip, we tested the sapphire and 
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germanium fibers to determine how well they transmit the Er:YAG laser beam for 

lithotripsy applications. 

B. 2. MATERIAL AND METHOD  

Human struvite calculi (>95% pure magnesium ammonium phosphate 

hexohydrate) were cut with a dental diamond band saw to create a flat surface for 

laser irradiation.  Calculi were hydrated in deionized water for a minimum of 24 

hours.  An experimental erbium:YAG laser (Schwartz 1-2-3, Orlando, FL, 

wavelength 2.94 µm, pulse duration 275 µsec) was coupled into either a 425 µm 

diameter sapphire or 450 µm diameter germanium optical fibers.  Fibers were 

polished prior to use and the fiber tip verified by microscopy to be smooth and 

free of visible defects.  Stones were placed in a water cuvette and optical fibers 

were placed in contact with the stone surface.    Irradiation was performed at a 

right angle orientation (0o laser incidence) between the fiber and stone surface.  

Pulse energy was set at 100 mJ and 1500 pulses with a repetition rate of 2Hz were 

delivered.  The energy output from the tip of the optical fibers was measured 

using an energy detector (Molectron, Portland, OR) at various intervals before 

and after lithotripsy to assess optical fiber damage.   

Based on preliminary experiments showing damage to the germanium 

fiber at 100 mJ pulse energy, calculus irradiation with the germanium fiber using 

50 mJ pulse energy for 1500 pulses was repeated.  As preliminary experiments 

showed minimal damage to the sapphire fiber, calculus irradiation was repeated 

with the sapphire fiber using 200 mJ pulse energy and re-measured energy 

outputs.   
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To assess the performance of sapphire fiber during soft tissue and water 

interaction, the following two control cohorts were tested. The fiber was re-

polished and distilled water was irradiated at 200 mJ pulse energy and fiber 

outputs were re-measured. The fiber was re-polished and chicken breast was 

irradiated at 200 mJ pulse energy and fiber output energy was re-measured.  

Ablation craters were characterized with both optical fibers.   

Craters on the stone surface were produced by single pulse irradiation with 

an energy of 50 mJ at multiple locations.  Crater width and depth were measured 

by optical coherent tomography.  Crater measurements were compared for both 

fibers.  A two-tailed unpaired t-test and analysis of variance for analyses were 

used to determine statistical differences in depth and width of laser-induced 

craters.  

 

B. 3. RESULTS  

There were declines in measured optical energy output for sapphire and 

germanium fibers, p=0.03 and <0.001, respectively as the number of pulses was 

increased (Figure B.1).  The declines occurred mostly during the first 50-100 

pulses, and then remained relatively stable thereafter.  At all measures (other 

than at 0 pulses), the measured optical energy outputs were greater for sapphire 

vs. germanium fibers, p<0.0001.  The differences between measured energy 

outputs using the sapphire fiber were statistically significant between the initial 

output (100 ± 0 mJ) vs. after 1500 pulses (95 ± 4 mJ), p=0.002, 50 pulses (99 ± 1 

mJ) vs. after 1500 pulses, p=0.02, 200 pulses (99 ± 1 mJ) vs. after 1500 pulses, 
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p=0.01, and 1000 pulses (99 ± 2 mJ) vs. after 1500 pulses, p=0.02.  In contrast, 

the differences between measured energy outputs using the germanium fiber were 

statistically significant between initial output (98 ± 17 mJ) vs. 50 pulses (68 ± 20 

mJ), p<0.001, initial output vs. 200 pulses (55 ± 7 mJ), p<0.0001, initial output 

vs. 600 pulses (49 ± 5 mJ), p<0.0001, initial output vs. 1000 pulses (50 ± 9 mJ), 

p<0.0001, initial output vs. after 1500 pulses (57 ± 7 mJ), p<0.0001, 50 pulses vs. 

600 pulses, p=0.03, and 50 pulses vs. 1000 pulses, p=0.03. 

The relative declines in measured optical energy outputs for the 

germanium fibers comparing 50 mJ vs. 100 mJ pulse energies were similar 

(Figure B.2).  Measured energy outputs from both fibers declined approximately 

50-60% within 10 pulses and stabilized thereafter.  The absolute values of 

measured energies were greater for the 100 mJ vs. 50 mJ cohorts, p<0.05.   

There was no significant decline in measured optical energy outputs for 

the sapphire fiber using 100 mJ pulse energy.  However, using 200 mJ pulse 

energy for calculus irradiation, the measured energy outputs declined 

approximately 50-60% within 50 pulses.   

Using 200 mJ pulse energy for irradiation in distilled water, the measured 

energy outputs pre-irradiation versus after 500 pulses were 204 ± 3 mJ vs. 205 ± 4 

mJ, p=0.68.  Using 200 mJ pulse energy for chicken breast irradiation, the 

measured energy outputs were pre-irradiation 205 ± 4 mJ, after 100 pulses 203 ± 

3 mJ, versus after 500 pulses 198 ± 5 mJ, p=0.07. 
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The widths of ablation craters for sapphire were smaller than germanium 

fibers, 448 ± 28 um vs. 504 ± 80 um, p=0.05, but the depths were not statistically 

different 136 ± 15 um vs. 132 ± 16 um, p=0.51, respectively.   
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Figure B.1: Measured output energy at the distal end of the fiber during 
lithotripsy. Average of 5 measurements. The bars indicate the 
standard deviation. Input energy at the proximal end of fiber was 
100mJ per pulse. 
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Figure B.2: Measured output energy at the distal end of the Germanium fiber 
during lithotripsy. Average of 5 measurements. The bars indicate the 
standard deviation.  

B. 4. DISCUSSION 

The sapphire fiber is better than the germanium fiber for Er:YAG 

transmission.  Sapphire has a higher damage threshold, with less diminution of 

optical energy output during lithotripsy compared to germanium [2]. The low 

melting temperature of germanium fiber (Germanium: 937.2ºC and Sapphire: 

2053ºC) is thought to be a reason for the low damage threshold of the germanium 

fiber.  Both fibers appear to produce roughly equivalent ablation craters on 
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struvite calculi.  However, neither fiber is ideal and still fall short of clinical 

utility. 

There was no diminution of energy transmission using sapphire fibers in 

still water at 200 mJ pulse energy after 500 pulses.  However, with stone 

irradiation, there was a dramatic and rapid diminution. This observation suggests 

that the sapphire fiber damage during laser-stone interaction appears to be caused 

by the impact of hard stone debris.  With irradiation of chicken breast, there was 

a trend of minimal energy diminution.  Er:YAG irradiation may be useful for 

soft tissue applications where maximal ablation and minimal coagulation is 

desired, such as for ureteral or urethral strictures.  
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